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The working of a Polymer Electrolyte Membrane (PEM) electrolysis cell is discussed and a
graphical representation analysis of the equivalent circuit impedance is carried out. This helps to
provide a comprehensive grasp on the fundamentals and on the factors affecting the changes in
the electrochemical impedance spectra. The polarization curve of an electrolysis cell is essential
for understanding these variations. Furthermore, an experiment is done on a PEM electrolysis
cell at 80°C with a Nafion 117 membrane and data was collected after 50 h and after 500 h of
operation for different current densities. The knowledge gained from the initial analysis of the
electrolysis cell is employed to explain the impedance spectra obtained from the experiment. The
conclusions derived are then used for the formulation of correction factors to obtain the
modified parameters of the electrolysis cell equivalent circuit which could prove useful in the
long run in reducing the challenges faced while working with PEM electrolysis cells.
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Nomenclature

H>

O,

Pt

\Y

E

R, R1,R2, R3
C, CyGCs

L, La

Rm

Ra

Re

Ca

Ce

Z,7r, 2\, Zc

ZRe

Hydrogen molecule

Oxygen molecule

eléctron

Platinum

Iridium

Cell voltage

Cell emf

Resistance

Capacitance

Inductance

Polymer membrane resistance
Anode transfer charge resistance
Cathode transfer charge resistance
Anode double layer capacitance
Cathode double layer capacitance
Complex Impedance

Real part of complex impedance

Imaginary part of complex impedance

Frequency
Phase angle of complex impedance

Time constant of RC unit



f Characteristic frequency
H/A Heat evolution per unit area
I/A Current density

t Time



List of Acronyms

PEM

EIS

OER

HER

OoCVv

AC

DC

CD

Polymer Electrolyte Membrane or Proton Exchange Membrane
Electrochemical Impedance Spectroscopy

Oxygen Evolution Reaction

Hydrogen Evolution Reaction

Open Circuit Voltage

Alternating current

Direct current

Current Density



1. Introduction

Nowadays, with the increasing acceptance and eventual demand of green renewable energy
around the world, it is not enough to depend on one source of energy. Solar panels, wind
turbines, tidal farms, hydroelectric power dams are some of the ways to harvest the renewable
energy that is available. Since most of these sources are dynamic in nature, it is important to
have a more reliable source as a backup. This means there is still some dependence on

conventional forms of energy. The aim of researchers is to reduce this dependence over time.

PEM (Polymer Electrolyte Membrane or Proton Exchange Membrane) water electrolysis is
the topic of discussion in this thesis. A molecule of water can be split into its individual
hydrogen and oxygen molecules with the introduction of electric current. These hydrogen and
oxygen gases can then be separately stored for future use. The stored hydrogen is mainly used
in hydrogen fuel cells that could ultimately revolutionize the automobile industry. Hydrogen
is also used as a source of power supply for areas not connected to the grid and plays a major
role in rocket fuel owing to the fact it has more concentrated energy [5]. The PEM is used to
divide the anode and the cathode half cells and acts as insulation for the electrodes. It allows
for the transport of hydrogen ions or protons while an external circuit carries the electrons.
The main advantages of this form of water electrolysis are gas purity owing to the low
crossover of gases which depends on a number of factors, and functionality at high current
densities. However as the research done on this topic is believed to be less, many of the

challenges related to its use are yet to be determined.

Such electrochemical systems can be characterized by a method called electrochemical
impedance spectroscopy (EIS) for interpretation. Basically, an electrical equivalent circuit is
used to determine the electrochemical impedance which can be further subjected to
interpretation based on different parameters. This, however, is sensitive to errors as different
electrochemical processes with the same time constant parameters could overlap. Observing
the variations in the impedance spectra and understanding the reasons for its behavior could

help in eliminating any similar errors in the future.

When considering an equivalent electrical circuit for the electrochemical process, some of the
elements used are resistors, capacitors, Warburg diffusion elements and constant phase
elements. The impedance of an electrode can be represented by a resistance (charge transfer
resistance) and capacitor (double layer capacitance) connected in parallel while the polymer

membrane is represented by another resistance. The real and the imaginary parts of the



resulting impedance could be calculated for a particular range of frequency. There are two
plots associated with EIS — Nyquist and Bode plots. The Nyquist plot is the variation of the
imaginary part of the impedance with the real part over a frequency range while the Bode plot
shows the variation of the magnitude and the phase of the impedance over the same frequency

range.

