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Polymer electrolyte fuel cells (PEFCs) have shown a great potential to be used in several
applications, e.g., portable, mobile and stationary systems. Each of the mentioned
applications demands from PEFCs different operating conditions to perform in the best
possible manner. Knowing in detail the behavior of their internal components will help to
improve the mechanical and thermal properties of the different constitutive layers. The
objective of this research is to analyze in detail the behavior of the internal resistances
of a PEFC, using the impedance spectroscopy technique. A single cell is evaluated
in a broad range of current densities, i.e., from 0.2 to 2.0 A.cm−2, to evaluate the
resistances that cause loss of performance. The analyzed resistances correspond to the
ohmic, charge transfer and mass transport resistance. The results were obtained after
the interpretation of the data taking from Nyquist diagrams, and they were analyzed
considering high and low conditions of relative humidity (RH). The obtained results
showed that the ohmic resistance (attributed to membrane Nafion R© 212), is independent
of the load applied for fully humidified conditions, with a value of 0.0725 �.cm2. On
the other hand, it is strongly dependent on low humidification conditions, with values
between [0.198–0.132] �.cm2, for current density of [0.2–2.0] A.cm−2, respectively. It
was also found that the charge transfer resistance decreases with respect to the applied
load until a saturation value, and further it represents the major participation to the total
resistance of the cell. The charge transfer resistance represents around 50–75% of the
total resistance in conditions of high RH, and among 30–65% for conditions of low RH.
In addition, it was found that the mass transport resistance appears early at low RH and
triples for full humidification conditions.

Keywords: internal resistance, performance, PEFC, humidification, reactant gases

Abbreviations: AC, alternating current; ASTM, American Society for Testing and Materials; CPE, constant phase element;
CL, catalyst layer; CO2, carbon dioxide; COS, carbonyl sulfide; DC, direct current; EIS, electrochemical impedance
spectroscopy; FC, fuel cell; FRA, frequency response analyzer; GDL, gas diffusion layer; H2, hydrogen; H2O, water; IEA,
International Energy Agency; Im, imaginary part impedance; MEA, membrane electrode assembly; MPL, micro porous layer;
N2, nitrogen; ORR, oxygen reduction reaction; O2, oxygen; PEFC, polymer electrolyte fuel cell; Pt, platinum; Rct , charge
transfer resistance, �; Rohm, ohmic resistance, �; Rmt , mass transport resistance, �; RH, relative humidity; Re, real part
impedance; Z, impedance.
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INTRODUCTION

The effects of the emission and excessive accumulation of
carbon dioxide (CO2) gases in the atmosphere is a topic of
great importance. Studies show that at the end of this century,
our planet can reach the critical threshold causing a climatic
disequilibrium that will seriously affect the life on the planet
(Rothman, 2019). Under this scenario, the reduction of CO2
emissions plays an important role to stop or decrease the damage
of our ecosystem. According to a report from the International
Energy Agency (IEA), the presence of fossil fuels to cover the
total energy demand until 2015 was around 80% (International
Energy Agency, 2014). The development of clean technologies
as energy sources contribute with the perseveration of the
environment. One of the devices with a great projection is the
polymer electrolyte fuel cell (PEFC), which is an electrochemical
device that convert the chemical energy present in the fuel
into electrical energy and water in a clean manner. PEFCs
have received great attention during the last years (Wang et al.,
2011), because they can operate in the distinct sectors of energy
demand as the transport, portable devices and stationary electric
generation (Wee, 2007; Wilberforce et al., 2016). To produce
electrical energy, hydrogen as fuel and oxygen/air as oxidant
has to be supplied into the cell. Unlike batteries, the production
process of electrical energy is continuous while the feed gases
are constantly supplied. Basically, PEFCs are formed by one
membrane electrode assembly (MEA), which consists of a solid
electrolyte or polymeric membrane sandwiched with a catalyst
layer (CL) and a gas diffusion layer (GDL) in both sides as
illustrated in Figure 1.

