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ABSTRACT

Engineered Thermally Sprayed Cathode Electrodes for Hydrogen
Production by Alkaline Water Electrolysis

Maniya Aghasibeig, Ph.D.
Concordia University, 2015

Alkaline water electrolysis is one of the most promising methods for producing high purity
hydrogen to be used as a clean and renewable energy carrier. However, due to the high
costs of the electrolysers in addition to high energy consumption of the electrolysis process,
this method is still not used for large scale hydrogen production in industrial applications.
The costs associated with the materials and energy loss of this technology can be reduced
by decreasing the hydrogen evolution overpotentials by using durable and inexpensive
electrocatalysts with high intrinsic activities and large active surface areas.

The main objective of this work is to manufacture cathode electrodes for the
hydrogen evolution reaction (HER) with modified surface structures and large effective
areas, using different thermal spray techniques. For this purpose, new methodologies for
manufacturing the electrodes are introduced while the surface morphology of the electrodes
is designed and engineered by the coating processes. Nickel is used as electrode material
as it shows high electrocatalytic activity, has high stability in alkaline solutions and is
relatively inexpensive compared to noble metals with the best activities. Suspension
plasma spray (SPS), high velocity oxy-fuel (HVOF) and cold spray are introduced as novel
methods for producing nickel electrodes for the HER. A combination of atmospheric and
suspension plasma spray, with optimized parameters toward enhancement of the electrode
surface area, is effectively used for development of multiscale electrode surface structures

with micron and nanosized features. In addition, the surface texture of the electrodes is

il



engineered by deposition of three-dimensional fin arrays by employing mesh screens when
either the combined atmospheric and suspension plasma spray or HVOF processes were
used. For these electrodes the surface area was mainly enhanced by deposition of the
particles at normal and off-normal angles. The produced hierarchical multiscale electrode
structures enhanced the electrocatalytic activity for the HER by increasing the accessibility
of the electrode surface to the electrolyte besides facilitating the hydrogen bubble
detachment. Finally, cold spray was used to manufacture the electrodes with large activities
by peening of the electrode surface by the solid-state nickel particles during the deposition
process. The activity of the electrodes was enhanced by increasing the surface defects and

changing the electronic structure of the electrodes induced by the peening effect.
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CHAPTER 1

INTRODUCTION

During the past century with the fast development of modern industries, increasing
consumption of fossil fuels has raised concerns about depletion of conventional energy
resources in addition to the greenhouse gas emissions and global warming. Extensive
efforts have been carried out to acquire alternative green and renewable energy resources
[1,2]. According to Clean Energy Canada and Natural Resources Canada, Canada invested
nearly $ 11 billion in clean energy in the year 2014, and currently 16.9% of the country’s
total primary supply is provided by the renewable energies, mainly wind, solar and hydro
[3, 4]. However, these resources are intermittent and might not be available throughout the
whole year in all geographic regions. In this regard, hydrogen as the most abundant element
in the world has received wide attention [5, 6]. When used as a fuel, hydrogen does not
have pollution problems like fossil fuels or intermittently availability problems like wind
or solar energies [2, 6]. However, hydrogen cannot be used as a primary energy resource
but as an energy carrier, since it does not naturally occur in its molecular form and it needs
to be produced [6, 7]. The produced hydrogen can then be stored as a portable fuel, and
converted and used later when the energy is needed with no emissions other than water
vapour; for instance for electricity production by combustion engines, gas turbines and fuel
cells [8].

Among different methods of hydrogen production such as steam reforming from

hydrocarbons, thermolysis and electrolysis, alkaline water electrolysis is considered to be



one of the most promising technologies [1, 9]. This method offers the advantage of
producing hydrogen with a purity of 99.8% and more [10]. In a water electrolysis process,
water is decomposed into hydrogen and oxygen by passing a direct current through cathode
and anode electrodes placed in a conductive electrolytic solution [11]. The benefit of using
an alkaline solution is less corrosion of the cell components compared to the acidic ones
[10]. The overall reaction of water electrolysis is given by Eq. 1.1. The reactions occur on
cathode and anode electrodes are shown by Eq. 1.2 and Eq. 1.3, respectively. Figure 1.1

presents a schematic view of water electrolysis process.

HO=H>+ "7 0 Eq. 1.1
2HO+2e =H>+2O0H Eq. 1.2
20H =% 0+ H0+2e Eq. 1.3

\ lkalme electrolyte )

Figure 1.1- Schematic view of water

electrolysis process.

To avoid the utilisation of fossil fuels to produce hydrogen, the electrical energy
needed for splitting water into hydrogen and oxygen by electrolysis can be provided using
different renewable resources, such as hydroelectricity, wind power or solar energy [7, 12].

Nonetheless, water electrolysis is still not used extensively for large scale hydrogen

2



production in industrial applications (it is used for only 4% of world hydrogen production).
This low market is mainly associated with the high costs of the electrolysers besides
excessive energy consumption of this process [13, 14]. Therefore, the main challenge for
further improvements of the efficiency is to reduce the cost of the catalysts while
minimizing the energy losses due to the hydrogen and oxygen evolution overpotentials.
Design and fabrication of durable electrocatalysts with large active surface areas using
inexpensive materials of high intrinsic catalytic activities are imperative in advancing the
efficiency of this technology [13, 15, 16]. Some other factors that influence the process
efficiency and need to be considered when designing the setup include operating
temperature, type and concentration of the electrolyte, surface characteristics of the

electrodes, and long-term stability of the electrodes [13].

1.1 Electrocatalytic activity

Hydrogen evolution reaction (HER) starts with the discharge of a water molecule (Volmer
step, Eq. 1.4) followed by either electrochemical desorption (Heyrovsky step, Eq. 1.5), or
chemical recombination (Tafel step, Eq. 1.6) depending on the hydrogen-metal bond
strength [13, 17].

H:0 + & +M = M-Huas + OH Eq. 1.4
M-Huis + H2O + e = H>+ OH + M Eq. 1.5

where M presents the metallic electrode and M-Has shows the adsorbed hydrogen atom on
the electrode surface.

Hydrogen evolution reaction is a function of several factors, including the rate of
electron transfer from the surface of a metal to hydrogen ions. The rate of electron transfer
depends on the electrode overpotential ,5 , which is the additional potential over the

thermodynamic one that is required to overcome the reaction resistances [17].

n=E—-FE Eq. 1.7



where E is the experimentally observed potential and Eyp is the thermodynamically
determined potential. At high overpotentials, variation of the logarithm of current density
(current per unit area), j, with potential becomes linear, and is shown by Tafel equation

[13,17].

n=a+blogj Eq. 1.8

a and b are known as Tafel constants, where

2.3 RT
anF

a= log jo Eq. 1.9

is the Tafel intercept, and the Tafel slope is given by :

_ —2.3 RT
anF

b Eq. 1.10

In these equations, R is the universal gas constant, 7 the absolute temperature, a the electron
transfer coefficient of the reaction, F the Faraday constant, and jy represents the exchange
current density [17].

The exchange current density is defined as the rate of each cathodic or anodic
reactions (equal and opposite) at equilibrium (#=0), and it is generally used as a measure
for electrocatalytic activity. Using a steady-state polarization curve, the exchange current
density can be derived from extrapolation of the linear part of the Tafel curve to the
equilibrium potential as plotted in Figure 1.2 [17]. However, since the Tafel slope b could
also be influenced by the intrinsic electrocatalytic activity and change of the electronic
structure, using exchange current density to evaluate the catalytic activity might sometimes
be misleading. Therefore, the value of overpotential at a specific high current density,
generally 100, 250 or 500 mA/cm?, is also used along with exchange current density to

determine the electrocatalytic activity [13, 18].
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Figure 1.2- Exchange current density on a

steady-state polarization curve.

1.1.1 Electrode materials and intrinsic activity

The electrocatalytic activity varies from metal to metal and depends on the bonding energy
of hydrogen chemisorbed to the surface of that metal. The relation between the exchange
current density, jo, for the HER and M-H.as bond strength for various metals are illustrated
by a volcano-shaped curve, shown in Figure 1.3 [19]. From this plot, it is seen that platinum
has the highest exchange current density with an intermediate hydrogen-metal bonding
energy. It is therefore the best-known electrocatalyst for the HER, and it has been widely
studied as the cathode electrode material for the electrolysis process [19-21]. The
intermediate bond strength favors both adsorption and desorption of hydrogen to/from the
metal surface [21]. Nonetheless, platinum and other noble metals with high activities are
rare and expensive, which has limited their commercial usage as electrode materials for
water electrolysis. As an alternative, nickel has been widely investigated, since not only it
is electrocatalytically active but also it has high stability in alkaline solutions. Besides this,
nickel has much lower costs than the noble metals [22-26]. Practically, the lower
electrocatalytic activity of nickel (compared to noble metals) can be compensated by
increasing its intrinsic activity by obtaining nickel-based alloys, or by increasing its

apparent activity by enhancing the surface area of the electrode [20, 21, 27-29].
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Figure 1.3- Volcano plot for log j, values for the
HER as a function of M-H bond energy [19].