The aims of this thesis include simulation of electrochemical impedance spectra of PEM
electrolysis cells using simple equivalent circuits to get an idea of the working of these
systems; variation of parameters to investigate interferences and understand the causes behind
the changes; identification of interpretation errors and their causes by comparing simulated
spectra with experimental spectra and the measurement of “correction factor” to reduce
interpretation errors in future. The measurement of this correction factor could not however
be carried out due to limitations brought about by the CoVid-19 outbreak. Achieving these
aims leads to a better understanding of a PEM WE cell and greater knowledge on results
obtained from an EIS analysis of the aforementioned cell which could be exploited in the
future in the development of an improved PEM WE cell with reduced losses and improved

production of both hydrogen and oxygen.
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2. Theoretical Fundamentals

The theoretical fundamentals of a PEM WE (water electrolysis) cell and EIS are discussed in
this chapter. First, the working of the cell is studied along with the reactions that take place in

the cell. Then the basics of EIS are described to give a clear idea going forward in the report.

2.1 Fundamentals of PEM WE

2.1.1. PEM WE cell

PEM electrolysis
20 -100 °C

Cathode - + Anode

Membrane
H,O 2 2H'+% 0, +2e Anode
2H" +2e- > H, Cathode

HO > H,+%0, Totalreaction

Figure 1: PEM Electrolysis cell [1]

Figure 1 shows the working of a PEM water electrolysis cell. When electricity is passed, the
water molecule splits into protons, oxygen and electrons at the anode, while the protons
crossover the membrane to the cathode to combine with electrons, through an external
connection and form gaseous hydrogen. The reactions taking place at the anode and the
cathode are called Oxygen Evolution Reaction (OER) and Hydrogen Evolution Reaction

(HER) respectively. The overall cell reaction can be represented as follows

2H,0 — 2H, + 0, (1)
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The OCV (open circuit voltage) of the model is calculated to be between 1.75 V and 2.2 V for
a temperature range of S0C to 80C and a pressure less than 30 bar [1].

2.1.2. Performance of the PEM water electrolysis cell

T T T T

T
Mass Transport Losses —
24 | Activation Losses —_—
: Protonic Ohmic Losses —
Electrical Ohmic Losses
Cell Performance —
Thermoneutral Voltage =~ «====ees

22 I

Cell Voltage - V

| | 1 1 |

Current Density - Alem?

Figure 2: Polarization curve of a PEM WE cell [1]

The polarization behavior of an electrolysis cell can be determined by plotting the cell voltage

against the current density. The voltage of the cell is expressed by
Veew = E+ Vornm + Virans + Vact (2)

The main losses include ohmic, transport and activation losses. Ohmic losses are due to the
internal resistance of the components of the cell and transport of charges through the
membrane. Activation losses are due to the activation overpotential that needs to be applied
for current flow. The cell performance is divided into three regions. The steepest portion of
the curve represents the activation/kinetic polarization. The next linear portion is the
dominated by ohmic polarization losses and the last portion falls in the concentration

polarization region.



12

As observed from the graph, the cell voltage that needs to be applied increases with an
increase in the current density. This is because as the current density increases, the current
through the cell increases and as a result, the voltage losses also increase. The area under the

polarization curve shows the power input per square centimeter of the cell.

2.2. Fundamentals of EIS

Electrochemical reactions are chemical reactions that take place in the presence of an electric
current. In electrochemical reactions, the transfer of charges occurs at the surface of the
electrodes. So, these reactions include transfer of mass to the electrodes from the solution,
charge transfer at the surface of the electrodes and resistance of the electrolyte or the
membrane in use. These processes can be represented in the form of an electrical circuit.
Impedance spectroscopy is a technique in which each component in the circuit can be
extracted to give an idea about the characteristics of an electrochemical reaction. By
subjecting an AC amplitude signal with varying frequency to a stable DC signal (or at open
circuit voltage), the change in the impedance can be noted after scanning the frequency which

would lead to the values of the components being obtained.

Rc Ra

VWA s VWA

Figure 3: An equivalent circuit representing a PEM WE cell

Figure 3 shows a typical model of a PEM WE cell with the resistance and the capacitance of
the cathode being denoted by R, and C., membrane resistance as Ry, and the resistance and
the capacitance of the anode being R, and C,. The two RC units represent the electrode
resistances and the double layer capacitances of the two electrodes of the cell. While
considering an experimental setup of a PEM WE cell, the inductance (L) of the cable

connections is also considered.
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The introduction of an AC signal means the impedance of each component of the circuit has
to be taken into account. In an AC circuit, the current and the voltage have the same phase
shift for a resistor. The current leads the voltage by a phase angle of 90 degrees for a capacitor
and the voltage leads the current by a 90 degree phase angle for an inductor [2]. The equations
for the impedance of each component are given in the next section. Impedance is expressed as
Z which is a complex unit and represents both the real and the imaginary values of the
parameters as the complex plane is a two-dimensional plane with both the real and the

imaginary axes.
2.2.1. AC Impedance in the complex plane

The AC Impedance of a resistance (Zr), capacitance (Z¢) and inductance (Z;) can be

expressed by the following equations respectively,

Zz =R 3)
Zc =1 (4)
Z, = iwl ®)

where o is the frequency of the AC signal and i is the imaginary constant.