Thanks to the MEA, the kinetic activity occurs facilitating
the separation of hydrogen ions, the cations (negative charge)
travel in an external circuit producing electrical current. At
the same time the anions (positive charge) pass through the

FIGURE 1 | Internal configuration of the constitutive parts of a single PEFC.

polymeric membrane reaching the cathode side and form water
molecules due to the combination with the oxygen from the
air. The mechanical external support of the layers is given by
the bipolar plates, commonly made of graphite, which allow the
distribution of reactant gases inside the cell. Among the several
advantages that a PEFC offer, one can mention the following:
relatively low operating temperature (40–80◦C), quick start of
operation, and modularity. Another advantage is attributed to
the solid electrolyte membrane, which helps to have a simple
sealing. Basically, the sealing is given by pressure using a pair
of gaskets to prevent gas leak. Finally, an electrical conversion
efficiency between 40 and 60% compared to 25% found in
thermal machines make the PEFCs a device to be used in
multiple applications.

Despite the numerous advantages and applications of PEFCs,
they are still some issues that have to be faced to gain a significant
presence at market. One of the most crucial phenomena to
be scientifically understood in PEFCs is water management
(Andersson et al., 2016). Among the aspect to be considered
are the water production on the cathode side during the energy
conversion process, the water molecules crossing the polymeric
membrane and the entry of water to the system as result of
the humidified gases. Considering the characteristics of the
polymeric membrane, the water balance plays an important
role since the mentioned membrane require a certain degree
of water content. A right amount of water into the membrane
makes the proton transport efficient. A low humidification degree
produces an increment of the proton resistant while a high
humification can produce flooding in the porous layers at the
cathode side reducing the catalytic activity of the reactions
(Espinoza-Andaluz et al., 2019).

Another bottleneck is related to the materials involved
in the manufacturing process of the CLs. Platinum is
commonly used since it provides the greatest efficiency as
catalyst to facilitate the reactions into the cell. This precious
metal is expensive and susceptible to contamination by
CO2 and sulfur compounds, i.e., H2S and carbonyl sulfide
(COS). Due to this susceptibility, the feed gases H2/O2
must be of high purity. Studies focusing on new catalyst
materials or alloys decreasing the platinum content in CLs
have been performed (Chen et al., 2014; Park et al., 2015).
In addition, the reduction of platinum can be achieved
analyzing transport phenomena inside PEFCs. A study
to predict different transport parameters in a GDL is
presented in Espinoza et al. (2015).

One of the most widely used technique to study the behavior
of a PEFC is the electrochemical impedance spectroscopy (EIS)
(Rezaei Niya and Hoorfar, 2013). The EIS test consist of sending
a small disturbance of alternating current (AC) sinusoidal current
to the direct current (DC) applied to the cell. The system response
is evaluated in a frequency range that can vary from 0.1 Hz
to 100 kHz. The obtained data are interpreted and adjusted to
determine the different resistances of a cell. Considering that the
experiment is performed in the frequency domain, it is possible
to obtain detail information about the resistance contributions.
Each of the internal resistances appear at different frequency
ranges (Yuan et al., 2010).
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The behavior of a PEFC can be described by the impact of
different polarizations regions reflected into the voltage-current
curve. This curve is characterized by the ohmic polarization
region (a linear behavior with negative slope), the activation
and concentration polarization regions. These polarization
regions are also called loss zones due to each one contributes
to the decrease of cell performance voltage. The losses by
activation, ohmic and concentration are represented by charge
transfer, ohmic, and mass transport resistance, respectively. The
impedance, and therefore the losses, originated by the internal
elements of the cell are studied with the help of Nyquist and
Bode charts. The Nyquist diagram represents the imaginary part
impedance (Im) against the real part impedance (Re), i.e., Im-
Z vs. Re-Z. The Bode plot shows the variation of the magnitude
of the total impedance and phase angle between the current
and voltage, regarding of the evaluated frequency range (Santana
et al., 2020). The Nyquist graph gives us useful information on
the efficiency losses in the cell, since it is possible to represent
and quantify these losses by equivalent circuits constituted by
passive components such as resistance, capacitors, and inductors.
The adjustment depends on the shape of the Nyquist diagram
and there are several equivalent circuits that can represent the
response of the system (Dhirde et al., 2010; Harrington and Van
Den Driessche, 2011).