It has been shown that alloying nickel with other transition metals (Fe, Mo, W, Ti,
Zr, Co) results in an increased electrocatalytic activity of the electrode for the HER
compared to pure nickel. Higher activities were obtained when nickel was combined with
metals from the right side branch of the Volcano curve to obtain intermediate bond
strengths [26, 30-33]. Among different investigated nickel-based alloys, nickel-
molybdenum alloys are found to yield the highest electrocatalytic activities, and therefore,
they have been studied extensively as cathode electrode material for alkaline water
electrolysis [16, 26, 31-34]. Brown et al. [31] have reported superior performance of nickel-
molybdenum electrodes compared to the other nickel-tungsten or nickel-vanadium ones.
They showed that increasing the molybdenum content up to 30 at.% resulted in an
overvoltage as low as -83 mV at 1 A/cm? and 70 °C. However, the activity started to
diminish, when the molybdenum content was increased beyond a critical point [31]. The
unfavorable effect of molybdenum addition higher than a certain level on the
electrocatalytic activity was also reported by Birry et al. [26] and Chialvo et al. [34].

The increased catalytic activity of the nickel-molybdenum alloys could be related to

the synergetic effect between the alloying elements, induced by the change of the electronic



density of the d-orbitals. Jaksic [35, 36] explained the synergism by the interaction of hypo-
hyper-d-electronic components using Brewer-Engels theory. According to this theory,
when transition metals with internally paired d-electrons are alloyed with transition metals
with the empty or half-filled vacant d-orbitals, strong bonding is achieved by electron
transfer from the former to vacant d-orbitals of the latter. As a result, stable intermetallic
compounds with high electrocatalytic activities are obtained. Ezaki et al. [37] correlated
the Fermi energy level to the hydrogen overpotentials in alloys. Therefore, for nickel-
molybdenum alloys the enhanced electrocatalytic activity is expected to be associated with
the increased Fermi energy, which facilitates the electron transfer from the metal surface
to hydrogen ions and results in lower overpotentials [32]. However, the effect of synergism
is still not well understood since the characterization and theoretical analysis is not
sufficiently comprehensive yet [38]. Furthermore, addition of molybdenum is proven to
enhance the long-term stability of the electrodes under continuous and intermittent
electrolysis. It also affects the electrode microstructure by reducing the grain size, and thus,
increasing the active surface area [26, 39, 40].

Besides alloying, microstructural properties and surface crystallography of an
electrode also substantially influence the intrinsic electrocatalytic activity. Nanostructured
electrodes have received much attention to be used for the HER since they significantly
increase the electrocatalytic activity by enhancing the active surface area. Furthermore,
they present a high volume fraction of surface defects, such as grain boundaries,
dislocations, vacancies, etc. [41-43]. Therefore, they provide favourable electronic
structures for the electrodes featured by large amounts of displaced atoms located at
interfaces between adjacent grains. These surface defects and irregularities provide

increased amount of interfaces for electrochemical reactions [41].

1.1.2 Electrode surface area and morphology

Electrode activity is characterized based on two types of geometric and real surface areas.
The geometric surface area presents the projected surface of an electrode that was used for
electrocatalytic measurements, whereas the real surface area includes all the surface that

participated in the HER, i.e. the area added by the surface asperities. Accordingly, the terms



of apparent and intrinsic activities are applied when the geometric or real surface areas are
used for the measurements, respectively.

A larger effective electrode surface adds to the reaction area by providing more
electrode-electrolyte interface, reducing the operating current density, and contributing to
a higher electrocatalytic activity [44-46]. The active area can be increased by enhancing
the ratio between the real to geometric surface areas by increasing the electrode surface
asperities, such as surface roughness and porosity. This objective can be achieved by
several methods, some of which are provided below. The effect of the surface roughness
on the electrocatalytic activity is well-documented in the literature [27, 29, 42, 47].

One of the mostly used methods to enhance the surface area is using Raney nickel as
electrode material. Raney nickel is characterized by its large surface roughness, and it is
considered to be an excellent electrocatalysts for the HER. Raney nickel activated
electrodes are produced by leaching the aluminum or zinc content of the deposited
precursor nickel-aluminum or nickel-zinc alloy with a caustic solution. Consequently, a
very porous and coarse structured nickel residue is obtained, characterized by a high
surface roughness factor [26, 40, 48]. Application of Raney nickel as an active
electrocatalyst for the HER is widely reported in the literature [26, 30, 40, 49]. The superior
electrochemical activity of Raney nickel is indeed a result of its large effective surface area
and formation of active sites. However, it does not show long-term stability for the HER,
especially in intermittent conditions due to dissolution of the un-leached active phases by
the caustic electrolyte [2, 50, 51]. Therefore, more research is required to enhance the long-
term performance of this catalyst. In addition, there are safety concerns with using Raney
nickel as it has pyrophoric properties and it needs to be stored in an inert carrier, such as
ethanol or water [52]. Moreover, long leaching times at elevated temperatures and
additional rinsing steps are other drawbacks of using Raney nickel electrodes [53].

The surface area could also be increased by engineering the physical configuration
and morphological modification of an electrode without addition of another material. For
this purpose, it is common to modify the electrode surface by adding slits, fins or
perforations with appropriate sizes that prevent entrapment of the hydrogen gas [11, 13,
54]. For a highly electrocatalytic active electrode, a large surface area with a good

accessibility for diffusive mass transport of the reactants and their products within the



electrode structure is required [11, 13]. To maintain a high surface area during the
electrolysis process, the electrode surface should be modified in such a way that facilitates
the escape of the hydrogen gas bubbles from the surface, since the gas bubbles could be a
major source of electrical resistances. Consequently, such electrode structure increases the
surface available for the HER while reduces the reaction resistance and ohmic loss
introduced by the bubbles [55]. In addition, electrode wettability also affects the bubble
detachment from the surface and replacement of the bubbles by the electrolyte at the
electrode/electrolyte interface [56, 57]. These physical surface properties, such as surface
morphology and roughness, highly depend on the method used for preparation of the

electrode.

1.1.3 Evaluation of the active electrode surface area

One of the key parameters to assess the performance of an electrode in terms of its intrinsic
activity (independent of the effect of the added surface area) is to evaluate its real surface
area. However, it is very difficult to determine the real surface area of an electrode,
especially for nickel. In some studies, Brunauer-Emmett-Teller (BET) method, based on
gas adsorption, has been used to evaluate the real surface area [58-60]. Nevertheless, it
should be considered that the BET area does not necessarily correspond to the
electrochemical active area as it measures the total surface area, including the area that may
not contribute to the HER (presence of oxides, surface blockage by gas bubbles, etc.).

Another approach is to calculate the real surface area using electrochemical
techniques. Several techniques have been proposed for this purpose [32, 61, 62].
Electrochemical impedance spectroscopy (EIS) is considered as one of the most
appropriate methods for determination of the real surface area [62]. The data derived from
the EIS measurements can be used to evaluate the electrochemical double layer capacitance
(ECDLC), as explained in Chapter 5. The ECDLC forms at electrode/electrolyte interface,
and it arises from charge accumulation in two layers when voltage is applied [11]. Figure
1.4 shows a schematic view of the double layer capacitance.

It is well-known that the ECDLC of an electrode is proportional to its real surface

area [17, 48]. Hence, the surface area can be calculated having the surface roughness factor,



Ry, which can be evaluated using the ECDLC value. The roughness factor is the ratio
between the double layer capacitances of the electrode and a smooth nickel surface with a
capacitance value of 20 pF cm™ [17, 48]. Having the roughness factor, the real surface area

then can be calculated using Eq. 1.11 [32].

Areal = Rf X Ageometric Eq 1.11
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Figure 1.4- Schematic view of the
double layer capacitances formed on

the electrodes.

1.2 Processes for manufacturing electrodes

Conventional electrode production techniques to prepare nickel-based electrodes for the
HER include electrodeposition [15, 28, 33, 62], thermal decomposition [31, 51, 63],
electroless plating [59, 64, 65], pressing [66, 67], sintering [68-70], etc [34, 71].
Nonetheless, most of these processes exhibit considerable disadvantages, such as undesired
decomposition reactions and phase transformations due to high temperatures and long
processing times, low mechanical stability of the coatings due to limited coating thickness,

and multi-step time consuming production processes.
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Various thermal spraying techniques are expected to be promising for production of
electrode coatings in cost effective processes with high deposition rates [39, 72, 73].
Thermal spray is a group of processes in which a heat source is used to melt feedstock
materials (metallic or nonmetallic), generally in the form of powder, that is propelled at
high velocities toward a substrate by a stream of gas or an atomization jet. The coatings
are then formed by successive impact of the molten or semi-molten droplets on the surface
of the substrate, followed by flattening, cooling and solidification. Different heat sources
can be used to generate the thermal energy required for the spraying process, such as
chemical combustion or electrical methods [74-76]. Figure 1.5 shows a schematic overview

of the thermal spray process.

radial powder

////////////////////

axial powder
feed Coating

Figure 1.5- Schematic view of a thermal spray process. The powder feeding

could be conducted by either radial or axial injection.

Using thermal spraying, the surface morphology, microstructure and porosity of the
coatings can be controlled by selection of the spraying parameters [77-79]. A large variety
of materials can be sprayed to manufacture electrode coatings needing no or only a slight
post-processing or heat treatment. Different thermal spraying techniques include plasma
spray, wire arc spray, flame spray, high velocity oxy-fuel (HVOF), and cold spray. Figure
1.6 compares the temperature and velocity ranges of the particles for these thermal spraying
processes. In addition, a brief explanation of each process that was used for production of

the electrodes in the literature and in this research is provided below.
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Figure 1.6- Gas temperature and particle velocity for thermal spray

processes. The data is adopted from Reference [80].