And the phase angle of the equivalent impedance is given by

6 = tan~" (22) (6)

re

where Zi, (imaginary part of the impedance) is the sum of Z¢ and Z, and Zg, (real part of the

impedance) is Zg in a scenario where just these three components are present.

When Figure 3 is considered, we get the following equations by using Eqg. (3) and (4),

R R
2C2 2 + 2a2 2 (7)
1+ w2C2RZ 1+ w2CZR2

(8)

7. = l( wCcR, wCqRqy )
tm 1+ w2C2R? 1+ w2C2RZ
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As evident by the equations (7) and (8), it can be observed that at low frequencies, the
imaginary part of the impedance can be neglected and at high frequencies, the imaginary part

approaches zero and can again be neglected.

The imaginary impedance is zero at high frequencies which gives the value of effective
impedance as Ry. The effective impedance is the sum of R, and R (charge transfer
resistance) at low frequencies from which R can be obtained. R is the sum of R; and R..
And the product of R.C. is obtained from the frequency which shows the maximum
imaginary impedance. By using different combinations, it is possible to obtain all the
parameters of the circuit.

2.2.2. Graphical representation of EIS

By using the above equations to calculate the equivalent impedance and the phase angle, they
can in turn be used to plot Im(Z) vs Re(Z) and |Z| and 6 vs frequency graphs. The following

figures show the respective plots of a parallel RC circuit.

0 10° 100

-0,005

| =
0,01 — 2
N

Im(Z) [9)]

-0,015

0,02 | 107 -100
0 0,005 001 0015 002 0025 003 0035 004 107 10" 10" 10° 10* 10

Re(Z) [0 f [Hz]

Figure 4.1: Nyquist plot [4] Figure 4.2: Bode plot [4]

Figure 4.1 shows the Nyquist plot of a parallel RC circuit is always a semi-circle. The circuit
acts as a resistor at low frequency and as a capacitor at high frequency. The right part of the
curve starts at zero frequency ending at high frequency on the left. The width of the semi-

circle is equal to the resistance value.

In Figure 4.2, the phase angle decreases with increasing frequency which shows how the
behavior of the circuit becomes more capacitive in nature over time. The magnitude remains
constant for a while after which it goes down and then again becomes constant with

increasing frequency.
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The graphical representation varies with a change in the value of the parameters in the circuit
and also with the different combinations of the components used in the circuit. By observing
these changes among the different variations gives an idea of how each variation affects the
respective characteristics. This knowledge can then be utilized in an experimental set-up to
understand the change in the characteristics and the circuit can be modified to counter the
effects of the variations.

3. Simple Equivalent Circuit

A typical electrolysis model with two electrodes and a membrane in between can be broken

down into simple electrical elements and formed into an equivalent circuit.

R2 R3
VAVAVA VAVAVA
R1 L4
\/\/\/\ c2 C3 1 6 6 6
|| ||

Figure 5: Electrolysis model circuit

As seen in Figure 5, the parallel RC couplings represent the electrodes and the other
resistance and inductance represent the membrane and the cable (for the measurement setup)

respectively.

The equivalent impedance of this circuit can be obtained by using the AC impedance

equations.
Z="Lret Ziy (9)
_ Ry R3
Zre = Ry 1+ w2C2R2 + 1+ w2C2R2 (10)
_:f_ _wCRy  wC3R3
Zim = l( 1+ w2C2RZ 1+ w2CZR2 + a)L4) (11)
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1Z| = Z/Zrez + Zim? (12)

0 = tan™! (ZZ‘—"’) (13)
T=RC (14)
== (15)

A mathematical analysis of Eq. (9) to Eq. (13) is done. The equivalent impedance in Eq. (9) is
the sum of the real and the imaginary parts of the impedance in the complex plane. The real
part of the impedance depends on the parameters R, Ry, Rs, C,, C3 as seen in Eq. (10) and ®
while the imaginary part of the impedance depends on R;, R3, C, C3, L4 and ® as seen in Eq.
(11). A change in the ohmic resistance R; has no effect on the imaginary part of the
impedance while a change in the inductance L, has no effect on the real part of the
impedance. At low frequencies, the terms with a capacitance parameter dominate, while at
high frequencies, they become negligible. The magnitude of the complex impedance is
calculated by taking the square root of the sum of squares of the real and imaginary parts of
the impedance as showed in Eg. (12). This value has a maxima and a minima depending on
the frequency. The phase angle of the impedance is calculated in Eq. (13). An increase in the
imaginary part or a decrease in the real part of the impedance leads to an increase in the phase
shift and vice-versa. Eq. (14) and Eq. (15) are used to calculate the time constant ‘t’ and the
characteristic frequency ‘f” of an RC unit which are useful in the EIS analysis of the PEM WE
cell. A variation in either the resistance or the capacitance of the RC unit affects the time
constant and furthermore the characteristic frequency of the RC unit. An increase in either
parameters leads to an increase in the time constant and a decrease in the characteristic

frequency and vice-versa.
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4.  MATLAB model of the equivalent circuit

