Influence of temperature and pH on
the hydrogen evolution reaction
(HER) on platinum

By: Chris van de Goor
Supervisor: Dr. Z. Li
Commissioned by:
Prof. Dr. Guido Mul
THE PHOTOCATALYTIC SYNTHESIS (PCS) GROUP
UNIVERSITEIT TWENTE




Summary

Hydrogen is an important feedstock for diverse chemical processes. The way it is produced nowadays
is mainly by methane reforming which results in high greenhouse gas emissions. By electrolysing
water with green energy, green hydrogen gas with high purity can be produced. Platinum has proven
to be a good electrocatalyst for the hydrogen evolution reaction (HER) in water electrolysis. However,
the influence of temperature and pH on this reaction and its kinetics on platinum electrodes is not
well defined yet. In this study the influence of temperature and pH on the HER is defined. The
overpotential of the HER decreases with temperature and seems to decrease by using stronger
alkaline solutions. The influence of the temperature can however only be noticed at higher
overpotentials. The reaction mechanism of the HER on platinum could not be identified in this work.
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Introduction

Hydrogen gas is an important chemical feedstock in modern chemical industry. It is, among other things,
used in petroleum refining, ammonia production and metal refining. The production of hydrogen
nowadays is mainly performed by reforming of natural gas or gasification of coal to syn gas [1], with large
amounts of carbon dioxide as byproduct. Hydrogen gas can be produced cleaner, easier and with higher
purity by water electrolysis. This method of hydrogen refining however only covers 4% of the world
production [2]. The reason for this is the low price of natural gas, compared to the relatively high costs of
electrical energy [3]. As mature as water electrolysis is, much research has been performed to the subject
[4], as well as still is performed [5,6]. With water electrolysis a higher potential is needed to successfully
and efficiently split the stable water molecules into hydrogen and oxygen, this extra potential is called the
overpotential. The main focus nowadays lays in lowering the overpotential of water electrolysis, by
improving the electrolyte [7], the electrodes [6], or gaining more knowledge about the kinetics of the
electrode reactions [8]. Platinum is one of the materials which is a very good electro catalyst for the
hydrogen evolution reaction (HER) in water electrolysis [2]. Because of the high price however it is given
the cold shoulder as to be used as an electrocatalyst. This has resulted in the fact that few information is
available about the temperature and pH dependency of the HER on platinum. To facilitate future studies
to the use of platinum in water electrolyzers, the fundamentals of the HER on platinum will be discussed
in this work.



Theory

The reaction

Water electrolysis is performed by passing a current between electrodes through an aqueous solution, to
produce hydrogen and oxygen at the electrode surfaces in the presence of an electrolyte. The overall
reaction is as follows;

H,0 5 H, + 1/, 0, (1)

This reaction consists of two half reactions, the hydrogen evolution reaction, or HER, where hydrogen is
formed at the cathode, and the oxygen evolution reaction, or OER where oxygen is formed at the anode.
These reactions are different, based on the pH of the solution. This is due to the nature of the active ions
in the reaction. In alkaline solutions the active ion is a hydroxide ion, in acidic solutions the active ionis a
proton. In acidic solutions reactions 2 and 3 occur [9].

4HY +4e 52 H, (2)
2H,050,+4Ht+4e” (3)

In alkaline solutions these reactions are slightly different [10], depending on the ions in solution;

4H,0+4e = 2H, +40H™ (4)
40H S 2H,0+ O, +4e™ (5)

In alkaline solutions the proton source are water molecules, which react at the surface to a hydroxide ion,
leaving a hydrogen atom adsorbed to the electrode surface. In acidic solutions, water molecules are the
hydroxide ion source.

The mechanism of this reaction can be well observed from a cyclovoltammogram (CV). In the
cyclovoltammogram of water electrolysis there is a very obvious oxygen desorption peak, and the oxygen
adsorption peak is partly overlapping with the oxygen evolution peak.
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Figure 1: This figure contains a cyclovoltammogram for pure water and H,SO, on Pt micro-disk electrodes. The scanning rate is 80 mV/s.
A DHE/PEM system is used as reference electrode. This figure is an edited version of a figure by Wang, Q. [11].
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In Figure 1 a typical cyclovoltammogram with different reaction steps are given. The cyclic voltammogram
is produced by changing potential at a certain rate increasing up until the desired maximum potential is
reached. Then it will decrease at the same rate but negative until the preferred minimum potential is
reached. By using this technique, different reaction mechanisms can be observed. The different
mechanisms will be described below (reaction 6-11). A common pathway for a cyclovoltammogram for
water electrolysis starts with the adsorption of the oxygen on the electrode, which creates a Pt-O film.
Then through evolution the oxygen gas is released from the electrode. Then, while decreasing the
potential by backward scanning, the Pt-O formed is reduced (the oxygen desorbs). At lower potentials
hydrogen is adsorbed at the electrode (reaction 6, forward) and evolves while further decreasing the
potential. The potential then increases again, the hydrogen is oxidized (reaction 6, backward) and a full
scanning cycle is completed. With this technique the reaction steps of electrochemical reactions can be
well observed.

To achieve a better understanding about the influence of reactor conditions on the overpotential and
efficiency of the cell, one has to take a closer look at the mechanisms of both half reactions. The
mechanism of the hydrogen evolution has three potential reaction steps [12];

H* +e™ S Hyys Volmer reaction (6)
H* + Hyys + €~ S H, Heyrovsky reaction (7)
2H,5s 5 H, Tafel reaction (8)

These reactions can follow several different pathways on the cathode, most consisting of two reaction
steps, the Volmer-Tafel pathway, the Volmer-Heyrovsky pathway, and the Tafel-Heyrovsky pathway.
Another possibility, mentioned by S.A. Vilekar [8], is a three step pathway consisting of all three reaction
steps simultaneously. In the Tafel-Heyrovsky pathway, the hydrogen gas adsorbs (reaction 8, backward)
on the platinum metal, then it reacts again with protons (reaction 7). The reaction pathway that is
followed depends strongly on the parameters of the electrolysis cell.