1.2.1 Wire arc spray

Wire arc spray, commercially introduced in the early 1960s, is a thermal spray method,
which is particularly used for high deposition rates. In this process, an electric arc is
generated between two consumable wire electrodes that meet when continuously fed into
the gun and are connected to a direct current power source. Subsequently, the tips of the
wires melt by the arc, and then atomize into fine droplets and accelerate toward a substrate
by compressed air. Thereafter, the coatings are formed by impact, deformation and
solidification of the molten particles on the surface of the substrate. Figure 1.7 shows a
schematic view of this process. Wire arc spray offers a considerable higher thermal
efficiency compared to other thermal spray techniques due to the direct melting of the wires
by the arc. In addition, the substrate heating is also minimized in this method as no flame
or hot gas jet is used. To reduce the level of oxidation of the inflight droplets, high

atomizing air flow and short spray distances are used [74, 76].
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1.2.2 Plasma spray

1.2.2.1  Atmospheric plasma spray

In an atmospheric plasma spray (APS), the plasma plume is generated by ionization of a
jet of argon or nitrogen as the primary gas mixed with hydrogen or helium as the secondary
gas by a strong electric arc between a tungsten cathode and a copper anode. Powder
particles with the typically average particle size of 10-100 um are then introduced into the
high velocity, high temperature plasma jet by a carrier gas (usually argon) and melt.
Consequently, coatings are formed by acceleration, impact, flattening and deposition of
molten particles on the surface of a substrate [74, 81]. The input power is controlled by the
gases that were used to generate the plasma as well as the applied current. As the flame
temperature reaches as high as 15,000 °C, a wide variety of coating materials, including
metals, ceramic and composites, can be used as the starting powder. However, since the
coatings are usually sprayed in atmospheric environment, some oxidation of the molten

metal particles is expected [74]. A schematic view of this process is shown in Figure 4.2.
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1.2.2.2  Suspension plasma spray

In recent years, there has been a major interest in producing plasma sprayed coatings,
utilizing nanosized powder particles. This interest arouse from the unique properties and
superior performances of nanostructured coatings [42, 82]. However, nanosized particles
cannot be used directly in plasma spray due to their low flowability and injection
difficulties they cause in the spraying system. Suspension plasma spray (SPS), an
alternative to conventional plasma spray techniques, was first invented in the mid-1990s in
the University of Sherbrooke, Canada [83]. In SPS process, the same atmospheric plasma
spray system described in section 1.2.1.1 is employed, only a fluid is used as the powder
carrier instead of a gas. The liquid suspension is basically made of mixing the feedstock
powder particles, with particle sizes ranging from tens of nanometers to a few micrometers,
and a liquid phase, which is mostly ethanol, water or a mixture of both. Nevertheless, sub-
micron sized particles have the tendency to agglomerate and sediment, even when stirring
the suspension. To overcome this problem, an appropriate dispersant needs to be added to
the solution [84].

In a SPS process, the suspension is injected into the plasma jet and undergoes
fragmentation of the liquid stream into droplets. The liquid phase is then evaporated, and
the accelerated particles partially or fully melt depending on their residence time within the
plasma flow. Finally, a deposition is formed on a substrate as described for APS [84, 85].
In SPS, the spraying distances are rather short, between 4 and 6 cm, since smaller particles
decelerate faster and undergo extremely rapid heating and cooling rates [78, 84]. In this
process, suspension viscosity and particle load into the plasma jet are amongst the main
factors that control the morphology of the coatings [84, 86]. A schematic view of a SPS
process in illustrated in Chapter 3 (Figure 3.1).

1.2.3 High velocity oxy-fuel

High velocity oxy-fuel (HVOF), commercially introduced at the beginning of 1980s, is a
thermal spray process that allows deposition of surface coatings with a low-oxide content

at higher particle velocities and relatively lower temperatures compared to plasma spray
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[74, 76, 77]. In a HVOF process, a mixture of the fuel gas or fuel liquid (hydrogen,
propylene, propane, acetylene, kerosene, etc.) and oxygen is introduced into a combustion
chamber, ignited and combusted. Subsequently, the exhausted gas accelerates in a
converging-diverging nozzle before it emerges into the atmosphere at supersonic
velocities. The expansion of the high velocity flow (500 to 1200 m/s) at the exit of the
nozzle results in formation of shock diamonds. The gas velocity is determined by the
pressure in the combustion chamber (typically 0.3 to 1 MPa) [74, 76]. The powder
feedstock, normally in the range of 5 to 45 um, may be injected radially or axially into the
gas by nitrogen or argon as the carrier gas [76]. The coating is then formed by acceleration,
melting, impact and deposition of the melted or partially melted particles on a substrate.
The resulting coatings show high densities and a very well adhesion due to the high particle
velocities [ 74, 76]. A schematic of a typical HVOF system is provided in Chapter 5 (Figure
5.2).

1.2.4 Cold spray

Cold spray, invented in the mid-1980s, is a thermal spray technique in which the coatings
are formed by deposition of solid-state particles [87, 88]. In a cold spray process, a
preheated compressed gas (generally nitrogen, air, or helium) accelerates through a
converging-diverging nozzle to develop a supersonic flow. The gas temperature
substantially reduces at the nozzle exit. Subsequently, the injected solid powder particles
in the range of 1 to 50 um impact on a substrate at high velocities and at temperatures near
room temperature, well below their melting point. To form a coating, the velocity of the
particles needs to be higher than a so-called critical velocity (which depends on the particle
and substrate materials) upon impact [74, 88-92]. Consequently, the impinging particles
experience plastic deformation and shear instability at the interface and form a coating with
a good bond and cohesion strength [75, 87, 93, 94]. High quality coatings can be obtained
by using this method, which are characterized by high deposition efficiency, high coating
density, improved adhesion and a low level of oxides. Low oxidation levels are related to

the low operating temperature of the cold spray process due to the rapid decrease of the gas
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temperature upon acceleration [74, 89, 95]. A schematic view of a cold spray system is

shown in Figure 6.1.

1.3 Thermal spray for electrode fabrication

In 1977 Coker et al. [96] proposed coating ferrous electrodes by different types of metal
powders using flame spraying and plasma spraying to reduce the hydrogen production
overvoltage in chlor-alkali cells. They related the improved electrocatalytic activities to the
increased surface area of the electrodes and efficient release of hydrogen bubbles due to
produced surface roughness by the spraying process. Since then, several studies have been
conducted on using different thermal spraying techniques for development of nickel-based
electrode coatings for the HER, a summary of which is provided in Table 1.1.

In most of these studies, the main focus was on increasing the intrinsic activity and
the real surface area of the electrodes by producing coatings of Raney nickel, nickel-
molybdenum and Raney nickel-molybdenum alloys [26, 39, 40, 72, 97]. Nonetheless, the
effect of the spray parameters, spray conditions and surface modifications on the activities
of the electrodes was not addressed in detail. In addition, mainly plasma spray methods,
specifically in controlled environments, were used for producing the cathode electrode
coatings rather than other thermal spraying techniques [26, 39, 40]. This interest towards
using plasma spray could be related to its maturity and wide application in various fields
[74]. Using thermal spray to deposit electrode coatings started as early as 1970s, when
HVOF and cold spray were not commercially developed yet [74, 96]. In addition, higher
temperature and lower velocity of plasma spray compared to other spraying techniques
such as HVOF and cold spray, allows deposition of a larger variety of materials to develop
coatings with higher porosity (Figure 1.6).

Moreover, application of Raney nickel as the electrode material (Table 1.1) requires
using high concentrations of hazardous caustic solutions for the leaching process at high
temperatures besides additional rinsing steps and producing more waste [26, 39, 40, 72,
97]. In addition, in some of these studies the electrolysis process was conducted at elevated
temperatures to increase the electrolyte conductivity and promote bubble detachment from

the surface [39, 40, 98]. However, increased cell temperatures results in higher operating
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costs correlated with the electricity consumption, and it also reduces the lifetime of the cell
components due to a more corrosive operating environment. The issue associated with the
gas bubble resistances could be resolved by modification and engineering of the electrode
surface profiles by optimization of the coating processes which has not been
comprehensively addressed in the literature. Therefore, due to the aforementioned gaps and
issues of the previous studies further research and development efforts are required to

advance the production of the electrodes by thermal spraying processes for the HER.
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Table 1.1- Summary of the research conducted on using thermal spraying techniques to produce

electrode coatings for the HER.