Figure 6: MATLAB model of an equivalent circuit of a PEM WE cell

The above figure shows the MATLAB model of the simple equivalent circuit. A MATLAB
model is required to calculate the impedance of the circuit and plot the respective EIS curves
from which datasets are extracted for further analysis. A controlled voltage source is
connected to the circuit to which a step signal can be given to obtain the impedance
characteristics. An ammeter and a voltmeter are connected to measure the current and the
voltage respectively (at a given time) which are in turn connected to a scope to show the
measured values. As the frequency cannot be changed during simulation, the step response of
the model is plotted initially following which a frequency range is set to obtain the model
transfer function. This transfer function is then used to plot the Nyquist and Bode graphs
using a specific set of commands. The following commands are used to plot the respective
graphs and export the data.

wl=logspace (6,-4,501);

nyquist (sysl,wl)

[rel,iml,woutl]= nyquist (sysl,wl):;

writematrix(rel, 'nyrel.dat','Delimitex',"';"):;

writematrix(iml, "'ny

Nyquist plot MATLAB commands

w=logspace (-4,6,501);

P=bodeoptions;

P.PhaseUnits='rad';

sysl=tf(linsysl);

[mag,phase,wout] = bode(sysl,w,P):;
writematrix (phase, 'bodephasel.dat', 'Delimitex',';")

£ S5 2L, LELlInd

Bode plot MATLAB commands
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5. Circuit Analysis

5.1. Analysis with base parameters

In this section, an analysis of the circuit is done with a fixed set of parameters. The results
then obtained are considered as the benchmark against which future results would be

compared. Some circuit parameters from an appropriate range are selected to be analysed.

R, = 0.150 C,=01F
R2 = 0.04‘ Q C3 == 0.1 F
Ry = 0.16 O L, = 0.1 uH

A frequency range of 0.001 — 100000 Hz is set to plot the graphs.

5.1.1. Nyquist plot

1.04
0.8 1
0.6
0.4

0.2 1

Z(Im)

0.04

-0.2 4

0.4

-0.6 H

-0.8 T T
0.15 0.20 0.25 0.30 0.35

Z(Re)

Figure 7: Imaginary vs Real Impedance (in ohms)

The above figure shows the variation of the imaginary part of impedance with the real part
with an increase in frequency from right to left. The initial shift in the curve on the x-axis is
because of the lone resistance component in the electrical circuit. The part of the curve in the
negative y-axis represents the inductance in the circuit. The semi-circle part of the curve is
due to the RC couplings. Since the time constants of the two couplings are almost similar,
there are no distinct semi-circles. The width of the semi-circle is the sum of the electrode

resistances.
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5.1.2. Bode plot

Magnitude
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Figure 8.1: Magnitude vs Frequency (Hz) Figure 8.2: Phase vs Frequency (Hz)

In Fig.7.1, the magnitude remains constant before 1 Hz, peaking between 10 and 100 Hz after
which it remains the same again before increasing at very high frequencies. From Eg. (10)
and (11), it can be observed that at low frequencies, the variables with ® can be neglected,
thus resulting in a constant magnitude followed by a sudden rise with an increase in the
frequency. After reaching the peak, the curve decreases suddenly with further increase in
frequency and reaching a lower stable magnitude value as the imaginary part of the
capacitances cancel out that of the inductance. The curve then again attains a steep rise at very
high frequencies as the imaginary part of the inductance impedance becomes significantly

larger than that of the capacitances.

In Fig.7.2, phase remains constant before 1 Hz after which there is a peak minima mirroring
the effect of the capacitances on the model. The curve then goes up at very high frequencies
because of the inductance. As the curve moves away towards a negative value from a phase
angle of zero, the circuit becomes more and more capacitive in nature and vice-versa. This is
evident from the Eq. (12) and (13). The imaginary part of the impedance has a much lower
value than the real part initially which leads to a negative phase angle which increases after

the minima as the increase in frequency leads to a much larger imaginary part.