Due to the complex nature of the oxygen evolution reaction many pathways for the oxygen evolution
reaction are developed [13]. One of the more generally accepted pathways consists of reactions 9 to 11

[2].

OH™ = OHgys + €~ 9)
OH™ + OHyys S HyO + e~ + Opgys (10)
20405 0, (11)

Due to the complex nature of this reaction, the oxygen evolution reaction rate is often a limiting factor in
water electrolysis. Therefore many research has been performed in the last years to enhance the reaction
rate of the oxygen evolution reaction. A problem with the oxygen evolution reaction is that the electrode
can be oxidized easily at higher currents with non-noble metals which can result in higher resistance and
thus lower efficiency. An excellent catalyst for the oxygen evolution reaction is IrO, [14], it is proven to be
stable and catalytic at higher temperatures in both acidic and alkaline solutions. Iridium however is an



expensive metal, therefore research is performed to using less iridium in electrodes and research to other
metals [15]. Nickel and stainless steel show relatively high stability towards alkaline solutions and exhibit
a large exchange current density [2] and can therefore be used for electrolysis of alkaline solutions [13].

Water is only converted into hydrogen and oxygen by electric energy when a certain potential is applied.
The standard potential for this reaction can be derived from the equation 1.

AG = —vFE’ (1)
AG = Gibbs Free Energy (L)
mol
v = Number of electrons consumed in the reaction (-)

F = Faraday constant (96485 %)
Using this equation the standard potential at standard conditions can be calculated, for water electrolysis
this is 1.229 V. This value is equal to the combination of the potential for the cathode and anode
reactions. The hydrogen evolution reaction (HER), at standard conditions, has a potential of 0 V. The
oxygen evolution reaction has a potential of -1.229 V. These can be combined with equation 2 into the
standard cell potential;

o o

Ecen = EZathode — Eqnode (2)

o

E o = Standard Cell Potential (V)
E;athade = Standard potential of the cathodic half reaction (V)
Eqnoqe = Standard potential of the anodic half reaction (V)

The potential of the half reactions changes with temperature and pH according to the Nernst-Equation;

E=E°—E*23026*pH 3)
vF

= Half Reaction Potential (V)
Standard Half Reaction potential (V)
Gas constant (8.314 / )

molxK
Reaction temeprature (K)

E
B
R
T

Thermodynamically seen, the reaction improves by increasing temperature and pH. Because of the
endothermic nature of the electrolysis reaction, heat is drawn from the environment. If the reaction is
performed at room temperature, with no external heat source, a higher potential should be applied to
compensate for the temperature factor in the enthalpy. The potential at which the external heat is
compensated by the potential which is applied is called the thermoneutral potential. To calculate this
potential the Gibbs free energy should be replaced by the reaction enthalpy in equation 1, to get equation
4,

AH, (4)

E. =
tn —vF

Ei, = Thermoneutral potential (V)

AH, = Reaction Enthalpy (ﬁ)

At standard conditions the thermoneutral potential is 1.481 V.



The efficiency of the electrochemical reaction can be expressed in the Faradaic efficiency. The faradaic
efficiency is the ratio between the electrons used in the reaction and the amount of electrons supplied to
the electrochemical cell in the same amount of time. This efficiency is calculated with equation 5.

FE — Qreaction * 100% (5)

Qin
FE = Faradeic Ef ficiency (%)
Qreaction = Charge used in the reaction (mol)
Qin = Charge supplied to the cell (mol)

The outgoing charge is determined with the amount of hydrogen formed. Each hydrogen molecule reacts
with 2 electrons, with this information the amount of electrons used for the production of the hydrogen
can be determined using equation 6.

PV (6)
Qout:n*v*F*[HZ]:ﬁ*Z*F*[HZ]

n = Total amount of molecules in gas flow (mol)
[H,] = Hydrogen fraction in the gas flow (%)

P = Pressure (Pa)

The charge used in the electrochemical cell is equal to the applied current multiplied by the time;

QiTL=I*t (7)

I = Applied current (A)
t = time (s)

These equations can be combined to form equation 8, to create an equation in which efficiency can be
determined on reaction parameters and the hydrogen concentration in the gas flow.
Px¢ (8)

FE—RT*I*Z*F*[HZ]

m3
¢ = Gas flow rate (T)

With this equation the Faradaic efficiency of an electrochemical cell can be calculated from the amount of
hydrogen gas that is evolved in the reaction.



In practice, the potential applied in water electrolysis cells is higher than the theoretical cell potential. The
additional potential needed is called the overpotential. The definition of the overpotential is given by
equation 9.

n= Eapplied —E; (9)
n = Overpotential (V)
Eqppiieca = Applied Potential (V)
E, = Theoretical Potential from thermodynamics (V)

In this equation 7 is the overpotential and is the difference between the applied potential and the
potential that arises from the thermodynamics. This second potential is also called the reversible
potential, due to the electrochemical reaction which is reversible [16]. This potential arises from several
causes, these will now be explained in further detail.

Resistance in the set-up

Resistance in the set-up consists of resistances in the electrical circuit and the resistance in the
electrolyte. The resistance in the electric circuit is usually very small because it is made of copper wires or
other strongly conducting materials. A stronger resistance comes from the electrolyte. A part of this
comes from the resistance caused by the ions in the solution. This resistance decreases by increasing the
concentration of the solution. This is highly dependent on the distance between the electrodes as can be
concluded from equation 10.

(10)

©
*

o

R = Resistance (%)

Q
p = Electrical resisivity (E)

l = Length of the wire (m)
A = Crosssectional area of the wire (m?)

