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ABSTRACT

There is a growing concern on the need to enhance the current density of
alkaline electrolysis without compromising reduction in efficiency. During the
operation of alkaline electrolyzers, a portion of the electrode surface is
covered with cloud of bubbles. The bubbles increase ohmic resistance and
activation overvoltage of the electrolyte. This study aims to investigate the
effect of charge transfer coefficient (CTC) on the voltage characteristics of
PEM electrolyzer. Matlab was used to simulate the equations. The simulation
result shows that CTC values at the anode electrode range between 0.807 and
1.035. Interestingly, at CTC of 0.5 and 0.2 for anode and cathode, the
operating voltage at 1 A/cm? was observed to be 2.0 V. Also at CTC of 2 and
0.5 for anode and cathode, respectively, there was a significant drop in
operating voltage up to 1.62 V with a current density of 1 A/cm?, this accounts
for about 27% reduction in operating voltage
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Introduction

There is a growing concern on the impact of conventional energy consumption
on the environment [1]. For example, research shows that the recent global
flood crises are caused by increased global temperature and consequence
increase in sea level [2]. Therefore, there is an urgent need to address the
problem caused by emissions of harmful gases to the atmosphere.

One of the solutions to address this problem is the adoption of
renewable energy technology [3]. Polymer Electrolyte Membrane Water
Electrolyzer (PEMWE) has the potential to solve global energy crises and
address the issue of greenhouse gas emissions such as CO, and methane gases
into the air [4]-[7]. There is a growing body of literature that recognizes the
importance of numerical modelling of PEM Electrolyzer. The main challenge
affecting the performance of PEM electrolyzer is the irreversibility associated
with the operating voltage [8]. The main parameters constituting the operating
voltage of a PEM electrolyzer are reversible voltage, diffusion overvoltage,
ohmic and activation overvoltage. Convective mass transfer plays a significant
role in ionic transfer, heat dissipation and distribution, and electrolyte gas
bubble behaviour. The electrolyte's viscosity and flow field determine the mass
(ionic) transfer, temperature distribution and bubble sizes, bubble detachment
and increasing velocity, which in turn affects the current and potential
distributions within the electrolysis cell [9]-[11].

A higher number of gas bubbles produced due to an increased reaction
rate may hinder interaction between the electrodes and the electrolyte.
Electrolyte recirculation may accelerate the bubble's departure and carry them
to the collectors [12]. Electrolyte recirculation effectively avoids the
production of an excess overpotential due to variations in the distribution of
electrolytes within the cell. The fluid velocity in the electrolyzer will cause the
removal of the gas and vapour bubbles from the electrodes. On the other hand,
electrolyte recirculation will also help to disperse the heat within the
electrolyte uniformly [13]-[15]. The main parameter that influences the
electrochemical kinetics of the PEM electrozer is the activation overvoltage.
Polarization curves are popularly known to describe the current-voltage
characteristics of PEM electrolyzer, however, charge transfer coefficient
(CTC) provides a better understanding of the electrode characteristics of PEM
electrolyzer. This study aims to investigate the effect of operating parameters
such as charge transfer coefficient (CTC) on the performance of PEM
electrolzer.

PEM electrolyzer mode of operation

Figure 1 shows a sample of a hydrogen production device test bench.
Deionized H,0 is pre-warmed by the Marcet boiler. The water is then pumped
to the anode electrode of the PEM electrolyzer. Oxygen and hydrogen gas are
produced at the anode and cathode electrode respectively. Other subsystems
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integrated with the PEM electrolyzer are the power supply modules, peristaltic
pump, temperature control, data controllers and Marcet boiler. Figure 2 shows
the details of a single-cell PEM electrolyzer system with the reactions at the
electrodes.
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Figure 1: Components of hydrogen production system
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Figure 2: A PEM electrolysis cell
Electro-kinetics of the electrolysis

Asiillustrated in Equation 1, the electrical current supplied initiates the reaction
kinetics at the anode electrode with the formation of positively charged
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hydrogen ions. At the cathode, hydrogen gas production takes place. Detail of
the reactions at the electrodes can be found in the equations below. Overall
electrochemical reactions for water electrolysis is established as [16]:

Anode :H,0 22H* + 2e~ + 0.50, (1)
Cathode : 2H + + 2e~ 2 H, 2
Overall electrochemical reactions for water electrolysis is established as [16]:

H,0 + electricity + heat 20.50, + H, 3)