Both figures have the maxima and the minima at approximately the same frequency.
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5.2.  Analysis with single parameter variation

In this section, different parameters of the components of the circuit are varied randomly to
ascertain their effects on the circuit which is visible in the graphical representation. The
changes observed with the variation of the parameters are compared to the results obtained
with the base parameters. Initially, parameters are varied individually and the characteristics

are compared followed by the variation of more than one parameter at a time.

5.2.1. Variationin R;

——R=0.05
10- R=0.1
R=0.15

— R=0.2
~ ‘ R=0.25

0.5

-Z_Im

0.0

-0.5

0.0 0.1 0.2 0.3 0.4 0.5
Z _Re

Figure 9: Imaginary vs real impedance (in ohms)

The Nyquist curve in Fig.9 shifts to the right with an increase in the resistance. From Eq. (10)
and (11), it can be seen that an increase in Ry only affects the real part of the impedance while

the imaginary part remains unchanged. The shape of the curve remains unchanged.

R =0.05
1.0 4 R=0.1
R=0.15 E = 3?5
- 100 =0.
R=02 R=0.15
0.8+ R=0.25 80 R=0.2
‘ 60 R=0.25
g 06 \ 1‘ 40-
2 [
% o | § 20
s z N
20
0.2 40
604
0.0 80
ol ol v o ol r o o T ™ B e e ]
1E4 0001 0.01 0.1 1 10 100 1000 10000 100000 1000000 1E4 0.001 0.01 01 1 10 100 1000 10000 1000001000000
Frequency Frequency
Figure 10.1: Impedance magnitude vs Frequency Figure 10.2: Phase vs Frequency

In Fig.10.1, the curve shifts upwards with an increase in the resistance. From Eq. (12), it is

clear that the impedance magnitude increases as the resistance increases. The curve in
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Fig.10.2 also shifts upwards towards a positive phase angle with an increase in the resistance
and can be seen from Eq. (13) as the phase shift decreases with an increase in Zge. There is a
frequency shift of the minima towards the left and the curves are more separated at mid and

high frequency regions as the capacitance terms in Eq. (10) and Eq. (11) become smaller.

5.2.2. Variation of R,

——R=0.04
R=0.08
R=0.12

R=0.2

0.5

-Z_lm

0.0

-0.54

0.1 0.2 0.3 04 0.5
Z_Re
Figure 11: Imaginary vs real impedance (in ohms)

The increase in R, leads to an increase in the real part of the impedance while the change in

the imaginary part is negligible. In Fig.11, the curve gets bigger with an increase in the

resistance.
R =0.04 R=0.04
12- R=0.08 R=0.08
R=0.12 80 R=0.12
R=0.16 R=0.16
1.04 R=02 | 60 R=0.2
40
p 0.8 4
§ 8 20+
c i ©
5 06 £ 01 .
=
-20 4
0.4+
-40 4
0.24 -60 4
_80_
0.0 e e ]
1E-4 0.001 0.01 0.1 1 10 100 1000 10000 1000001000000 1E-4 0.001 001 0.1 1 10 100 1000 10000 100000 1000000
Frequency Frequency
Figure 12.1: Impedance magnitude vs Frequency Figure 12.2: Phase vs Frequency

There is a shift in the curve upwards in the low and mid frequency region in Fig.12.1 with an
increase in R,. As the resistance increases the overall magnitude also increases but there is no
change in the curve in the high frequency region. In Fig.12.2, the curve shifts upwards as the

negative phase shift decreases along with a minima shift with an increase in the resistance.



5.2.3. Variation of R;
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Figure 13: Imaginary vs real impedance (in ohms)

In Fig.13, the Nyquist curve gets flattened and more distorted with an increase in the

resistance. Since the time constants are more or less the same with the base parameters, there

IS just one visible maxima. As the resistance increases though, the difference in the time

constants gets bigger and this results in the beginning of the formation of two maxima.
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Figure 14.1: Impedance magnitude vs Frequency
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Figure 14.2: Phase vs Frequency

The increase in the resistance leads to the shifting of the curve upwards at low frequencies in

Fig.14.1 along with the formation of two peaks that is consistent with the observations made

from the Nyquist plot. This is because the terms with R in Eg. (10) and Eq. (11) only affect

the overall equation at low frequencies. There is also a slight shift of the curve in Fig.14.2

upwards as the negative phase shift decreases with an increase in the resistance.
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5.2.4. Variation of C,
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Figure 15: Imaginary vs real impedance (in ohms)

The decrease in the capacitance in Fig.15 results in a lower time constant as seen from Eq.
(14) and the difference between the two time constants increases which leads to the formation

of two maxima. The curve shifts downwards with a decrease in the capacitance.
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Figure 16.1: Impedance magnitude vs Frequency Figure 16.2: Phase vs Frequency

In Fig.16.1, there is a formation of two maxima with the decrease in the capacitance. The
curve remains unchanged in the low frequency region while the change occurs in the mid and
high frequency region. This can be attributed to the terms with C, in Eg. (10) and Eq. (11)
that affect the Eq. (12) at high frequencies. A similar observation can be derived from the
Bode plot in Fig.16.2. There is also a shift of the curve upwards and to the right as the
negative phase shift decreases with the decrease in capacitance. From Eqg. (15) it can be
deduced that this decrease causes a shift of the minima to the right due to an increase in the

characteristic frequency.