Cell '
Coating n Jo
Author Year | Material Electrolyte UL
process (rnV) ( A/CH12)
°C)
' Atmospheric
Hall [98] 1983 Ni 30% KOH 80 7200 = 108 2x10*
plasma spray
Schiller et al. ) Vacuum
1995 Ni-Al 25% KOH 70 N1000 = 120 -
[39] plasma spray
Miousse et ) Low pressure
1995 | Ni-Al-Mo IM NaOH 70 n2s50=148 | 2.0x10?
al. [40] plasma spray
Fournier et ) Wire arc
1999 Ni-Al IM NaOH 25 n2so=179 | 2.7x10*
al. [97] spray
Vacuum
Ni-Al 1 1M KOH 25 N2s50 = 170 1.7x102
Birry etal, plasma spray
i 2004
[26] Vacuum
Ni-Al-Mo IM KOH 25 N250 = 67 2.7x10!
plasma spray
Wire arc
Ni IM NaOH 25 - 3.7x10*
Kellenberger spray
2007
etal. [73] Wire arc
Ni-Ti IM NaOH 25 - 5.3x107
Spray
Chade et al. . Atmospheric
2013 Ni-Al 30% KOH 30 1300 = 91 1.8x1072
[72] plasma spray

18




1.4 Objectives

This study is a novel multidisciplinary research covering materials, mechanical and
electrochemical engineering to design, manufacture and characterize cathode electrodes
for the HER. The final objective of this work is to improve the energy efficiency of the
alkaline water electrolysis process for hydrogen production using thermal spraying for
manufacturing nickel cathode electrodes. While most of the previous works in this field
focused on increasing the catalytic activity by using nickel alloys, in this research the effect
of spraying conditions along with the developed coating microstructures and morphologies
on electrode activities are studied, independent of using any specific alloying elements.

The main objectives of this research study are summarized as follows:

e To investigate the capability of using suspension plasma spray, high velocity
oxy-fuel and cold spray as novel methods for producing highly active nickel-
based cathode electrodes
—  Reducing the oxidation issues associated with using atmospheric plasma

spray by using other thermal spray methods that require lower spraying

temperatures, i.e. HVOF and cold spray

e To investigate the effect of spraying parameters on the morphology,

microstructure and electrochemical performance of the manufactured electrodes

e To improve the intrinsic activity of the electrodes by changing the electronic
structure and introducing surface defects to the electrodes to act as active sites

for the HER

e To increase the apparent electrocatalytic activity by enhancing the real surface
area of the electrodes.

—  Developing multiscale surface structures composed of micron and

nanosized features, where nanosized structure provides the enhanced

surface area while the micronsized features facilitate hydrogen bubble

departure from the surface
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—  Engineering 3-dimesional surface textures composed of various levels of

macro- and microscopic features

1.5 Thesis organization

This thesis is divided into seven chapters. The first chapter provides a brief introduction
about hydrogen production by alkaline water electrolysis, including the important
parameters that affect the electrocatalytic activity of an electrode. A short description of
the thermal spray processes along with a general literature review of their applications in
producing electrodes for alkaline water electrolysis is also given in this chapter. Finally,
the objectives of the thesis are presented.

Chapter 2 presents atmospheric and suspension plasma spraying as two promising
methods for producing cathode electrode coatings with large active surface areas. This
chapter focuses on optimization of the spray parameters for maximizing the electrode
surface area, using Taguchi method for design of experiments. The optimum conditions for
preparation of a stable suspension to be used in the SPS process are also discussed.

Chapter 3 introduces the combination of the two atmospheric and suspension plasma
spray techniques as an original method to develop high performance electrodes composed
of a multiscale micro/nanosized surface structure, using the results obtained from the
previous chapter. It also includes optimization of the number of passes used for depositing
suspension plasma spray coatings to maximize the efficiency of the hydrogen evolution
reaction. Furthermore, the effect of wettability and microstructure on the electrocatalytic
activity of the electrodes is studied.

Chapter 4 takes a further step towards increasing the electrocatalytic activity of the
electrodes by engineering their surfaces. For this purpose, deposition of three-dimensional
fin arrays on the electrodes surfaces by spraying through mesh screens, using the combined
atmospheric and suspension plasma spraying is proposed. This novel methodology
contributes to the development of electrode coatings with various roughness levels from
macro- to nanosized, which also facilitates the escape of hydrogen gas bubbles from the

surface. In addition, the effect of the surface area added by the macroscopic and
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microscopic surface features on the electrocatalytic activity of the electrodes is
investigated.

In Chapter 5, high velocity oxy-fuel is introduced as a novel method for producing
nickel-based coatings for alkaline water electrolysis. The spray parameters are selected
based on deposition of mostly solid-state particles on the surface of the electrodes in order
to reduce the oxidation of the coatings. Using the same methodology as Chapter 4, the
surface texture of the electrodes is engineered by deposition of pyramidal fin arrays using
mesh screen masks. Various surface microstructures and roughness levels were obtained
on the electrodes due to the normal and off-normal deposition of the particles, and their
effect on the electrocatalytic performance of the electrodes is studied.

Chapter 6 includes a fundamental study of using cold spray as a novel method for
preparation of the electrocatalysts for hydrogen evolution by deposition of solid-state
particles. The influence of cold spraying parameters and peening of the surface by the
spraying particles on the surface morphology and microstructure of the developed coatings
is studied. Furthermore, the electrochemical performances of the electrodes including both
apparent and intrinsic activities are evaluated thoroughly, using both steady-state
polarization curves and electrochemical impedance spectroscopy methods. Finally, the
effect of the electrodes surface topography, microstructure, residual stress and surface
strain on the obtained electrocatalytic activities are discussed.

Chapter 7 summarizes the conclusions and contributions of this research, and

provides a list of recommendations for the future work.
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CHAPTER 2

ARTICLE 1: Electrocatalytically Active Nickel-Based Electrode
Coatings Formed by Atmospheric and Suspension Plasma

Spraying
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Montreal, QC H3G IMS8, Canada
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Abstract

Ni-based electrode coatings with enhanced surface areas, for hydrogen production, were
developed using atmospheric plasma spray (APS) and suspension plasma spray (SPS)
processes. The results revealed a larger electrochemical active surface area for the coatings

produced by SPS compared to those produced by APS process. SEM micrographs showed

' Mr. M. Mousavi assisted with suspension preparation for the SPS process.

2 Dr. F. Ben Ettouil assisted with design and development of the injection setup for the SPS process.
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that the surface microstructure of the sample with the largest surface area was composed

of a large number of small cauliflower-like aggregates with an average diameter of 10 pm.

Keywords: atmospheric plasma spray (APS), design of experiment (DOE),

electrochemical characterization, Ni, suspension spraying

2.1 Introduction

During the past century with the fast development of modern industries, increase of the
environmental pollution and high costs of the fossil fuels has raised the demand of
acquiring alternative resources of energy. Extensive efforts have been carried out to obtain
new renewable energy resources at lower prices compared to the conventional fuels, and
to reduce the damaging effects of climate change by mitigating greenhouse gas emissions
[2, 99]. Hydrogen is considered to be a promising clean energy carrier to replace fossil
derivative fuels. One of the most promising techniques for producing high purity hydrogen
is alkaline water electrolysis, giving the advantage of a more controllable corrosion rate
and cheaper construction materials [7]. However, costs of the electrolysis process have
been a great concern since it is highly dependent on the costs of the electrical energy [2,
100]. Therefore, to improve the energy efficiency of the electrolysis process, hydrogen
evolution over-potentials that contribute significantly to cell energy losses should be
lowered. To achieve this goal, advanced electrolysers with high performance electrodes
need to be developed to obtain hydrogen at diminishing costs with minimum energy
consumption [15]. Using high intrinsic active electrode materials with enhanced electrode
surface areas is a possible route of increasing the efficiency of the hydrogen evolution
reaction (HER) [26, 101]. A good accessibility for diffusive mass transport of the reactants
and their products inside the porous structure is another requirement for the electrodes for
HER [102].

Although platinum is the best-known electrocatalyst for HER, its commercial use as
cathode electrode material has been limited due to its expensiveness and rarity. In industrial
applications, often nickel replaces platinum, since not only it is a catalytically active metal

but also it has high stability in alkaline solutions at elevated temperatures [39]. Among

23



different surface modification techniques, plasma spraying has demonstrated its capability
to produce porous electrode coatings in a cost effective process, taking advantage of the
surface morphology produced by the spraying process [39, 98, 101]. Possibility of forming
coatings at high deposition rates with moderate operating costs has made this method
superior compared to other surface coating techniques, such as electrodeposition, sintering,
vacuum deposition and etc [103]. Reduction of hydrogen evolution overpotentials when
using plasma sprayed nickel-based cathode electrodes has been addressed in several works
[39, 97, 98].

In recent years, there has been a major interest towards development of plasma
sprayed coatings, utilizing nanosized particles. This interest arouse from the unique
features of nanometer scale coatings, such as increased surface areas and superior
performances. For Ti-based electrodes, Irissou et al. [104] showed that the hydrogen
evolution overpotentials of nanostructured electrodes were significantly lower compared
to the ones prepared by the micron-sized powder. However, nanosized particles cannot be
used directly for plasma spraying due to the difficulties with their injection into the core of
the plasma jet. Suspension plasma spray (SPS), based on injection of a liquid feedstock, is
a novel method developed to overcome the injection problem of sub-micron and nanosized
particles. The suspension is basically made by dispersing the feedstock powder particles
with the particle sizes ranging from tens of nanometers to a few micrometers in a liquid
phase, which is mostly ethanol, water or a mixture of both. Addition of a dispersant is
usually needed to reduce the agglomeration and sedimentation of the particles [105, 106].