As observed in electrical wires, increasing length of the conducting medium also increases the resistance
within the medium. The equation for the resistance in solutions might not be the same as equation 10,
but the dependency of the distance on the resistance is similar.
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Figure 2: In this figure, created by Md S. Opu, the voltage is set-out versus the current density. Parameter ‘d’ gives the distance between
the working and the counter electrode [9].
As can be seen in Figure 2, by decreasing the distance between the electrodes the potential can be
decreased. Especially for high current densities this difference can be significant. The distance however
should not be further minimized. The reason for this is the evolution of gas bubbles at the electrodes. At
high current densities gas evolution can strongly affect the efficiency of the electrode. The gas bubbles
are insulating and therefore a cause of resistance in the cell. When the amount of gas evolved is the same
but the distance between the electrodes is smaller, the fraction of insulating gas bubbles increases, which
results in a higher resistance. For this reason, for specific constant parameters, there is always an optimal
distance [17]. The resistance caused by the electrolyte, in typical electrolysis cells, is however very low.
The reason for this is the high conductivity of sodium or potassium hydroxide solutions which are often
used in alkaline water electrolysis. The shape of the electrode surface is also an important parameters in
the electrolysis cell design. When using electrodes with a large height to width ratio, the amount of
bubbles at the top of the electrode is higher due to the rising of the bubbles. This increases the resistance
of the electrolyte at that location and thus the total resistance in the cell. Not only evolving bubbles are
increasing the resistance of the electrolysis cell; the bubbles which are growing at the surface of the
electrodes are lowering conductivity and decreasing surface area. Both factors influence the working
potential of the electrolysis cell [18].

The temperature at which the reaction is performed has a high influence on the potential and the faradaic
efficiency [9]. From the definition of the Gibbs free energy, equation 11, one of the benefits of increasing
operating temperature can be derived.
AG = AH —TAS (11)
_ /
AH = Reacton enthalpy (mol)

AS = Change in Entropy (é)

With temperature increase, the Gibbs free energy decreases, which in turn decreases the potential of the
reaction, as described in equation 1. The change in cell potential by increasing temperature can be seen in
Figure 3.
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Figure 3: Theoretical cell potential versus temperature. This plot shows the potential difference between the thermoneutral and the
standard cell potential at different temperatures [2].

By operating at higher temperatures, the potential which has to be applied for the reaction to occur can
be lowered by the difference between the thermoneutral potential and the standard potential. This
change in potential is however purely a thermodynamic effect and causes no change in the overpotential.
A factor that does decrease the overpotential with temperature is the ionic conductivity and surface
reaction of an electrolyte [18]. By increasing the ionic conductivity of the cell the electrical efficiency
increases, resulting in a lower overpotential.

In electrochemistry books[16,19], the ohmic drop between the working electrode and the reference
electrode is subtracted from the overpotential value. By placing the reference electrode as close as
possible near the working electrode, this value is insignificantly small.

Mass-transfer limitations

Mass-transfer limitations are studied by Md. S. Opu [9], who showed the dependence of the electrolyte
volume, electrode location, electrode distance, electrode concentration, effect of stirring and the
operating temperature on the efficiency of a water electrolysis reaction. His set-up consisted of two
platinum wires, submerged in potassium hydroxide. From his results can be derived that the volume of
the electrolyte and the electrode location do not affect the overpotential of the cell. The stirring speed
does affect the overpotential of the cell. With higher stirring speeds the potential drops, this is logical
because this way the water circulates faster past the electrodes which results in higher shear forces on
the bubbles. This way the bubbles will release faster and thus the bubbles formed on the electrodes
remain small, and this way smaller bubbles will evolve in the solution. The overall bubbles will remain
smaller which results in less resistance. It is also possible that the bubbles are also more circulated
through the solution which results in less insulating bubbles between the electrodes [18].

The electrolyte concentration is, according to Md S. Opu, a large contributor to the overpotential. This
parameter affects the conductivity of the solution, at lower concentrations the resistance of the solution
is higher [9]. Another benefit of using higher concentrations is the amount of reactants in the solution.
Whether using an acidic or alkaline solutions, the amount of protons or hydroxide ions in the solution is
higher, resulting in a higher reaction rate.

Secondly, the poisoning of the electrode. When using high catalytic metals as platinum, poisoning of the
electrode can happen very easily due to the catalytic nature of the electrode. Of course the effects of
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poisoning are cumulative, decreasing the effective surface area in time. Due to this, the effective
electrode surface will decrease, resulting in a higher electrode potential. L. Birry et al demonstrated the
effect of poisoning on Raney nickel-Molybdenum electrodes. By adding 5%10” M of KCN, the Tafel slope
increased by 40 mV. [20] Platinum is known to be very susceptible for poisoning. In less than an hour Pt-
electrodes can lose a significant amount of their electrocatalytically surface area [21].

And last, the diffusion of the ions in the electrolyte. When a high current is applied, the gas evolution
might be so high, that the diffusion of the ions in the solution becomes a limiting factor. A reason for this
could be the low electrolyte concentration, lowering the reaction rate. It could also be the coverage of the
electrode by evolving bubbles which decreases active surface area, resulting in lower reaction rates. The
difference between these can be observed when the concentration of the electrolyte is not influencing
the hydrogen evolution. This phenomenon however, can also arise when the desorption step of the
reaction is very low, resulting is a high surface coverage (© = 1) and a lower reaction rate [2].
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The Tafel plot, see Figure 4, is a plot used in electrochemistry to get a better grasp on the kinetics of
electrochemical reactions [16]. It can be created for both the anodic and cathodic reaction. The equation
for the overpotential includes two Tafel variables, the Tafel slope and the exchange current density;

n=p= log(i) (12)

B = Tafel slope (;n—;)
A

i = Current density (W)

A
iy = Exchange current density (F)

B is the Tafel slope. This describes the slope of a linear region within the Tafel plot. A Tafel slope gives
information on the rate determining step in an electrochemical reaction. It is an inherent property of the
electrode material. For the HER on platinum in acidic solutions the three reaction steps have its own Tafel
slope, being 120 mV for the Volmer step, 40 mV for the Heyrovsky step and 30 mV for the Tafel step [22].
For the HER in alkaline solutions the same slopes have been observed [23]. A small value for the Tafel
slope is expected as this is a property of a good electrocatalyst. A smaller Tafel slope means a slower
increase in overpotential with increasing current density.