PEM Electrolyzer Thermodynamic Modelling

Open circuit voltage
The open circuit voltage in the PEM electrolyzer is determined when there is
no current flow. The Gibbs free energy is given by [17]:

AH = AG + TAS 4)

where AH is the theoretical enthalpy change, AG is the change in Gibbs free
energy, T is temperature and AS is the change in entropy. The open circuit
voltage, also known as a reversible voltage which is derived from Gibb's free
Energy, is represented by [18]-[20]:

_ 4¢ (®)

rev nF

where Vi is the reversible voltage, n is the number of electrons and F is a
constant of Faraday. Under normal conditions AG =237.2 kJ mol-1,n =2, F

Activation overvoltage

Activation overvoltage is the amount of voltage needed to cause the hydrogen
and oxygen atom breakup. By applying the Butler-Volmer equation, activation
overpotential value can be obtained for both anode and cathode using [12] :

Nact = Nact,a + Nact,c (6)
_RT l i )
Nact,a = ay 7 F n 0.
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Charge transfer coefficient (CTC)
Charge transfer coefficient (CTC) is a limitation similar to the Butler-Volmer
expression, which explains the kinetics of the electrochemical reaction in an
electrolyzer. The CTC value is usually derived from the Tafel slope as:

where,

i
AV = Alog—
lo

_RT
" 2aF

©)

©)

At the anode side, CTC in PEM electrolyzer is significantly higher
compared to the cathode as the evolution of oxygen at the anode requires a
significant amount of overpotential to initiate the reaction kinetics. However,
there are some literatures that treats the CTC equals to 0.5 at both electrodes.
Under standard condition of simple electrochemical reactions, the CTC is
assumed to be equal to the symmetric factor (« = ) where g = 0.5. As for
more complex reaction, the value of a is four times S, (a¢ = 4f). The list of
constant parameters adopted for the simulation and validation in this study can
be found in Table 1.

Table 1: Constant parameters involved in the study

Symbol Parameter Value Reference
T Temperature (K) 293 - 363 [21]
P Pressure (bar) 1-20 [21]
ay, ¢ Anode and Cathode charge 05-2 [22]
transfer coefficient

Rele Electric resistance (mQQ) 0.035 [23]

Zg,Z, Stoichiometric coefficient of 4,2 [21]
electron transfer

io,an Exchange current density with 1.0 x 10°° [24]
Pt-1Ir anode catalyst (A/cm?)

io,cat Exchange current density with 1.0 x 1073 [24]
Pt catalyst cathode (A/cm?)

i Current Density (A/cm?) 0.01-20 [21]

R Universal gas constant (J/mol 8.314 [22]
K)

A Water humidification factor 24 [23]

o Membrane thickness (um) 178 [23]

F Faraday constant (A/mol) 96485.3 [22]

85



Alhassan Salami Tijani, Mohammad Amirul Akmal bin Mohd Najib, Nabilah Hanum Mustafa

Hydrogen production
Hydrogen production rate, Vi (ml min™) is expressed in term of input current
I (A) as:

¢ (10)
10%ml\ /60s 1(;) I
”H”M“’( i )(ﬁ) 2r(cy | = 100 35

Input electrical power
The input electrical power to the PEM electrolyzer system is associated with
input current and voltage and can be written as:

P =1V = IVeey + I?Ropm + I*Roct (11)

_( vy 2F )V +< vy 2F )Z(R PR
~ \vn103(60)/ " T \vy103(60) el T Ton

+( vy2F )2 RTl 1 +RT1 1
vm103(60)/ \ a,zF g ioa) oczF g io,c

Assuming the resistance due to diffusion is negligible.

Efficiency
The efficiency of the PEM electrolyzer n with respect to the input electrical
power and the useful Energy is expressed as:

sz _ Vrevl _ Vrey (12)

M= =7y =7y

Bubble evolution effect on the voltage

Bubbles attached to the electrode surface separate and inactive the covered
fraction of the surface from the reacting species. This effect can be included in
the re-scaling of the region leading to the current density in Equations (13) and
(14), providing an additional contribution to the over-potential due to the
coverage of the bubble [25]:

_RT | iq N RT | < 1 ) (13)
Mlacta = gz F n i0a) @azoF 1= e,
_RT ] i 4 RT ] ( 1 ) (14)
Macte = a.zF " ioe) acz.F 1= 6,
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Result and Discussion

Validation of model

To validate the accuracy operating parameters used in this simulation, the data
produced from the simulation has been compared with the experimental data
from [18] using the same operating parameters and geometrical values
conditions. It can be concluded from Figure 3 that the 1-V characteristic of the
simulation model agrees with the literature's experimental results.