Several studies applying EIS have been conducted on PEFCs
and evaluated several aspects from a cell point of view, Mérida
et al. (2006) investigated two failure modes, dehydration and
flooding in a cell stack, proposing as a diagnostic method for
identification that both failures are shown at different frequency
ranges. On the other hand, Asghari et al. (2010) investigated the
influence of the tightening torque in the cell, finding that the
charge transfer resistance and mass transport resistance increase
with a selected pressure. Brunetto et al. (2009) conducted a
performance study by EIS on the internal processes that occur
in a cell with various conditions of relative humidity (RH) and
stoichiometric ratios of feed gases. Dale et al. (2010) showed
an analysis of the EIS behavior by varying the current load,
starting time and percentage of the AC current with respect to the
DC, obtaining optimal conditions. Freire and Gonzalez (2001)
investigated the effects of the RH of the feed gases applied to
different membrane thicknesses. They concluded that thinner
membranes have better water management characteristics.
Lefebvre et al. (1999) investigated the ionic conductivity of the
CL, finding that it decreases with the distance to the membrane.
Tang et al. (2006) conducted performance studies considering
high temperatures, e.g., 80–120◦C, analyzing the different types
of losses. They found that at high operating temperature the
ohmic resistance and the activation resistance increases, while
the mass transport resistance decreases. The importance of the
RH of the feed gases is evident, therefore also knowing in detail
what happens at the mesoscale level in the MEA and the effect
it produces on the performance of a PEFC, which can operate in
a wide current range. The objective of this study is to quantify
and to compare the impact on the internal resistances of a PEFC
when the feed gases get into the cell with low and high RH,
respectively. This study is carried out experimentally on a cell
with a Nafion R© 212 as a polymeric membrane and using the EIS

technique. Different current load conditions are considered, and
the internal resistances are analyzed to obtain the most efficient
operating points.

The rest of the paper is divided as follows: “Experimental”
section is mainly dedicated to the explanation of the experiment
setup and physical characteristics of the cell utilized in the
current study, operating parameters, impedance measurement
and equivalent circuit are briefly presented. The obtained results
of the test, as well as the data description and trend curves
analysis are presented in “Results and Discussions” section.
Finally, Conclusions are presented.

EXPERIMENTAL

Fuel Cell Test System
The present study was carried out with a PEFC fuel cell test
system provided by Scribner Inc. R©. The system allows us to
operate and obtain the parameters of cell performance in real
time. The system has flow controllers of the feed gases that
permit to adjust the stoichiometric ratio of the flows before
entering the cell. It also has humidifying tanks and electrical
resistors with their respective temperature controllers for the
anode, cathode, and the full cell. The fuel cell test system is
equipped with a DC-AC current load controller, in addition to a
frequency response analyzer (FRA). All information is collected
through a data acquisition system connected to a peripheral
device. It allows to perform the initial setup configuration
and operation of the experiment. For more details on the
operation of this equipment readers are referred to the Scribner
manual (Scribner Associates, 2007). The data acquired from
the single cell allows the corresponding analysis under different
current load and humification of the feed gases. Parameters such
as anode/cathode/cell temperature, current load, pressure and
humification of the feed gases are monitored during the energy
conversion process.

Single Cell Hardware
The cell used has an effective area of 25 cm2, its end plates
are made from graphite plates with triple serpentine channels.
The channels in the plates have a depth and width of 1 and
1 mm, respectively. It has a MEA composed by a polymeric
membrane Nafion R© 212 with a 50.8 µm thickness. The membrane
is sandwiched by two CLs with 60 wt% of platinum (Pt)
nanoparticles on vulcan (carbon). The GDLs are of woven carbon
cloth type, and they include two micro porous layers (MPL)
located at the interface of the CLs and GDLs. Figure 2 shows the
external view of the single cell hardware used in the current study.

Operating Parameters
Ultra-pure hydrogen (H2) is used as fuel at the entrance of the
anode, whereas medical oxygen (O2) is used as oxidant at the
entrance of the cathode. For purging and cleaning purposes,
nitrogen (N2) is used as inert purge gas. The gas inlet pressure
is controlled and maintained at 55 psi. Ultra-pure water treated
under the American Society for Testing and Materials (ASTM)
norm Type I quality, with minimum resistivity of 18 M�.cm−1,
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FIGURE 2 | Picture of the single PEFC used in this study with the required connections for data collection.