Another important property of an electrochemical reaction is the exchange current density. This value
represents the current density when the electrochemical reaction is at equilibrium [16]. The exchange
current density is a value which is closely related to the reaction rate, it gives the current density when
the rate of the electrochemical reaction proceeds back and forth at the same rate [16]. How higher the
exchange current density is, the more stable its potential is to external effects [19]. This value can be
found by extrapolating the Tafel slope to a potential of 0 V, see Figure 4. As well as the Tafel slope, the
exchange current density exists for each reaction step. As mentioned by J. Ge et al. [24], it can be difficult
to reproduce values for the exchange current density because it changes rapidly with different condition
parameters. When the overpotential in an electrochemical reaction changes due to process conditions,
the exchange current density will change along the x-axis. Also, the exchange current density is based on a
constant electrode area. For this area, often the geometrical area is used, instead of the real electrode
area, which is harder to determine. This results in a higher reaction current densities, which shifts the
Tafel plot to the right, increasing exchange current density. Thereby is the useful electrode area
decreased by poisoning, a phenomenon that occurs fairly common in electrochemical reactions.
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Figure 4: A theoretical Tafel plot for an electrochemical reaction. j, is the exchange current density.
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Figure 5: The Tafel plots in this figure are theoretical equations of the overpotential for different reaction mechanism, created by S.A.
Vilekar et al. [8]. The equation are based on water electrolysis of a 0.5M NaOH solution.
Figure 5 contains curves calculated by S.A. Vilekar et al. These curves represent different reaction
pathways for the alkaline water electrolysis reactions. This approach is proven to be correct when
compared with the practical results of electrolysis of a 0.5M NaOH solution on platinum.



Experimental

The set-up

The set up consists of a steel autoclave reactor-vessel. In the steel lid of the vessel, holes are drilled to
which three electrode connectors, two tubes and a thermocouple are attached. The electrode connectors
are stainless steel rods coated with Teflon. Outside the autoclave, three wires leading to a Bio-Logic SAS
potentiostat are connected to the stainless steel rods with crocodile clips. Inside the autoclave the
electrode connectors end in screw thread to which the electrode platinum wires are connected by being
tightened between two stainless steel bolts. This connection is then covered by a Teflon cap to prevent
the bolts from corroding when accidently brought in contact with the solution by, for example, stirring or
evaporation of the liquid. At the other end of the platinum wires the desired electrode is connected. The
working electrode is a 1cm? small platinum plate, the counter electrode is a platinum mesh. One of the
tubes connected to the autoclave is submerged under liquid level. This tube is the inlet for argon which is
used as carrier gas to flush out the hydrogen and oxygen. The flow rate for the argon is set at 50 ml/min.
Argon is used because of the larger flow rate difference with hydrogen than for example helium, this
makes the gas chromatograph (GC) more sensitive towards hydrogen. The gases escape the autoclave
through the other tube which leads, via a condenser in which the evaporated water is condensed, to the
GC. The condenser can be seen in Figure 8. In the autoclave a beaker with 100ml electrolyte is placed.
With this volume all the electrodes and the gas inlet tube are submerged in the electrolyte, and stirring
can be applied without the liquid touching the electrode connectors. In Figure the set-up is schematically
illustrated. In Figure the set-up is shown as it is used while running the experiments.

Figure 6: The set-up as used in the experiments. 1) The autoclave reactor with lid. The lid is held airtight with six bolts. 2) The inlet tube
for the argon gas. 3) Wires leading from the potentiostat to the electrode connectors. 4) The outlet tube for the gas mixture which is
directly connected to the GC. 5) The electrolyte solution in a glass beaker with magnetic stirring bar. 6) The counter electrode. The
counter electrode is a platinum mesh. A mesh is chosen because of the large surface area so that the reaction occurring at this electrode
is not limiting for the total reaction. It is connected to the electrode connector with a platinum wire. 7) The working electrode. The
working electrode is a platinum plate of 1 cm”. Using a certain geometrical area the current density can be easily calculated. As the
counter electrode, the working electrode is connected to the electrode connector with a platinum wire. 8) The reference electrode. The
reference electrode is a BASi 3M Ag/AgCl electrode.
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Figure 7: (Left) The set up as used while running the experiments. 1) The argon inlet tube. 2) The thermocouple. 3) The outlet tube which
leads directly to the condenser, see Figure 8, and after condensing the water to the GC. 4) The autoclave. The largest part is now
covered by the heating mantle (6) and not visible. 5) The wire bundle which leads to the potentiostat. 6) The heating mantle which is
connected, as well as the thermocouple, to a thermostat. 7) A heating plate with magnetic stir option which is used to stir the
electrolyte with the added stirring bar.

Figure 8: (Right) The condenser as used in the experiments. When performing 80°C measurements the condenser was filled with ice
instead of tap water. At the bottom of the condenser a tap is installed to remove the condensed water from the tube after the
experiment.

The reference electrode should be as close as possible to the reference electrode. This results in a lower
ohmic drops between the electrodes and increases the accuracy of the measurements. Therefore the wire
of the working electrode is bent to get the middle of the platinum plate at the same height as the bottom
of the reference electrode. The distance between the electrodes should be as close as possible. In these
measurements this distance was about 1-2 mm.