24

5.2.5. Variation of C;
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Figure 17: Imaginary vs real impedance (in ohms)

The increase in capacitance leads to an increase in the time constant which differs from that of
the other RC unit and there is a two maxima formation in the Nyquist plot in Fig. 17. The

curve also shifts downwards with an increase in the capacitance.
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Figure 18.1: Impedance magnitude vs Frequency Figure 18.2: Phase vs Frequency

The two peak formation can also be observed from the Bode plot in Fig.18.1. The change
occurs in the low and mid frequency region. This can be attributed to the terms with C; in Eq.
(10) and Eq. (11) that affect the Eq. (12) at low frequencies. In Fig.18.2, there is a shift of the
curve upwards and to the left with an increase in the capacitance as there is a decrease in the
negative phase shift. Here, an increase in the capacitance causes the minima to shift to the left

as the characteristic frequency decreases according to Eg. (15).



5.2.6. Variation of L,

In Fig.19, the left end of the curve extends downwards. From Eq. (11), it can be seen that the

imaginary part of the impedance increases with an increase in the inductance. There is no
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Figure 19: Imaginary vs real impedance (in ohms)

other change in the curve.
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Figure 20.1: Impedance magnitude vs Frequency

There is an upward shift of the curve in Fig.20.1 in the very high frequency region of the plot.
The magnitude increases with an increase in the inductance as can be seen from Eq. (12).

There is a similar upward shift in the Bode plot in Fig.20.2 as the phase shift increases with an
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Figure 20.2: Phase vs Frequency

increase in the inductance. This can be seen from the Eq. (13).
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5.3.  Analysis with multiple parameter variation

5.3.1. Increase in R,; Decrease in C,
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Figure 21: Imaginary vs real impedance (in ohms)

The variation in the resistance and the capacitance values leads to the curve getting flatter and
bigger. The time constants of both the RC units from Eq. (14) do not differ much from each
other and there exists only one maxima. The shift of the curve on the x-axis reflects the

change in the resistance value.
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Figure 22.1: Impedance magnitude vs Frequency Figure 22.2: Phase vs Frequency

There is a shift in the curve upwards in the low and mid frequency region as there is an
increase in the magnitude with the variation of the parameters as seen in the Fig.22.1. There is
also an upwards shift in the curve in Fig.22.2 as the negative phase shift decreases with the
parameter variation. The shift of the minima can be explained from Eg. (15) as the

characteristic frequency changes according to the time constant of the RC unit.
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5.3.2. Increase in R,; Increase in C,
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Figure 23: Imaginary vs real impedance (in ohms)

In Fig.23, the curve undergoes the same changes as in the previous case as the curve becomes
bigger. The time constants of the RC units still do not differ from each other and so there is

only one maxima. This is observed from Eq. (14).
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Figure 24.1: Impedance magnitude vs Frequency Figure 24.2: Phase vs Frequency

The magnitude increases with the parameter variation as there is an upward shift of the curve
in the low and mid frequency region in Fig.24.1. The maximas of the curves shift according to
the time constants. The curve also moves upwards as the negative phase shift decreases with
an increase in the resistance and the capacitance in the Bode plot in Fig.24.2. The shift in the
minima to the left can be explained by the decrease in the characteristic frequency from Eq.
(15).
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5.3.3. Increase in R3; Decrease in C;
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Figure 25: Imaginary vs real impedance (in ohms)

The curve in the Nyquist plot gets bigger with the variation of the respective parameters.
There is not much difference in the time constants of the RC units and there is only one

maxima as seen from Eq. (14).
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Figure 26.1: Impedance magnitude vs Frequency Figure 26.2: Phase vs Frequency

The magnitude of the impedance increases with an increase in the frequency as seen in
Fig.26.1. The curve shifts upwards in the low and mid frequency region. The variations in the
resistance and the capacitance are insignificant at high frequencies. The negative phase shift
decreases with a frequency increase in Fig.26.2. The curve shifts upwards with the variation

of resistance and capacitance. The minima shift can again be explained by Eq. (15).
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5.3.4. Increase in R3; Increase in C;
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Figure 27: Imaginary vs real impedance (in ohms)
The variation in the parameters leads to the formation of two maxima as the time constants of

the two RC units differ from one another as calculated from Eq. (14). The curve also gets

flatter and bigger as seen from the Fig.27.
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Figure 28.1: Impedance magnitude vs Frequency Figure 28.2: Phase vs Frequency