FIGURE 3 | Equivalent circuit representing a single fuel cell constituted by resistors and constant phase elements.
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is used. The stoichiometric ratio for the H2 flow was established
as 1.2× and for the O2 flow was 2.5×. Both flows were configured
based on the load applied (current), denoted by the letter x
through the software Fuel Cell R©, as described in the manual of
methods and experiments for PEFCs (Cooper et al., 2005). The
tests were performed under two specific conditions, 100% RH
and 33% RH, in order to quantify performance losses between
fully humidified and critically humidified conditions. The value
of 33%RH was taking from fuel cell test system manual (Cooper
et al., 2005) as dry condition and It belongs the range [25–35]%
RH considered to previous studies (Ramani et al., 2004; Yan et al.,
2006; Salva et al., 2016) as low RH. Further, It is important to
notice that the electric load variations are performed from 5 to
50 A in steps of 5 A.

Impedance Measurement and Equivalent
Circuits
The EIS test was carried out with the help of the FRA, which is
included in the Fuel Cell Test System. The frequency scan was
initially set at 10 kHz running until 0.1 Hz. The data are collected
and presented in logarithmic scale, obtaining 10 data per decade
Hz, e.g., from 10,000 to 1000 Hz, 10 data were obtained. The
integration time used in the current study is 0.3 s, with 1 cycle
per integration. Finally, the amplitude of the AC signal used
was established as 5% of the DC value. The data were collected
simultaneously when the single cell is converting the chemical
energy into the electrical and thermal energy.

There are several models to quantify-analyze the responses
of an EIS test, a widely used method is the so-called

equivalent circuits. The model for this study consists of
an ohmic resistance (Rohm) connected in series with two
parallel circuits (Rct–CPE1) and (Rmt–CPE2). Rohm represents the
ohmic resistance of the cell, Rct corresponds to the resistance
to charge transfer at the electrolyte/electrode interface, and
Rtm is equivalent to the resistance to the mass transport
losses. In addition, the capacitors CPE are constant phase
elements (CPEs) used to adjust the system response to an
equivalent circuit model. The experimental data obtained
were adjusted by means of the ZView R©. Figure 3 shows the
equivalent circuit used in the current study to represent a
single fuel cell.

RESULTS AND DISCUSSION

Interpretation of the Response in a
Nyquist Diagram
As mentioned, the use of the EIS technique is appropriate
to analyze the different electrochemical phenomena that occur
during cell operation. The EIS allows us to determine the internal
cell resistances that cause the voltage loss. The total cell resistance
is divided into three types, e.g., ohmic resistance, charge transfer
resistance and mass transport resistance. The data obtained from
an EIS test are usually components of the total impedance of
the cell evaluated in a wide frequency range. The obtained data
depicted in a graph show the components based on a diagram as
presented in Figure 4. The interpretation of a Nyquist diagram
helps to determine each of the internal resistances.

FIGURE 4 | Scheme for the interpretation of internal resistances in the Nyquist diagram. Frequency is evaluated in an increasing manner from the right to the left.
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FIGURE 5 | Nyquist diagram obtained from the EIS test at different current loads at 100% RH. (A) Density current from 0.2 to 1.0 A/cm2. (B) Density current from
1.2 to 2.0 A/cm2.
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FIGURE 6 | Nyquist diagram obtained from the EIS test at different current loads at 33% RH. (A) Density current from 0.2 to 1.0 A/cm2. (B) Density current from 1.2
to 2.0 A/cm2.
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From Figure 4, it is easy to observe that the ohmic resistance
is basically the intersection with the real axis, and it represents
the ohmic resistance of all the components of the cell including
the MEA and end plates. However, as most of these components
have a significant electrical conductivity, this resistance is mainly
attributed to the resistance of the membrane, in this case Nafion R©

212. The end of the first arc corresponds to the charge transfer
resistance. This resistance is indirectly related with the kinetic
reactions that occur in the CLs at the anode and cathode.
However, the main contribution is due to cathode side since

the oxygen reduction reaction (ORR) is much slower than
the reactions that occur at the anode side with the hydrogen.
The amplitude of the second arc represents the mass transfer
resistance or resistance to diffusion of oxygen species in the CLs.
This resistance generally appears at high current densities and
low frequencies.