The method

For this work, two series of measurements are performed. In each measurement the current is changed
density over the electrodes and measure potential with the potentiostat and hydrogen concentration in
the outlet gas with the GC. The first two series used the working electrode as cathode. In the first series
the temperature was changed. In the second series the pH was changed.

The electrode was first cleaned using 5M nitric acid solution. Then it was extensively rinsed with MilliQ
water. When the term water is used in this report, ultrapure MilliQ water is meant. Then the electrodes
were tightly connected at the electrode connectors. All the parts that are submerged in the solution are
once again rinsed with water before the autoclave is sealed.

15



Preparing the solutions

All the used solutions are based on MilliQ water. The volume of solutions prepared is 250mL. The acidic
solution are sulphuric acid solutions. The alkaline solutions are sodium hydroxide solutions. All the
solutions contain 0.1 M molar sodium sulphate to increase the conductivity of the solution. The pH 7
solution is prepared with sodium sulphate only. All the solutions are checked for pH with a pH meter.

The measurements

For the temperature series a thermostat was set to maintain the same temperature for 9 hours. Before
the measurement the autoclave was first flushed with carrier gas to remove all the air present. The GC
was started up to check if the oxygen was removed from the autoclave. At the same time the autoclave
was heated to the desired temperature. When the air is removed from the autoclave the flow rate of the
argon is set to 50 ml/min. The measurement done by the potentiostat consists of four cyclic voltammetry
measurements at scanning rate varying from 20 mV/s to 200 mV/s. After the CV-measurements, ohmic
drop measurements (determined by the Current Interrupt or Cl measurement) and chronopotentiometry
measurements were performed. The Cl measurement determines the ohmic drop between the working
electrode and the reference electrode, if this drop is significant it should be taken into account when the
overpotential is calculated. The chronopotentiometry measurements applies a given current density for a
set time, changing from 1 mA to 400 mA. The first measurement is performed for two hours. The latter
current densities were applied for 45 minutes, this way the hydrogen production has enough time to
become stable.

For the pH measurements, after each measurement the solution is changed to another solution with
different pH. Before submerging the electrodes the set-up is rinsed with water. After each measurement
the autoclave is opened to check the set-up for corrosion. The working electrode is then cleaned with 5 M
nitric acid.
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Results and Discussion

In this part the results will be discussed. All the performed measurements will be compared with the base
measurements. This way the dependency of temperature and pH of the solution can be discussed
properly. For the pH measurement the pH 7 measurement is set as the base measurement, as this is
neutral pH. For the temperature dependency room temperature is used as base measurement.

The base measurements consist of 8 measurements. The 8 measurements are performed with these
current densities; 1 mA, 5 mA, 10 mA, 20 mA, 50 mA, 100 mA, 200 mA and 400 mA.

In Figure the CV-diagram of the measurement at neutral pH is given. When compared with Figure 1, it is
noticeable that the potential shift is enormous. This is due to the reference electrode used. It can also be
noticed that the peaks, except for the gas evolution peaks, are very small. The reason for this is the low
amount of active ions in the nearly neutral solution, nevertheless all the expected peaks are still visible at
the expected locations.

CV diagrams at 293K with a pH 7 solution, scanning rate is 200 mV/s

Current (mA)

-10 I ! !
-1 -0.5 0 0.5 1

Potential (V)

Figure 9: CV-diagram of a water electrolysis cell at 293 K with a pH 7 solution. It is a double scan performed from -1 V to 1.2 V starting
and ending at 0 V with a scanning rate of 200 mV/s.

To determine the overpotential at each current density, stepwise all the currents are applied for 45
minutes. After 45 minutes the amount of hydrogen measured by the GC is constant which is needed to
determine the efficiency of the reaction at each current density. The first current density applied (1 mA) is
measured for a longer time because the heating mantle fluctuated in the first hour of measuring.
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Potentials at ph 8 and 293K at different current densities
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Figure 10: Potential vs. time with stepwise changes in the applied current densities. The current densities applied, starting at the upper
left step are; 1 mA/cm?, 5 mA/cm?, 10 mA/cm?, 20 mA/cm?, 50 mA/cm?, 100 mA/cm?, 200 mA/cm” and 400 mA/cm’.

The red lines represent the values for the potential used in the calculations at each current density. The
working electrode for this measurement is the cathode. This results in negative potentials which decrease
with time. The -50 mA measurement (-1.4 V) goes down with time, at constant current density. A reason
for this might be poisoning of the electrode. The last measurements show large fluctuations. The reason
for this is presumably bubble formation, this is supported by the fact that the fluctuations are minimal at
lower current densities and continue to increase while applying higher current densities. Large growing
bubbles at the surface will increase potentials, while desorption of the bubbles decreases the potential by
lowering resistance. The last measurement (-2.05 V) shows an increase in potential with time. The reason
for this is an increase in temperature due to the resistance in the set up. A temperature increase up to 10
°C is observed in measurements at a current density of 400 mA.

The Nernst Equation is used to determine the theoretical potential, which is subtracted from the applied
potential to get the overpotential. The amount of electrons used for the HER is calculated from the
amount of moles of hydrogen evolved. The amount of electrons used by the reaction can be converted to
reaction current density with equation 8. The overpotential is set out vs. the reaction current density in
the Tafel plot, as seen in Figure 11.
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1'!'afel plot of the HER at ph 8.21 and 293K
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Figure 11: (Left) Tafel plot of the HER at pH 8.21 and 293 K. The red line represents the overpotential plotted versus the reaction current
density. The two blue lines indicate two different slopes in the Tafel plot.

Figure 12: (Right) Faradaic efficiencies set out versus reaction current density. Notice the similarity in efficiency of the last
measurements compared to the first one.