The objective of this work was to develop Ni-based electrode coatings with enhanced
surface areas for the hydrogen evolution reaction, using atmospheric plasma spray (APS)
and SPS processes. The effects of spraying parameters of each process on the
electrochemical active surface areas of the coated samples were studied. The results were

compared for the coatings produced by APS and SPS processes.
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2.2 Material and methods

2.2.1 Spraying materials

Two different commercial powders, nickel with the nominal particle size in the range of -
75 to +45 um and nickel oxide with the nominal particle size in the range of -5 um to +500
nm, were used for APS and SPS processes, respectively. Nickel powder has a tendency to
sediment and agglomerate in the suspension because of its high specific mass and magnetic
properties [107]. Due to the difficulties in obtaining a stable nickel suspension, nickel oxide
powder was used instead. A series of stable suspensions containing 10 wt.% of NiO powder
in ethanol as the solvent were prepared for the SPS process. To increase time-stability of
the particle dispersion and to prevent agglomeration of the particles, polyvinylpyrrolidone
(PVP) was added as the dispersing agent. 1, 2, 3, 4 and 5 wt.% of PVP were added to the

suspension at different test tubes to adjust its mass percentage by sedimentation tests.

2.2.2 Injection setup

The injection system for SPS was composed of two tanks, one containing the suspension
and the other one containing ethanol. For the spraying process, the tanks were pressurized
with N2 gas. To avoid contamination and clogging of the injection system, the ethanol
stored in the tank was used to clean the injection system after each suspension projection.
The position of the injector, having a 200-um diameter nozzle, was adjusted in such a way

that the suspension drops penetrate adequately to the plasma jet at the nozzle exit [108].

2.2.3 Spraying processes

Plasma spraying experiments were carried out using a Sulzer Metco 3MB atmospheric
plasma-spraying gun, mounted on a computer-controlled robotic arm. Coatings were
deposited on grit blasted, rectangular low carbon steel coupons of dimensions 25 X 25 x 3
mm?>. Argon was used as the primary plasma gas as well as the powder carrier gas, and

hydrogen was used as the secondary gas.
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To determine optimum operating conditions for producing coatings with a high
surface area, while having a minimum number of experimental runs, Taguchi statistical
method [109] was employed in design of the experiments (DOE). Using such an approach
greatly reduce the experimental time and cost. DOE is further useful in evaluation of the
importance of each selected coating variable on the surface areas of the coatings.

Table 2.1 shows the Lo orthogonal array designed for APS processes. The table was
produced using a combination of standoff distance, current, plasma gas flow rate, and torch
traverse speed as spraying variables, each with three selected levels (two levels for the
torch traverse speed). The 15 over-layers were deposited at a constant powder feeding rate
of 30 g/min to create APS coating. Table 2.2 shows the Ls orthogonal array used for SPS
processes. The array consists of a combination of five variables including standoff distance,
suspension flow rate, plasma gas flow rate, current and torch traverse speed, each having

two selected levels. Each SPS coating was composed of deposition of 20 over-layers.

Table 2.1- Plasma spraying parameters used for APS coatings.

Run order Standoff  Current Plasma gas flow Torch traverse speed
Distance (cm)  (A) (Ar/Hz) (NLPM) (m/s)
Al 12 400 35/2.2 05
A2 12 450 35/4.4 1
A3 12 500 35/6.6 1
A4 17 400 35/4.4 05
AS 17 450 35/6.6 0.5
Ab 17 500 35/2.2 1
AT 22 400 35/6.6 I
A8 22 450 35/2.2 05
A9 22 500 35/4.4 0.5
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Table 2.2- Plasma spraying parameters used for SPS coatings.

Run Standoff Suspension flow Flasma gas Current  Torch traverse
order distance (cm) rate (g/min) flow (Ar/Hz) (A) speed (m/s)
(NLPM)

S1 4 31.2 50/5 500 0.5

S2 4 31.2 50/5 450 1

S3 4 22.8 50/3 500 0.5

S4 4 22.8 50/3 450 1

S5 6 31.2 50/3 500 1

S6 6 31.2 50/3 450 0.5

S7 6 22.8 50/5 500 1

S8 6 22.8 50/5 450 0.5

2.2.4 Characterization and analysis

One of the key parameters to assess the performance of an electrode is its electrochemical
active surface area. It is well known that the electrochemical double layer capacitance
(ECDLC) of an electrode is proportional to the electrochemical active surface area of the
material used (typically 20 pF/cm?) [17]. Therefore, for initial comparison of the
electrochemical active surface area of the coatings formed by APS and SPS processes, their
ECDLC were measured. A three-electrode configuration was used for all measurements.
A Pt wire and an Hg/HgO electrode (saturated 1M KOH) were used as counter and
reference electrodes in a 0.5 M NaOH solution. A geometrical surface area of 0.78 cm? of
each coating was exposed to the electrolyte as the working electrode. The cell was bubbled
with nitrogen before and during the measurements to de-oxygenate the electrolyte solution.

Cyclic voltammetry measurements were performed at five scan rates of 0.02, 0.05,
0.1, 0.15, and 0.2 V/s in the potential window from -1.35 to 0.7 V vs. Hg/HgO using an in-
house potentiostat. The region around -0.1 to 0.4 V vs. Hg/HgO is considered to be
essentially free of faradic current and was used to evaluate the contribution of the ECDLC

to the recorded current (Figure 2.1). Three ECDLC measurements were performed on each
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sample. The capacitance values were calculated by dividing the average current at the
center of the positive and negative sweeps of the resulting cyclic voltammograms by the

scan rates [17].
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Figure 2.1- Cyclic voltammetry of S6 sample, and non-faradic region
used for ECDLC measurements between the dashed lines (scan rate of

0.02 V/s).

Signal-to-noise (S/N) ratio, a measure of robustness, was used to analyze the
influence of each spraying control factor on the specific surface area of the coatings. Since
the goal was to maximize the specific surface area, the S/N ratio of “larger is better” was

used. This category is calculated as a logarithmic transformation of loss function:
S/N = (—10 x log¥.—/n) Eq.2.1

Where n is the number of observations, and Y is the observed data.
Morphology of powder particles and coating surfaces were studied by a Hitachi S-3400N

VP scanning electron microscope (SEM).
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2.3 Results and discussion

2.3.1 Precursor materials

Figure 2.2 shows SEM images of the morphology of precursor micron-sized Ni and
submicron-sized NiO powders used in this study. Sedimentation results of the suspensions
are depicted in Figure 2.3. It can be seen that the minimum sedimentation was obtained for
the suspension containing 1 wt.% PVP. The viscosity of this suspension was measured by
a Cannon-Fenske reverse flow capillary viscometer with an error margin
of +0.38%. Kinematic viscosity of the suspension was measured 1.69 X 10 m?/s at 22 °C,

showing a 15.6% increase with respect to the viscosity of ethanol.

Figure 2.2- Morphology of precursor powders: (a) Ni powder and (b) NiO powder.
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Figure 2.3- Sedimentation test results for 10 wt.% NiO suspension and
0 to 5 wt.% PVP after 14 days. The error bars show the error margin
of the viscometer (£0.38%).

2.3.2 ECDLC measurements

Figure 2.4 shows the calculated double layer capacitances for all APS and SPS samples.
As illustrated in this figure, by coating the sample using either APS or SPS, the ECDLC
values are increased significantly compared to the uncoated substrate. Nevertheless, the
samples coated with the suspension exhibited a larger ECDLC compared to the APS
deposited ones. As indicated above, the double layer capacitance of a sample is in a direct
relation with its electrochemical active surface area. Therefore, it can be concluded that the
coatings produced by nanosized powder have a larger electrochemical active surface area
in comparison with those produced by micron-sized powder. Smaller standard deviation
of ECDLC values of APS-coated samples indicate more homogeneous coatings compared
to the SPS-coated ones. On the other hand, larger variation of ECDLC between SPS
coatings indicate that the SPS process is more sensitive to the spraying parameters, i.e., a

small variation of the spraying parameters can greatly affect the surface area of the
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coatings. This can be mainly related to the much smaller powder particles used in the SPS

process.
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Figure 2.4- Electric double layer capacitance of APS- and SPS-coated samples,
evaluated from three measurements on each sample and the error bars show the

standard deviations.

2.3.3 APS coatings

ECDLC results, illustrated in Figure 2.4, indicate that A7 with 82 pF has the lowest and
Al with approximately 142 pF has the highest capacitance among APS-coated samples.
Surface SEM micrographs of these two samples can be seen in Figure 2.5. The images
show that the top surface of A7 coating is composed of larger splats with diameters of >100
um, while A1 has a finer and rougher surface structure. The presence of semi-molten and
re-solidified particles is evident in the latter coating. Plasma sprayed coatings are formed
by deposition of flattened splats created by impact and rapid solidification of molten and
semi molten particles. The size, morphology, and bonding of the splats along with porosity
determine the structural properties of that deposit. The different surface structures can be

directly related to the plasma spraying parameters that were used to form the coatings [81].
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Table 2.3 presents the S/N response data for the electric double layer capacitance.
Based on the value differences between the larger and smaller levels, the relative
importance of each factor is quantified as factor ranks. The results indicate that standoff
distance has the greatest influence on the electro-active surface area, followed by torch

traverse speed, current and hydrogen gas flow.

Figure 2.5- SEM surface images of APS samples (a) A7 and (b) Al.

Table 2.3- Response table for Signal to Noise Ratios for APS.