Although good approximations can be obtained by simple
inspection, an adjustment of the Nyquist curves by using the Z
view software has been made to improve the measurement. The
equivalent circuit used is shown in Figure 3. It is constituted

FIGURE 7 | Ohmic resistance trend in function on the current density for high and low relative humidity.

FIGURE 8 | Charge transfer resistance trend in function on the current density for low and high relative humidity.
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by three normal resistances and two CPEs. It is important to
mention that the CPEs replace the capacitors since the capacitors
model a perfect semicircle whereas the CPEs give a greater
freedom of adjustment. For an extensive discussion about CPEs
the reader is referred to Hirschorn et al. (2010).

Performance Based in Impedance
Spectroscopy at High Relative Humidity
In the current research, the PEFC is evaluated by means of a
sweep in the range of 0.1 Hz to 10 kHz at different current
densities. The collected data are presented in Figure 5, which
shows the response of impedance in a Nyquist diagram at 100%
RH using oxygen as oxidant gas. On the left side we can see that
the current densities are relatively low, i.e., ranging from 0.2 to
1.0 A.cm−2, whereas on the right side high current densities are
considered, i.e., in the range of 1.2–2.0 A.cm−2. Following the
interpretation from Figure 4, the three resistances are identified,
i.e., ohmic, charge transfer and transport mass resistances. The
ohmic resistance of the cell is identified by the intersection with
the horizontal axis on the high frequency side, it is evident from
Figure 5, that this value is approximately 0.075 �.cm2. It is
completely clear that the ohmic resistance determined in this
part does not depend on the load applied to the cell. It is also
observable that the charge transfer resistance decreases as the
current load increase, which agrees with the decrease in the arc
on the left side of Figure 5.

This decrease can be attributed to a rise in the kinetic activity
of the cell as the load demands it, but then reaches a saturation
limit, and finally begins to increase slightly (see Figure 5, right).
The charge transfer resistance at low current densities varies in
the range values from 0.08 to 0.24 �.cm2. On the other hand,
the mass transport resistance appears on the side of high current
densities and begins to increase as the load increases, i.e., it

appears just when the cell begins to saturate. This phenomenon
can be attributed to the diffusion of species within the CL giving
a decrease in the reaction kinetics, an increase of electronic
crossing and later obstruction of the porous media of the GDL.
As result, there is a considerable loss of the cell voltage. This
resistance varies in the range of 0.004–0.036 �.cm2.

Performance Based in Impedance
Spectroscopy at Low Relative Humidity
This section will deal with the Nyquist diagrams obtained for
low RH (33% RH). It is expected that the performance decreases
as the internal resistance associated with the cell increases at
low humidification rates. The main cause is attributed to the
polymeric membrane, being a solid electrolyte that requires a
certain degree of humidification to work at maximum efficiency.
This issue is even more important when the cell operates at high
current loads. The need to conduct an analysis at this level of
RH is due to the wide range of possible applications that have
a PEFC working at low levels of humidification. In Figure 6,
the ohmic resistance has considerably increased if compared to
the value for fully humidified conditions. Further, for this case
the ohmic resistance is dependent on the applied load, this is
due to an increase in the kinetic activity of the cell produces a
higher content of water inside the cell. Then, the ohmic resistance
values are reduced from 0.198–0.132 �.cm2 to 0.2–2.0 A.cm−2,
respectively. It also observable that the values of the charge
transfer resistance also increase, and their behavior is similar to
what is described in the previous section. The charge transfer
resistances fall in the range of 0.1–0.38 �.cm2. On the other
hand, in dry conditions is noticeable that the increase in the mass
transport resistance, phenomenon that occurs at low current
densities but is much more considerable at high current densities.
It can be attributed to a decrease in efficiency in the polymeric

FIGURE 9 | Trend of the mass transport resistance as a function of the current density. The resistance increases when the current density increases.
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membrane and an increase in the diffusion of species in the CL.
These values fall in the range of 0.014–0.104 �.cm2.