In this Tafel plot two different slopes are observed. The Tafel slope in the lower current density region is
168 mV/dec, the slope in the higher current density region is 1098 mV/dec. The value for the Tafel slope
however should not be given too much attention as it changes easily with different cell configurations or
operating conditions, the fact that the mechanism changes is more interesting. Because the slope gets
steeper at higher current densities, the current density is probably the cause for the mechanism change.
The obtained values for the exchange current density are 0.2317 mA/cm” for the lower current density
region, for the higher current density region it is 15 mA/cm?’. Unfortunately no reference values are found
for these reaction conditions. To get a better understanding of the reaction mechanism the faradaic
efficiencies are calculated at each reaction current density, see Figure 14. As can be seen, the efficiency of

the reaction does not change strongly with the mechanism, a small drop can be observed for the higher
current densities, this however is very small.

5 Tafel plot of the HOR at ph 8.21 and 293K
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Figure 13: (Left) The Tafel plot for the OER at pH 8 and 293 K.

Figure 14: (Right) The Faradaic efficiencies for the OER reaction at different current densities. For the OER reaction the efficiency is
changing a lot along the current densities applied.
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Figure 13 shows the Tafel plot of the OER reaction at pH 8 and 293 K. If compared with Figure 5, it can be
stated that the reaction mechanism is most certainly not the Volmer-Tafel mechanism. Which mechanism
it is however, cannot be derived from this plot. In Figure the efficiencies of the OER reaction can be seen.
It seems that the efficiency changes strongly with current density. Where it is almost equal at 400 mA/cm?
as applied current density, it is only 1/3 of the efficiency for the current densities ranging from 5 to 20
mA/cm?®. It seems that the rate limiting factor is strongly dependent on the current density and increase
with higher current density. The reason for this is not clear. It might be the complex reaction mechanism
of the oxygen evolution reaction.

The Tafel plots obtained from pH 8.21, pH 10.23 and pH 13.35 are plotted together in Figure 15.

Tafel plots with increasing pH
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Figure 15: The Tafel plots of the measurements are room temperature (293 K) for pH 8.21, pH 10.23 and pH 13.35. The red line with
squares represents pH 8.21, the blue line with stars represents pH 10.23 and the black line with crosses represents pH 13.35
In Figure 15 it is visible how the line shifts to the right with increasing pH. This shift means an increase in
the exchange current density which promotes the reaction. Further can be observed that all the lines
seem to behave similar at low current densities, meaning the mechanism is the same at lower current
densities. At higher current densities the same can be derived from pH 8.21 and pH 10.23. At pH 13.35 the
line probably has the same characteristics as at lower pH, this however cannot be derived from the results
with certainty. A significant change in the overpotential at different pH can be observed in Figure 15. The
pH 13.35 reaction has a significant lower overpotential than the other reactions.
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Table 1: Exchange current densities and Tafel slopes at different pH.

pH Exchange current density1 Tafel Slope2 mV/dec.
mA/cm’
8.21 0.0027 -1097
10.23 0.085 -917
13.35 0.149 -566

From the results in Table 1 can be derived that the reaction rate increases with pH. There is an obvious
increase in the exchange current density which means that the overall reaction rate increases with pH.
Also there is a decrease observed in the Tafel slope, normally this also means that the reaction runs faster
with less increase in potential. It can however not be excluded that the slope will continue to increase
with even higher current densities because no obvious linear slope could be created. The reason for this is
that the potentiostat which was used could not deliver higher current densities.

The cyclic voltammogram measurements of each pH show a similar behaviour in shifts for the different
peaks. According to the Nernst equation (3), the potential of the half reactions should decrease with
increasing pH, this is visible in Figure 16. In addition, there is a large increase in the hydrogen desorption
and oxygen desorption peaks visible. The larger desorption of the electroactive ions means that the
desorption of both electroactive ions proceeds easier at higher pH.

CV-diagrams with increasing pH
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Figure 16: Cyclic voltammograms of the alkaline measurements.

The efficiency of each measurement can be found in Figure 17. The efficiency at pH 13 lays around 10%
lower than the efficiency of pH 8 and pH 10. An explanation for this might be poisoning of the electrode,
this would explain the fact that the shift is equal at about each point. An explanation for the extraordinary
high efficiency at 1 mA/cm’ might be the fact that the gas chromatograph was not calibrated well enough
to measure such low gas evolution rates.

! This value is calculated with the equation of a least squares fit of the current densities at 100, 200 and 400
mA/m?>.
® This value is based on the slope of a least squares fit of the current densities at 100, 200 and 400 mA/mZ.
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Faradaic efficiency at different pH

o
o
I

0
o
T

Faradaic Efficiency (%)
o ~
o o

50 I 1 I
-0.5 0 0.5 1 1.5 2 25

Current density (Iog(mAlcmz))

Figure 17: Faradaic efficiencies at different current densities for different pH. The red line with squares = pH 8.21, the blue line with stars
= pH 10.23 and the black line with crosses = pH 13.35.

Acidic solutions

For acidic solutions, the same behaviour with decreasing pH for the Tafel plot should be observed.

0. Tafel plots with increasing pH
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Figure 18: Tafel plots for acidic electrolytes. The red curve with crosses is pH 8, the blue curve with stars is pH 4 and the black curve with
crosses is pH 2.