Level Standoff distance Current Hydrogen gas flow Torch traverse speed

1 42.27 42.16 41.81 42.39

2 42.36 41.58 42.16 41.24

3 41.00 41.90 41.66 -
Delta 1.36 0.59 0.50 1.15
Rank 1 3 4 2

Figure 2.6 shows the effect of each control factor level on the active surface area. At
12 cm standoff distance, higher velocity and temperature of the impacting particles provide
a better cohesion between the depositing layer and the substrate. Meanwhile, the smaller
particles have a tendency to re-solidify because of the more rapid heat loss and deceleration
at longer inflight paths. This combination of completely melted, semi-melted and re-

solidified particles leads to the formation of deposits with a higher degree of porosity,
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rougher surfaces, and consequently larger surface areas. Increasing the standoff distance
from 12 to 17 cm did not have any significant effect on the electrochemical active surface
area of the coatings. By further increase of the standoff distance to 22 cm, the particle
velocity and temperature are further reduced at the time of impact to the substrate.
Therefore, more inflight particles at longer spray distances are re-solidified, which also
causes a weaker adhesion of the particles to the substrate. In this case, only a limited
number of particles, which are still molten and semi-molten by the time of impact, would
adhere to the substrate and fabricate coatings consisting of larger splats with lower open
porosity, and thus, a more limited specific surface area. For a better understanding of the
behavior of inflight particles, their temperature and velocity at the point of impact need to

be determined using a DPV-2000 on-line diagnostic system.
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Figure 2.6- Main effects plot for S/N ratios for APS.

The second parameter that affected the active surface area is torch traverse speed.
The results indicate that by increasing the torch traverse speed from 0.5 m/s to 1m/s, the
active surface area was reduced. There is no clear explanation for this behavior, and further
investigations are required. The results in Figure 2.6 and Table 2.3 show that the current

and hydrogen gas flow did not have a significant effect on the electrochemical active
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surface area. Since the goal here is to maximize the specific surface area, the factor levels
that produce the highest mean should be employed. Analysis of the results leads to the
conclusion that a factor combination of 17 cm standoff distance, 400 A current, 4.4 NLPM
hydrogen flow, and 0.5 m/s gun travel speed generates the maximum surface area. For this
combination, an S/N ratio of 43.13 was predicted. However, further experiments are

required to confirm its accuracy.
2.3.4 SPS coatings

Figure 2.4 shows that S1 with 125 puF and S6 with 348 uF has the smallest and the largest
capacitance for SPS coatings, respectively. SEM images of these two surfaces are shown

in Figure 2.7.
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Figure 2.7- SEM surface images of SPS samples: (a) S1 and (b) Se6.
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As illustrated in Figure 2.7, the surface of S1 coating is mainly composed of
dispersed cauliflower-like aggregates with diameters larger than 20 um, and the coating
does not cover the whole substrate. For S6 coating, larger amounts of smaller aggregates
(~ 10 um) are deposited on the surface and form a rougher surface with more specific
surface area. Formation of cauliflower-like microstructures using SPS process is widely
reported in the literature [110-112].

Table 2.4 shows that the significance of the spraying variables for SPS coatings from
high to low are current, standoff distance, hydrogen gas flow, torch traverse speed, and
suspension flow rate. Figure 2.8 depicts the effect of various factor levels on the produced
surface areas. The influence of spraying variables on the specific surface areas of the SPS

coatings can be discussed as follows.

Table 2.4- Response table for Signal to Noise Ratios for SPS.

Standoff Suspension flow  Hydrogen gas Torch traverse
Level . Current
distance rate flow speed
1 46.16 48.04 49.01 49.12 46.24
2 49.04 47.15 46.20 46.07 48.95
Delta 2.88 0.89 2.81 3.05 2.72
Rank 2 5 3 1 4
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Figure 2.8- Main effects plot for S/N ratios for SPS.

By increasing the spray distance from 4 to 6 cm, the electrochemical active surface
area is increased. This effect can be described by formation of more porous structures due
to the deposition of cooler and slower particles at higher spraying distances. The effect of
current and hydrogen gas flow can be attributed to their influence on the input power.
Higher current and hydrogen gas flow rate result in an elevated input power. For the SPS
experiments input power was varied from 22 kW at the hydrogen flow rate of 3 NLPM and
current of 450 A to 28 kW at the hydrogen flow rate of 5 NLPM and current of 500 A. It
has been shown that higher power levels result in an increasing temperature and velocity
of the sprayed particles in addition to the higher temperature of the top surface of the
coating [113], which cause higher expansion of the impinging particles on the surface,
densification of coating, and thus, a smaller surface area.

The results of Figure 2.8 and Table 2.4 show that the torch traverse speed had a
slightly lower effect on the active surface area compared to the spray distance and input
power, and suspension flow rate did not have a significant effect on the surface area. The
results indicate that the real surface is maximized at 6 cm standoff distance, 22.8 g/min of
suspension flow rate, 3 NLPM hydrogen gas flow, 450 A current and 1 m/s torch traverse

speed. Using a combination of these factor levels, an S/N ratio of 53.76 is predicted.
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2.4 Conclusions

APS and SPS coating processes were used to produce nickel-based electrode coatings with
enhanced surface areas for hydrogen production. Electrocatalytically active electrodes with
large surface areas can significantly reduce the costs of electrolysis and increase the
efficiency of the process. Taguchi method of DOE was used to define the optimum
spraying conditions. Electric double layer capacitances of the coatings were determined as
measures for their electrochemical active surface areas. The results showed higher surface
areas for all SPS deposits compared to the APS ones. This can be attributed to the formation
of very fine porous agglomerates with an average diameter of 10 um on the surface of the
SPS coatings. ECDLC was increased by a factor of 7 for the APS and by a factor of 17 for
the SPS-coated samples with the largest surface areas compared to the sandblasted
substrate. The effects of spraying variables of each process on the specific surface areas of
the coatings were studied. By analysis of the results, the standoff distance in APS and
current in SPS were identified as the most significant factors affecting the electrochemical
active surface areas of the coatings. Generally, generation of larger surface areas was
related to the deposition of semi-molten and re-solidified particles and formation of more
porous structures. For further increase of the electrochemical active surface area of APS
and SPS deposits, more optimization of coating parameters is required. In addition, both

APS- and SPS-coated samples need to be reduced to resume the activity of the electrodes.
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ARTICLE 2: Fabrication of Nickel Electrode Coatings by
Combined Atmospheric and Suspension Plasma Spray
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This article has been published in the Surface and Coatings Technology, vol. 285 (2016),
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Abstract

Atmospheric plasma spray and suspension plasma spray were presented as two promising
methods for manufacturing nickel cathode electrode coatings for alkaline water
electrolysis, using micron and submicron-sized powders, respectively. A combination of
both processes was also successfully utilized as a novel method by deposition of a
suspension plasma sprayed layer on an atmospheric plasma sprayed one to develop high
performance electrodes. The coated electrodes were then characterized in terms of their
microstructure, surface topography, wettability and steady state polarization curves. The
highest electrocatalytic activity was obtained for an electrode coated by the combined

method with the exchange current density and overpotential (7250) values of 6.2x10* A/cm?
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and -386 mV, respectively. The increased activity of this electrode was attributed to its
large specific surface area with a high surface roughness value (S, = 14.4 pum) comprising
a multiscale micron/submicron-sized surface structure. It is expected that the dual
microstructure of this electrode in addition to its superhydrophilic behaviour (with contact
angles below 10°) enhances the activity by providing more reaction sites for hydrogen
adsorption, promoting the diffusive mass transport of the reactants, and facilitating

hydrogen bubble ascension from the pores.

Keywords: Atmospheric plasma spray, Suspension plasma spray, Hydrogen evolution,

Multiscale microstructure, Surface wettability

3.1 Introduction

In recent years, production of high purity hydrogen by alkaline water electrolysis as a clean
energy carrier has gained significant attention due to the increasingly damaging effects of
the greenhouse gas emissions and environmental pollution [1]. However, high electricity
consumption of the electrolysis process has made this method costly for large scale
hydrogen production, and therefore, its efficiency needs to be increased by reducing the
hydrogen production overpotentials [13, 14]. For this purpose, two methods have been
proposed including manufacturing electrodes using intrinsic active materials and
enhancing the electrode active surface area [13, 114, 115]. Nickel is widely used as the
electrode material for the hydrogen evolution reaction (HER), because it has relatively high
catalytic activity and is inexpensive compared to noble metals such as platinum [21, 116].

Among various electrode production techniques, plasma spray has demonstrated its
capability to manufacture nickel based electrode coatings with large surface areas and high
roughness values [26, 40, 47, 117-119]. In atmospheric plasma spray (APS), the plasma
plume is generated by ionization of a jet of argon or nitrogen as the primary gas mixed with
hydrogen or helium as the secondary gas by a strong electric arc generated between the
cathode and the anode. Micron size particles with an average particle size of 10 to100 pm

are introduced into the high velocity, high temperature plasma jet. Subsequently, coatings
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are generated by acceleration, impact, flattering and deposition of molten and semi molten
particles on the surface of a substrate [81].