Effect on the Performance in the
Membrane at High and Low RH
Figure 7 shows the results of the measured ohmic resistance as
a function of current density at high and low RH, 100 and 33%
respectively. As expected, the ohmic resistance of the Nafion R©

212 membrane is lower when it operates at 100% RH whereas
there is a significant increase when it operates in dry conditions
at 33%. It is notable that there is a variation in ohmic resistance
when the cell operates at low humidity. At a current density of
1.2 A.cm−2, the ohmic resistance is approximately 0.141 �.cm2

whereas that for 100% humidification it is 0.071 �.cm2, i.e., it
practically doubles.

Kinetics Effect on the Performance at
High and Low RH
Figure 8 shows the charge transfer resistance as a function of
current density at high and low RH, 100 and 33%, respectively.
As a first observation the charge transfer resistance decreases
when the current density increases until reaching a minimum
point and then it remains somewhat stationary. This behavior
is corroborated with previous studies (Ramani et al., 2004; Tang
et al., 2006). It is attributed to a greater demand of the catalytic
activity of the electrochemical reactions that occur in the CL
producing a decrement of this resistance. Note that for both wet
and dry conditions, for current densities higher to 1.6 A.cm−2 the
resistances are around 0.1 �.cm2.

Mass Transfer Effect on the Performance
at High and Low RH
Figure 9 shows how the mass transfer resistance varies according
to the current density for high and low RH. It is noticed that
at low RH, the losses for mass transfer are greater and they
are presented for all the current density values. For high RH,
the mass transfer resistance appears when the current density
achieves 1.2 A.cm2. It has a growing behavior, which is due to
the saturation of the species involved in the reactions in the CL.
The charge transfer increases as the load demand increases. This
situation continues until to reach a point where the cell is not
able to operate.

Finally, all the results obtained in this work are shown in
Table 1. They are divided into two parts, for 100 and 33% RH
of the reactant gases. Based on the results showed in Table 1,
it is noticed that for a current density of 1.2 A.cm−2, an
operating voltage of 0.662 volts is obtained and a total resistance
of 0.155 �.cm2 operating the cell at 100% RH, which is the
point of maximum performance. In the same way, for the same
current density has an operating voltage of 0.529 volts and a
total resistance of 0.273 �.cm2 operating the cell at 33% RH. In
addition, it is evident that the maximum resistance of the cell
is of 0.311 and 0.581 �.cm2 for 100 and 33% RH, respectively.
The maximum total resistances occur at low current density, i.e.,
0.2 A.cm2.
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CONCLUSION

The results obtained through EIS test revealed the behavior of
the various voltage losses within the cell, which are attributed to
ohmic resistance, charge transfer resistance and mass transport
resistance. The ohmic resistance is mainly attributed to the
resistance of Nafion R© 212 (used in this work), with a value of
0.075 �.cm2 for high RH, and 0.198–0.132 �.cm2 for low RH.
The ohmic resistance represents around 23–45% of the total
resistance of the cell for high RH and between 33 and 51% for
low RH. It was also demonstrated that the ohmic resistance is
independent to the applied cell load at high RH (100%). The
charge transfer resistance decreases with an increased current
load and tends to approach a constant value which can be
attributed as the starting point of the saturation of the species
in the CL. These values represent between 50 and 75% of
the total resistance of the cell under conditions of high RH,
and between 30 and 65% in low of RH conditions. Future
studies can be focused on optimizing the porous media of the
gas diffuser layers and the composition of the CL in order to
reduce the impact of the charge transfer resistance. In addition,
it was verified that the resistance to mass transfer appears
only at high current densities. However, at low RH they can
appear also at low current densities. In high humidification
conditions they represent up to 17% of the total resistance of
the cell, while at low humidification they represent up to 30%
of the total resistance of the cell approximately. Finally, it was
found that the optimal operating points in high humification

conditions was 0.662 volts with a total resistance of 0.155 �.cm2,
and in low humidification conditions was 0.529 volts with a
total resistance of 0.273 �.cm2, both for a current density of
1.2 A.cm−2.
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