Polarization Curve, T=90°C

7 { Experimental Data
=36 Simulation Curve

Cell Voltage (V)

Operating Temperature=90°C
Membrane Thickness=178 microns

Anode Pressure=1 atm
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Cathode Catalyst=Giner 4mg/cm? Pt-black

Anode Water Flow Rate=0.25 Ipm, Nafion 1177 PEM

o 0.2 0.4 0.6 08 1 12 14 16 18 2
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Figure 3: Effect of operating pressure on cell voltage

Temperature effect on operating voltage

Figure 4 shows the influence of temperature on the polarization curve with
current densities from 0 A/cm? to 2 A/cm?. The overall operating voltage
declines as the working temperature rises from 30 °C to 90 °C, leading to better
cell efficiency. The explanation is that electrochemical reactions are faster as
the temperature rises, which increases the exchange current density and hence
a reduction in loss of voltage. Figure 4b shows that, there is a significant
reduction in activation overvoltage at higher temperatures. This is because the
electro Kinetics of the reaction at the electrodes is enhanced at higher
temperatures. Figure 4c also shows a tremendous reduction in ohmic
overvoltage at higher temperature.
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Figure 4: Effects of different operating temperature on the voltages of PEM
electrolyzer; a) cell voltage, b) activation overvoltage, ¢) Ohmic overvoltage

Activation overpotential variation with charge transfer coefficient
(CTC)

The effect of CTC variation on activation overpotential is provided in Figures
5a, 5b, and 5c. Generally, the activation overvoltage decreases when the CTC
increases for all the cases tested. For example, Figure 5b indicates that 1.5 V
is the maximum activation overvoltage obtained for the anode and cathode at
CTC of 0.1 and this decreases sharply with the rise in CTC. The explanation
is that the CTC is the fraction of the potential energy added to an
electrochemical reaction that increases the rate of reaction, so the electro-
kinetics of the reaction at the electrodes needs less activation overpotential if
CTC is increased. We can also observe from Figures 5b and 6c that the
temperature also significantly influences the activation overpotential.
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Figure 5: Activation overpotential variations with charge transfer coefficient;
a) anode and cathode at T = 90 °C, b) anode activation overvoltage, c)
cathode activation overvoltage

Operating pressure effect on charge transfer coefficient (CTC)

It can be observed from Figure 6a to 6e, that the cathode CTC rises just from
0.2 to 0.25 as the temperature increases from 30b °C to 90b °C. Higher CTC is
required at the anode due to the electrochemical splitting of the water
molecules at the anode. On the other hand, the reaction at the cathode does not
require higher effort to for the reaction between the cathode species (H+ and
electron). Subsequently, comparative with that of the anode, the CTC at the
cathode is lower.
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Figure 6: Different pressure effects at cathode on CTC

Fractional bubble coverage effect on the activation overvoltage

Figure 7a to 7c shows the impact of the electrode's fractional bubble coverage
on the electrolyser's activation overpotential. It can be observed from the graph
that as the fractional bubble coverage increase, the activation overvoltage at
both anode and cathode also increases. Both anode and cathode activation
overvoltage gradually increase at temperatures 30 °C and 60 °C with both
voltage differences of 0.06 VV and 0.11 V, respectively. The voltage differences
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of anode and cathode are the smallest at 90 °C which is 0.04 and 0.067 V,
respectively. This is expected because, at higher operating temperature, the
activation overvoltage decreases as the electro-kinetics of water is enhanced,
leading to faster reactions.
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Figure 8: Fractional bubble coverage at anode and cathode with operating
temperature (a) T=30 °C, (b) T=60 °C, (c) T=30 °C

Conclusion

The effect of the operating temperature and operating voltage on the Charge
Transfer Coefficient (CTC) was calculated in this investigation. This study
reveals that as the operating temperature of the PEM electrolyzer increases, the
CTC values also increase, but they are more critical at the anode compared to
cathode electrodes. Interestingly, as the CTC increases at both anode and
cathode electrodes, the value of activation overvoltage declines. This has
shown that CTC is highly temperature dependent and this CTC variation has
an effect on the overvoltage of the electrolyzer activation. It can be concluded
from this study that activation overvoltage is the main parameter that
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significantly affect the operating voltage. The optimization of the operating
temperature is very important.
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