In Fig.28.1, it can be observed that there is a two maxima formation as the magnitude
increases with an increase in the frequency. The variations in the resistance and capacitance
lead to different time constants and different maximas. The curve shifts upwards with the
variation in parameters in the low and mid frequency region. There is a decrease in the
negative phase shift as the curve shifts upwards along with a two minima formation in the
Bode plot in Fig.28.2. There is a minima shift to the left due to the decrease in the

characteristic frequency of the RC unit.
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6. Experimental Analysis

An experiment was conducted on a PEM electrolysis cell at 80°C with a Nafion 117
membrane and data was collected after 50 h of operation and after 500 h of operation for
current densities (C.D.) of 0.1, 0.2, 0.4 and 0.8 A/cm?. The real and imaginary parts of the
impedance were recorded along with the phase shift of the impedance between frequencies of
0.1 and 10° Hz. A graphical representation was carried out to compare the Nyquist and Bode
plots for the different current densities. The knowledge gained from the parameter variation in
circuit analysis and theoretical fundamentals are used to understand the changes in the

graphical plots with an increase in the current density.

6.1. Analysis after 50 hours of operation
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Figure 29: Imaginary vs real impedance

In Fig.29, there is a shift of the curve towards the left which indicates a decrease in the
resistance Ry (from Fig.5). This resistance which is assumed as the ohmic resistance in a PEM
cell should be independent of the applied current density. One reason might be that the heat
evolution caused by the electrochemical processes increases with increase in the current

density, which may result in a decrease of the resistance.
H I?
=Rt (16)

In Eq. 16, the heat produced per unit area is represented by H/A while the current density is
I>/A, R is the resistance and t is the time that has elapsed. From this equation, it is clear that
the increase in current density leads to an increase in the heat evolution. This leads to an

increase in the conductance which in turn results in a decrease in the resistance.
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The curve also gets smaller with an increase in the current density which indicates a decrease
in the resistances R, or Rs which stand for the transfer charge resistances of the electrodes.
The slope of the polarization curve in Fig.2 is large at low current densities as more energy is
required to overcome the transfer charge resistances. As the current density increases, the
slope gets smaller as less energy is required to overcome the resistances followed by a
decrease in the resistances as activation processes that take place at the anode and the cathode

control the electrochemical reactions taking place.
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Figure 30.1: Impedance magnitude vs Frequency Figure 30.2: Phase vs Frequency

There is a decrease in the magnitude in the impedance with an increase in the frequency in
Fig.30.1. The curve shifts downwards with an increase in the current density. The curve in the
Bode plot in Fig.30.2 moves towards a phase shift of zero from a negative phase shift which
signifies a decrease in the double layer capacitances of the electrodes. This denotes that an
increase in the current density which leads to an increased cell potential has an inverse effect
on the capacitances of the electrodes. The shift of the minima towards the right denotes an

increase in the characteristic frequency from Eq. (15).

6.2. Analysis after 500 hours of operation
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Figure 31: Imaginary vs real impedance
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There is no shift of the curve in the Nyquist plot in Fig.31 which means that there is no
change in the ohmic resistance. Ohmic losses are negligible with an increase in the current
density after a considerable amount of time has passed as evident by the plot. There is
however a decrease in the charge-transfer resistances R, and R3 as the activation losses are
higher at low current densities which decrease with an increase in the current density leading

to a greater driving force and lower resistances.
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Figure 32.1: Impedance magnitude vs Frequency Figure 32.2: Phase vs Frequency

In Fig.32.1, the magnitude of the curve in the Bode plot decreases with an increase in the
current density in the low frequency region. This signifies a decrease in the low frequency
capacitance Cs of the equivalent circuit. The curve moves towards a phase shift of zero in the
Fig.32.2 with an increase in the current density which also signifies a decrease in the

capacitance. The minima shift to the right is explained by Eq. (15).