The neutral pH curve runs parallel to the pH 4.55 curve, but with lower overpotential. This behaviour is
not expected, as the pH 4.55 solution contains more electroactive ions than the pH 8 solution, therefore it
should have a lower overpotential. The reason for this is probably poisoning or surface blocking of the
electrode, as it changed slightly in colour when the first (pH 4,55) acidic measurement was performed.
After the second acidic measurement (pH 2.43) there was even a slight blackish colour at the edges of the
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electrode surface. This phenomenon only happened at the cathode, as far as the eye could see. Even
though the electrode was cleaned with 5 M nitric acid and rinsed thoroughly with MilliQ water after the
pH 4 measurement, the overpotential of the reaction was still not as low as expected. Still the graph
provides useful information. The overpotential at lower current densities is lower at pH 2.43 as at pH
4.55. The differences in the potential are up to 20 mA/cm? reduces by an equal amount. At 50 mA/cm®
the overpotential rises to the same value as for pH 4.55 and continues to do so up to 400 mA/cm?. This
gives the impression that the concentration of the solution and the conductivity are no longer influencing
the rate of the reaction , which is from 50 mA/cm? caused by another limiting factor, for example the
desorption step. This could be the reason if the desorption step would be the Tafel step as this step is not
concentration dependent. A theoretical analysis by X. Chen et al.[25] shows that the reaction potential at
potentials near neutral are independent of pH because its effect on the potential is insignificantly small.
The research showed that pH ranging from 3.38 up to 10.79 only changed the potential by 7.7% at
maximum at aluminium electrodes. The reason for this is probably the low amount of electroactive ions in
the diluted solutions.

Table 2: Exchange current densities and Tafel slopes for water electrolysis in acidic aqueous solutions.

Exchange current density Tafel Slope mV/dec.
mA/cm?
2.43 11.09 -1712
4.55 14.44 -2012
8.21 0.0027 -1097

The exchange current densities are, as are the overpotential differing from expected results. The
exchange current density is highest for pH 4, where this should be expected to be highest for pH 2. The
Tafel slope on the other hand is lower for pH 2, but this value is still significantly higher than the value
found for the neutral solution. To gain a better insight in the influence of acidic media on the HER of
platinum more research should be performed to the overpotential in the future.

10~ CV-diagrams with decreasing pH
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Figure 19: The cyclic voltammograms of pH 2.43, pH 4.55 and pH 8.21 solutions.

In the CV-diagrams for the acidic solutions it stand out that the curve for pH 4.55 and neutral pH show
very much resemblance. The only obvious difference are the clear higher adsorption peaks for the
hydrogen adsorption and desorption and the oxygen adsorption. This information agrees with theory.
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Also the pH 2 curve is shifted towards a more positive potential, which could be well understood from the
Nernst-equation (3). It is noticeable how the oxygen desorption peak from the pH 2 measurement is
smaller than the same peak from pH 4. This is probably due to the already proposed idea of surface
blocking. This would lower the amount of active sites for the hydroxide ions to bond at, which results in a

lower amount of adsorbed hydroxide ions and thus lower the oxygen desorption peak within the CV-
diagram.

Faradaic efficiency at different pH
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Figure 20: In this plot the results for the faradaic efficiencies of the acidic reactions are plotted with the efficiencies for the neutral
reaction. The red line with squares = pH 4.55, the blue line with stars = pH 2.43 and the black line with crosses is pH 8.21.
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The faradaic efficiencies, calculated with equation (8), follow the same trend for the acidic solutions as
the faradaic efficiencies of the alkaline solutions (Figure 17). The efficiencies for the pH 4 measurement
have equal values along the current density range. The pH 2 solution however is parallel to the pH 4 and
pH 8 curve, but is about 10 % smaller for the lower current density region and 5 % for the higher current
density region. The most likely explanation for this is poisoning or surface blocking of the electrode as
mentioned before. The slightly smaller difference at higher current densities might be due to fluctuations
in the GC measurements or, more probably, higher efficiency at higher current densities due to a higher
reaction rate caused by a higher concentration of electroactive ions.



Temperature dependency

The potential of electrolysis of water changes with temperature. A quick temperature scan has been
performed by heating the autoclave reactor from room temperature to 90 °C and then let cool down to

room temperature again (Figure 21).

Effect of temperature on cathodic potential
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Figure 21: A temperature scan in which the used reactor was heated to 90°C in a short period and then cooled down to room
temperature while measuring the potential changes. The scan is performed at a current density of 200 mA/cm®.

A potential change of about -0.3 V along a temperature difference of 60 °C can be seen from Figure 21.
The difference between the potentials calculated from the Nernst-equation is only -0.11 V. This means the
temperature has a large effect on the overpotential, which is around -0.2 V. The Tafel plots, in Figure 22,
show that there is no large temperature effect at lower current densities, only above -100 mA/cm? the
temperature effects become substantial. And a lower overpotential as expected could be observed at the
high current density region. The cause for this is probably electrolyte resistance. The influence of the
resistance becomes larger with current density. At higher temperatures the conductivity of the solution
increases due to increasing ion activity, which results in a lower overpotential at higher temperature.
Another reason might be that the temperature has a positive influence on the activation energy of the

electrode reactions.

Tafel plots with increasing pH
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Figure 22: Tafel plots at different operating temperatures. The red line with squares is measured at 313 K, the blue line with stars is
measured at 333 K and the black line with crosses is measured at 353 K.
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As these measurements were last performed the results will not be compared with the neutral
measurement results of pH 8 at 293 K. The reason for this is the possible poisoning and/or surface
blocking of the electrode which will influence the results.

The efficiencies at different temperatures are all similar. The reason for this is not clear. The efficiencies
are also equal to the efficiencies with different pH. The possible contribution for the efficiency loss might
include the ohmic drop from the solution, but the recombination reaction of the produced H, and O, to
water molecules has probably a higher effect on the efficiency, especially with the presence of Pt. Despite
the different conditions the efficiency for all operating parameters remains around 65 %. The
configuration of the set-up is in all probability the largest factor herein.
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Figure 23: Efficiency vs. Reaction current density at different temperatures. The red line with squares is at 293 K. The blue line with
crosses is at 313 K. The black line with crosses is at 333 K. The magenta line with triangles is at 353 K.
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Effect of stirring

At the start of the experiments the effect of stirring in the autoclave reaction is observed. Stirring should
improve ion diffusion and gas bubble desorption from the electrode surface. However due to the highly
corrosive environment of the electrolyte, caution needed to be applied that stirring was not carried out to
aggressively. As can be seen in Figure , the current applied is lower when stirring was applied. This is
probably due to the fact that gas bubbles are desorbed faster from the electrode surface. This results in
easier adsorption of the protons and hydroxide ions on the electrodes. The reason being that there are
more favourable positions available at the electrode surface. Also the peaks of the oxygen adsorption are
shifted slightly to the left. The means that a lower potential was needed for the oxygen to adsorb.
Because the configuration and operating conditions were equal during the measurement the change in
potential is only a change in overpotential. Meaning a lower overpotential with stirring applied than
without stirring applied.