It has been shown that manufacturing electrodes with nanostructured surfaces
significantly enhances their electrocatalytic activity, which could be related to their unique
electronic properties and presence of a large density of surface defects, such as grain
boundaries [42, 120]. However, submicron and nanosized particles cannot be used directly
in plasma spraying due to their low flowability and injection difficulties they cause in the
spraying system. Suspension plasma spray (SPS), invented in the mid-1990s in the
University of Sherbrooke, Canada, is an alternative to the conventional plasma spray for
injection of submicron and nanosized particles using a liquid feedstock [121]. In a SPS
process, the suspension undergoes fragmentation and vaporization of the droplets after its
injection into the plasma jet (Figure 3.1). The particles are then accelerated, partially or
fully melted depending on their residence time within the plasma flow and form a coating
upon impact on the substrate [84, 85]. Since smaller particles decelerate faster and undergo
extremely rapid heating and cooling rates, the spraying distances are usually shorter in SPS

(4 to 6 cm) compared to APS (8 to 12 cm) [84].
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Figure 3.1- Schematic view of the SPS process.

It is worth noting that a fraction of the inner surface of the coatings that could be
efficiently used for hydrogen production could easily get blocked by the hydrogen bubbles
at very small pore sizes of the developed coating. This could consequently reduce the

electrocatalytic activity by imposing additional electrical resistances and ohmic losses, and
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thus, decrease the rate of the HER [122, 123]. Therefore, controlling the size of the pores
is one of the most important parameters that should be considered during deposition of the
nanostructured coatings.

Preliminary results on combining the APS and SPS methods for manufacturing
electrodes with hybrid micron and submicron-sized surface structures were reported by the
authors recently [119]. In the current study, further optimization of the HER efficiency was
carried out by investigating the influence of the number of the passes deposited by SPS on
top of the APS coated electrodes. Such unique microstructures and surface morphologies
developed by the combined APS-SPS method are expected to provide enhanced electrode
surface areas, and overcome the hydrogen bubble blockage problem within the pores.
Electrocatalytic activity of the produced electrodes was determined for the HER, and it was
compared to the activities of those electrodes produced by solely APS and SPS coating

Processes.

3.2 Material and methods

3.2.1 Materials and spray conditions

The starting powders used to deposit the electrode coatings included nickel Metco 56C-NS
(Oerlikon Metco, USA), and nickel oxide FCM NiO-F (fuelcellmaterials.com, USA) for
APS and SPS coating processes, respectively. Figure 3.2 shows the particle morphology of
both powders.

Particle size distribution of both powders was determined by a laser diffraction
particle size analyser (Malvern Instruments Ltd., England) using a 300 mm lens. The
results, illustrated in Figure 3.3, show a distribution width of 45 to 90 um for the micron
sized nickel powder and from100 nm to 11 um for the submicron sized nickel oxide
powder. The distribution widths of D10, D50, and D90 were measured to be 60, 69, and
78 um for nickel and 0.20, 0.73 and 4 um for nickel oxide powders, respectively.

41



Figure 3.2- SEM morphology of the precursor powders, (a) nickel and (b) nickel oxide.
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Figure 3.3- Histograms showing the particle size distributions for the (a) nickel and (b) nickel

oxide powders.

Suspensions for the SPS were prepared by mixing of 10 wt.% of nickel oxide powder
with 1 wt.% of polyvinylpyrrolidone (PVP) as dispersing agent in ethanol. The injection
setup for the SPS process was developed in-house and described in detail in a previous
work [118]. A 200 pum internal diameter tube was used to radially inject the suspension
into the plasma jet.

All coatings were deposited using a 40 kW Sulzer Metco 3MB atmospheric plasma
spray gun mounted on a six-axis robotic arm. Argon and hydrogen were used as the primary
and the secondary plasma gases, respectively, whereas nitrogen was used as the carrier gas
for injecting dry powders in APS. The depositions were carried out onto rectangular

Inconel 600 coupons with a surface area of 645 mm?.
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Atmospheric and suspension plasma sprayed electrodes were prepared by deposition
of 8 and 25 passes on the substrate coupons, respectively. To take advantage of a multiscale
surface structure, three additional electrodes were prepared by suspension plasma spraying
of thin layer coatings on top of the APS deposited electrodes. To determine the optimum
number of the passes required to deposit by SPS for maximizing the efficiency of the HER,
3, 6 and 10 passes were deposited by SPS. For simplicity, these three electrodes were
named S3, S6 and S10, respectively, throughout this paper. The plasma spraying
parameters used for deposition of APS and SPS coated electrodes, listed in Table 3.1, were
selected based on the methodology reported previously [118, 119]. The parameters were
obtained by optimization of the processes towards maximizing the surface area of the

coatings while having a good adhesion to the substrate.

Table 3.1- Spraying parameters used in APS and SPS processes.

Process Standoff Feeding rate Plasma gas Torch Current
distance (g/min) flow (Ar/H») traverse (A)
(mm) (SLPM) speed (m/s)
APS 80 15 (powder) 60/2 0.5 500
SPS 60 31 (suspension) 50/3 0.5 450

3.2.2 Characterization of the electrodes

Temperature and velocity of the inflight particles were measured for the APS process at
the standoff distance using a DPV eVOLUTION system (Tecnar Automation Ltd.,
Canada). DPV eVOLUTION system is an online diagnostic system for online monitoring
of the inflight particle characteristics based on their thermal radiation emission. However,
due to the small size of the particles in a liquid medium in SPS, this system cannot be used
for velocity and temperature measurements. A FLIR A320 infrared camera (FLIR Systems
Inc., USA) was used for monitoring the temperature of the substrates during the APS

coating process.
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All coatings were reduced as Ni particles were partially oxidized during spraying at
high temperatures in atmospheric environment during APS, and nickel oxide powder was
used as the starting material in SPS. The reduction of nickel oxide coatings to nickel was
conducted in 100 vol.% hydrogen in a tube furnace at 650 °C for 1 hour, with 2 °C/min
heating and cooling rates.

To prepare polished cross-sections of the as-sprayed specimens, coated samples were
cut using a precision cut-off machine (Secotom-15, Struers A/S, Denmark), and then
mounted and polished by standard metallographic procedures to a final finish of 0.05 pm.
A scanning electron microscope (SEM) (S-3400N, Hitachi High Technologies America,
Inc., USA) operating at 15 kV was used to study the specimen cross-sections, morphology
of starting powders and top surfaces of the coated electrodes. Three dimensional surface
topography, roughness and surface ratio of the electrodes were determined using a 3D
Confocal Laser Scanning Microscope (CLSM) (LEXT-OLS4000, Olympus Corporation,
Japan) with a resolution of 10 nm in the z direction and 120 nm in the xy plane. The surface
ratio indicates the ratio between the specific and the projected surface areas. To study the
mass transport within the produced coatings and the effect of surface coverage by the gas
bubbles on catalyst activities, wettability of the coatings was determined [56, 57]. The
contact angle of 10 pL water droplets on electrode surfaces were measured using a backlit
imaging setup after the electrodes were cleaned ultrasonically in acetone. A code developed
by Stalder et al. [124] as a plugin to ImagelJ [125] software was used to make the image
analysis and contact angle measurements.

Electrochemical measurements were conducted using a conventional three electrode
setup and a SRS potentiostat (EC301, Stanford Research Systems, Inc., USA). No forced
flow was applied. The coated samples were used as the working electrode, a platinum wire
as the counter electrode and an Hg/HgO electrode saturated in 1 M KOH (-0.924 V vs.
Hg/HgO) as the reference electrode in a 1 M NaOH electrolytic solution. The electrolyte
was bubbled with nitrogen gas during the measurements to deoxygenate the solution. Prior
to each measurement, the working electrode was pre-polarized for 1800 s at -1.6 V vs.
Hg/HgO to remove the surface nickel oxides present on the coatings. Steady-state

polarization curves were recorded in the current range of 10 pA to 1 A at room temperature.
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The electrocatalytic activity of the electrodes was evaluated from extrapolation of the linear

part of the Tafel curves to the equilibrium potential.

3.3 Results and discussion

3.3.1 Morphological studies

3.3.1.1 APS coated electrode

Figure 3.4a and b shows the top surface SEM micrograph and backscattered electron (BSE)
cross-sectional image of the reduced APS coated electrode. The cross-sectional image of
the coating before reduction is shown in Figure 4c. The surface structure is comprised of
10 to 50 um fragmented splats and resolidified particles. The cross-sectional image shows
an approximate coating thickness of 100 um with a good bonding to the substrate. The
micrographs display a porous microstructure with high surface roughness. Before
reduction, interlamellar cracks can be mainly observed in the cross-sectional image (Figure
4c). However, the intersplat bonding was improved by healing of some of the microcracks,
whereas dispersed globular pores were formed (Figure 4b) by reduction of nickel oxide
formed at high spraying temperatures to nickel in the hydrogen-rich reduction furnace. In
addition, formation of a porous microstructure could also be related to the spraying
conditions.

It has been shown that the substrate temperature besides the temperature and velocity
of the inflight particles at the point of impact substantially control the coating formation
and microstructure during the plasma spraying process [126, 127]. For the APS coated
electrode, the substrate’s temperature was measured in the range of 90 to 150 °C. At this
relatively low substrate temperature, the amount of gas entrapped underneath splats was
increased favouring formation of interlamellar pores and splashing of the melted droplets

[128, 129].
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Figure 3.4- Micrographs of the APS coated electrode, (a) SEM of the top surface after
reduction, (b) BSE of the cross-section after reduction, and (c) BSE of the cross-section

before reduction.