6.3. Comparison between 50 hour and 500 hour datasets

A comparison and analysis is done between the EIS obtained after 50 hours and 500 hours of
operation at the same current density of 0.2 A/lcm?. This helps to understand the dependence

of the different parameters on time.
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Figure 33: Imaginary vs real impedance
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The Nyquist curve obtained after 50 hours of operation is to the right of the curve obtained
after 500 hours of operation. There is a large shift of the curve to the left over time. This
indicates a decrease in the ohmic resistance R;. This can further be understood by Eg. (16)
which signifies a large decrease in the resistance due to the heat evolution. The shape of the
curves are almost the same, (with the blue curve slightly smaller) and so the transfer charge
resistances remain the same while the extension of the curve downwards in the blue curve
shows an increase in the inductance. The ohmic losses increase over time and this is reflected

in the decrease of R;. The inductance increases with an increase in the temperature.
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Figure 34.1: Impedance magnitude vs Frequency Figure 34.2: Phase vs Frequency

The Bode plot in Fig.34.1 shows that the impedance magnitude of the curve obtained after
500 hours is significantly lower than that obtained after 50 hours which confirms the decrease
in the ohmic resistance. The blue curve is at a much lower level than the red curve. There is
an increase in the magnitude of the blue curve at high frequencies which reflect the increase
in the cable inductance. From Fig.34.2, it can be seen that there is an increase in the
capacitance after 500 hours as the blue curve moves away from a phase shift of zero. This
increase leads to a minima shift to the left due to a decrease in the characteristic frequency.
There is an increase in the capacitance with a temperature increase because of the increased

heat evolution.
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7. Conclusion

In this thesis, a PEM WE cell was studied and an equivalent circuit of the cell was designed.
After studying the working of both the cell and the circuit, a further characterization was done
by plotting the EIS curves using data obtained from the circuit. The EIS analysis of the
equivalent circuit of the PEM WE cell gave further insight as to the relationship between the
different parameters obtained from the circuit. The Nyquist curves gave an idea regarding the
ohmic and the transfer charge resistances of the cell and the electrodes respectively while the
Bode plots gave an idea regarding the double layer capacitances of the electrodes and the
influence of the cable inductance. The next step was the variation of the different elements of
the circuit to understand how it affected the impedance spectra. This was determined with the
mathematical analysis of a set of impedance equations (Eq. (9) to Eq. (15)). Finally, the
information gained from the variation of different parameters was utilized in an experimental
analysis of a PEM electrolysis cell. The electrolysis cell was subjected to different current
densities and the changes in the EIS curves were observed after two different time periods.
The inference derived from the earlier investigation proved helpful in the breakdown of the
EIS curves plotted using the experimental datasets. These steps might help in facing the
challenges while dealing with a PEM WE cell and work towards identifying and solving

potential problems that might arise in order to pave way for a more efficient PEM WE cell.



35

References

Agata Godula-Jopek and Detlef Stolten. “Hydrogen Production by Electrolysis”. 2015.

B. Savova-Stoynov and Z. B. Stoynov. “Analysis of the inductance influence on the measured
electrochemical impedance”. Journal of Applied Electrochemistry 17 (1987) 1150-1158. 31
March 1987.

C. Rozain and P. Millet. “Electrochemical characterization of Polymer Electrolyte
MembraneWater Electrolysis Cells”. Electrochimica Acta 131 (2014) 160-167. 31 January
2014.

Christoph Rakousky, Uwe Reimer, Klaus Wippermann, Marcelo Carmo, Wiebke Lueke and
Detlef Stolten. “An analysis of degradation phenomena in polymer electrolyte membrane

water electrolysis”. Journal of Power Sources 326 (2016) 120-128. 6 July 2016.

Frano Barbir. “PEM electrolysis for production of hydrogen from renewable energy sources”.
Solar Energy 78 (2005) 661-669. 19 October 2004.

https://energies.airliquide.com/resources-planet-hydrogen/uses-hydrogen

Marcelo Carmo, David L. Fritz, Jurgen Mergel and Detlef Stolten. “A comprehensive
review on PEM water electrolysis”. International Journal of Hydrogen Energy 38 (2013)
4901-4934. 14 March 2013.

Markus Roman Schuster. “Mechanistic investigation and modeling of the anode reaction in

the carbonate fuel cell”. 27 April 2011.

P. Millet , A. Ranjbari , F. de Guglielmo , S.A. Grigoriev and F. Aupreter. “Cell failure
mechanisms in PEM water electrolyzers”. International Journal of Hydrogen Energy 37
(2012) 17478-17487. 12 July 2012.

P. Millet,, N. Mbemba , S.A. Grigoriev, V.N. Fateev , A. Aukauloo and C. Etie"vant.
“Electrochemical performances of PEM water electrolysis cells and perspectives”.

International Journal of Hydrogen Energy 36 (2011) 4134-4142. 12 August 2010.

Xiao-Zi Yuan, Chaojie Song, Haijiang Wang and Jiujun Zhang. “Electrochemical Impedance
Spectroscopy in PEM Fuel Cells”. May 2009.


https://energies.airliquide.com/resources-planet-hydrogen/uses-hydrogen