Effect of stirring determination
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Figure 24: CV-diagrams in which the effect of stirring can clearly be seen. Two platinum electrodes are used. The electrolyte used is a
sodium hydroxide solution of pH 10. The red and blue lines are created at a scanning rate of 50 mV/s. The black and magenta lines are
created at a scanning rate of 100 mV/s.
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Recommendations

The main problems encountered during this study were set-up based. Therefore it is highly recommended
to create a reactor which is rigid with a configuration that is easy to understand to make the results
reproducible. The electrodes should be connected sturdy without possible movement due to stirring. The
reference electrode should remain in place as close as possible to the working electrode. Inside the
reactor no easily corroding material should be present. A Teflon cover for all metal parts, except the
electrodes is highly recommended. The volume of the electrolyte should be large enough to submerge the
electrodes, but to let the stirring bar rotate freely below the electrodes. If no corrosive materials are
present, the effect of stirring should be measured to observe the influence at the highest rate possible.
This will decrease the overpotential caused by mass-transfer limitations and increase the electrical
conductivity.

The electrolyte should be as pure as possible. Because the of high poisoning rate of platinum it is advised
to first use another platinum electrode to filter out poisonous compounds in the solution before
measuring with the electrode used in the experiments. This cleaning electrode should be treated with
strong acid to cleanse it from the poisoning and surface blocking compounds.

The pressure for the gas mixture into the gas chromatograph should be controlled at a constant value.
This is important to get good results for the efficiency of the reactor.

The pH at which the measurements are performed should be ranging from pH 11 to the pH at maximum
solubility of sodium hydroxide. In this highly alkaline region more obvious differences should be observed
for the potential and overpotential. The values returned should also be more comparable with
conventional electrolyzers.

The same applies to the acidic region. Measurements should be performed from pH 3 to pH -1. It should
however be noticed that platinum is dissolvable in aqua regia. It will not dissolve in sulphuric acid, but
other effects might be caused by the highly acidic environment. Research should be performed towards
the oxidation of platinum in highly acidic environments.

It might be interesting to perform measurements while slowly acid, or sodium hydroxide solution is added
to the reaction mixture. This way a plot as in Figure can be created for pH dependency.

Because of the positive effect of the higher temperatures on the overpotential it would be interesting to
increase temperatures to above 100 °C while increasing pressure.
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Conclusion

The overpotential of the HER on platinum in alkaline solutions decreases with increasing pH. The most
obvious reason for this is the increasing amount of conductivity at higher electrolyte concentrations and
possibly the increase in conductivity at higher concentrations.

For acidic solutions there was no change in overpotential visible at lower concentration. There was
however a lower efficiency measured for pH 2.43. This is contradictory to what would be expected
because the amount of electroactive ions in the solution should be larger, which should increase the
efficiency of the process. The reason for this is presumably surface blocking or poisoning of the electrode.

The efficiency for almost all conditions was similar. The reason for this is most likely due to the
configuration of the electrochemical reactor.

For the temperature a change in overpotential is observed for the higher current densities. At higher
temperatures the overpotential is lower than for lower temperatures at current densities ranging from
-100 mA/cm?to -400 mA/cm?. This is probably due to the higher electrical conductivity at higher
temperatures. Another reason might be that the temperature has a positive influence on the activation
energy of the electrode reactions.

Also, stirring has a positive effect on the electrolysis of a pH 10 alkaline solutions. The overpotential
seems to drop slightly and also the current needed drops with stirring. This shows clearly the effect of
reducing the mass-transfer limitations within the set-up.
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Problem definition placed in context

Hydrogen production nowadays is performed by steam reforming of natural gas, producing large
amounts of CO,. Water electrolysis with renewable electricity is a good alternative for this, but the
energy costs are too high to make it cost effective. Therefore methods to produce hydrogen more
efficiently and at lower production costs should be developed.

Problem analysis

Platinum is an excellent material for electrodes in water electrolysis. Until now however, there is a lack
of research of the temperature- and pH-effects on the kinetics of water electrolysis by platinum
electrodes in alkaline solutions.

Methodological approach

All the electrodes are made of platinum, this way only the kinetics of the water electrolysis will be
determined, because the thermodynamics will be the same at each electrode. By subtracting the
reference electrode potential from the working electrode potential, the overpotential due to the
kinetics can be found.

Tafel plots will be produced wherein the correlation between potential and current density can be
observed, this way the exchange current density and Tafel slope can be found. The current density and
faradaic efficiency as a function of temperature at constant potential, pH and pressure will be
measured. The current density and yield as a function of pH at constant potential, temperature and
pressure will be measured. All of these at platinum electrodes. The yield is measured to determine the
faradaic efficiency of the process. The faradaic efficiency is the cell potential divided by the total cell
voltage.
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Experimental approach

An autoclave consisting of three platinum electrodes and a thermal couple will be partially submerged
in a heating mantle. The thermocouple will ensure a constant temperature. The Tafel plots will be
created by performing a potential sweep and measuring the currents. Chronopotentiometry will be
used to find the equilibrium potential at different temperatures. Chronoamperometry will be used to
find the equilibrium current density at different temperature. The same will be repeated, but with
changing pH and constant temperature. The pH will be lowered with sulphuric acid and increased with
sodium hydroxide. Conductivity is ensured with sodium sulphate.
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