The temperature and velocity of the spray particles at the substrate standoff distance
were measured at 2126+213 °C (SD) and 10131 m/s (SD), respectively. At this
temperature, it is expected that the nickel particles were fully melted upon impact to the
substrate (nickel melting point: 1453 °C). Splashing of the impinging molten particles upon
high velocity impact on the substrate and their break down into smaller droplets could also
be responsible for the formation of splash splats, resolidified structure and the high surface

roughness.

3.3.1.2  SPS coated electrode

Figure 3.5a and b shows the top surface and cross-section SEM images of the reduced SPS

coated electrode. The cross-section of this electrode before reduction is shown in Figure
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5c. The coating exhibits a fine microstructure composed of cauliflower-like clusters with
sizes of few tens of micrometres. The cross-sectional image exhibits a highly porous and
rough coating with a nonuniform thickness of approximately 10 to 40 pm. Formation of

this coating structure could be associated with different factors.

Figure 3.5- SEM micrographs of the SPS coated electrode, (a) reduced top surface, (b) reduced

cross-section, and (c¢) unreduced cross-section. The inset shows a zoomed in view.

One factor could be the presence of untreated or poorly treated particles due to
improper penetration of the suspension into the hot plasma jet, which affected the degree
of the particles melting and the level of porosity in the deposit. As a wide particle size
distribution (Figure 3.3-b) was used to prepare the suspensions, the smaller particles from
the tail of the distribution could not penetrate into the core of the plasma jet. Therefore,
these particles could not fully melt as they passed through the plasma jet fringes with lower
temperatures. On the other hand, larger agglomerated particles also could not get fully

melted under the selected spraying parameters, leading to a porous coating structure. It
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was shown by Fauchais et al. [107] that high instabilities and voltage fluctuations of the
plasma jet (especially for argon and hydrogen plasma) in SPS impedes homogenous
processing of the suspension. These fluctuations are also responsible for random particle
trajectories, and therefore, their nonuniform penetration, fragmentation and melting at
different zones of the flame. In addition, similar to the APS coatings, reduction of the
oxides could also add to the coating porosity.

The nonuniform thickness and high porosity of this coating could also be explained
by the formation of a strong stagnation flow on the substrate. The smaller droplets with
lower momentum deviate from the spray direction and move laterally along the substrate
when they reach this boundary layer. Consequently, the deflected droplets impact on the
sides of the surface asperities, which eventually yielded the creation of a porous coating
featuring a higher thickness on the surface bumps [130, 131]. In addition, the relatively
large standoff distance (60 mm) could also favour formation of the rough and porous
coating microstructure. It is expected for the particles to have a lower temperature and
velocity at the point of impact at larger spraying distances. Therefore, the lower
temperature could result in deposition of a larger number of resolidified particles, where

the lower velocity could cause higher deflection of the particles due to the stagnation flow.

3.3.1.3 Combined APS-SPS coated electrodes

Figure 3.6a to c illustrates top surface SEM images of the electrodes S3, S6 and S10 after
reduction, and Figure 6d shows the top surface image of electrode S10 before reduction.
The BSE cross-sectional micrographs of the last 50 pm near the top surface of each coating,
where the SPS layers were deposited, are also provided in the images. In all three coatings
the combined spraying technique resulted in the development of unique microstructures,
comprised of submicron-sized particles deposited by SPS on the top surface of the coatings
with micron sized features fabricated by APS. As shown in the cross-sectional images, the
SPS layers are well bonded to the beneath APS deposits in all coatings. Increase of the
electrode porosity due to the reduction of the oxides can be clearly seen by comparison
between the cross-sectional images in Figures 6¢ and d. Electrodes S6 and S10 exhibit

almost similar top surface morphologies consisting of the cauliflower-like features on top
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of the existing surface protrusions. However, for electrode S3 with a smaller number of

SPS passes, the dominant microstructure is the one fabricated by APS.

Figure 3.6- Top surface SEM and their cross-sectional BSE micrographs of the reduced
electrodes, (a) S3, (b) S6, (c) S10, and (d) unreduced electrode S10.

For these three electrodes, the high surface roughness of the already deposited APS
coatings (Figure 3.4) causes deviation of the spraying angle locally from 90° on the existing
surface asperities during deposition of the additional SPS layers, which led to the formation
of a large variation of roughness values and porosity sizes and levels in the final
microstructures [132]. The explanations given previously in section 3.1.2 on the formation

of the porous structure with a nonuniform coating thickness also apply for these electrodes.
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3.3.2 Surface area and roughness measurements

Figure 3.7 illustrates the CLSM 3D surface topographies of the coated electrodes of
scanned surface areas of about 1055x1050 pm?. Surface ratio of the electrodes (specific
area/projected area) and the average surface roughness data (S,) based on the scanned
surfaces of the electrode coatings are presented in Table 3.2. The measured surface
roughness of the sandblasted substrate was 4.6 um.

The results indicate that the APS coated electrode with the surface ratio of 4.6
demonstrated the smallest specific surface area. By addition of the submicron-sized
features on the top surface of this electrode, the surface area was increased. By increasing
the number of SPS layers, the surface area was more enhanced and the largest area was
obtained for electrode S10 with a surface ratio of 7.6. The SPS coated electrode also
exhibited a large specific surface area with the ratio of 7.3, whereas the lowest surface
roughness was obtained for this sample. This could be due to the small size of the particles
that was used to make this deposition directly on the sandblasted substrate with a low
surface roughness value, besides deposition of a larger number of passes by SPS compared
to electrodes S3, S6 and S10. The images also show that the surface peaks are more
uniformly distributed in the APS and SPS coatings compared to those deposited with the

combined method.
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Figure 3.7- CLSM top surface topography of the coated electrodes: (a) APS, (b) SPS, (c)
S3, (d) S6, and (e) S10.
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Table 3.2- Surface roughness (S,) of the Ni electrodes evaluated by CLSM.

APS SPS S3 S6 S10
Surface ratio 4.6 7.3 5.8 7.2 7.6
Sa (um) 13.4 8.5 12.9 14.4 13.4

3.3.3 Contact angle measurements

The wetting behaviour of water droplets on the coated electrodes is illustrated in Figure
3.8. The smooth nickel surface shows a contact angle of about 100° (Figure. 3.8-a). The
contact angle was reduced for the APS coating (Figure. 3.8-b) to about 67° and it was
found to be a hydrophilic surface, whereas the SPS coated electrode (Figure. 3.8-c) with a
larger contact angle of about 120° exhibited hydrophobic characteristic. For the combined
APS-SPS coated electrodes with dual scale morphology (Figures. 3.8-d, 3.8-e, 3.8-f), the
water droplets immediately spread out on the surfaces and wet the coatings during the
contact angle measurements. They showed superhydrophilic behavior with contact angles
well below 10°. Although wetting behaviour of a surface is a complex phenomenon related
mainly to the surface topology and chemistry [133], clearly three distinct wetting regimes
(hydrophobic, hydrophilic and superhydrophilic) can be identified for APS, SPS, and
combined APS-SPS coated electrodes. The wetting behaviour of the electrodes can be
explained by a combination of their surface chemistry and topography. However, since it
is a very complex phenomenon, further investigation is required to determine the effect of

each of these factors, which is beyond the scope of this study.
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Figure 3.8- Image of water droplets on coated electrode surfaces, (a) smooth

nickel surface, (b) APS, (c) SPS, (d) S3, (e) S6, and (f) S10.

3.3.4 Steady-state polarization curves

Steady-state polarization curves were recorded for all coated electrodes and a smooth
nickel electrode and are illustrated in Figure 3.9. Corresponding kinetic parameters (Tafel
slope b, apparent exchange current density jp and overpotential #) of the electrodes are
shown in Table 3.3.

All samples showed increased apparent exchange current densities compared to a
smooth nickel sample. It was expected for the electrode coated by SPS to show a higher
activity compared to the APS coated one due to its enhanced specific surface area (Table
3.2), high level of porosity and ultrafine-structured morphology. Lower jy value of this
electrode could be related to less accessible electrode/electrolyte interfaces due to the
coverage of the inner surface of the pores by hydrogen gas bubbles. It is expected that the
hydrophobic surface of this electrode reduces the tendency of the hydrogen bubbles to
separate from the electrode surface. This contributes to additional ohmic resistances, and
as a result, the overpotential is increased. Accordingly, the largest overpotential value of -

570 mV at 250 mA/cm? was obtained for this coated electrode.
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Figure 3.9- Tafel curves obtained for APS, SPS and combined APS-SPS Ni

electrodes; j is the apparent current density.

Table 3.3- Kinetic parameters obtained from the steady-state

polarization measurements.

Electrode i /0 1230

(mV/dec) (A/cm?) (mV)
Smooth Ni 101 1.5x10° -752
APS 118 3.1x10* -451
SPS 108 1.8x10* -570
S3 117 4.4x10* -439
S6 114 6.2x10* -386
S10 114 6.3x10* -418
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All three electrodes manufactured by the combined APS-SPS coating method
demonstrated higher activities compared to those produced by only APS or SPS. Their
enhanced activities could be related to their engineered surfaces with multiscale features,
and therefore, to their increased surface areas. For these electrode structures, the micron
sized features promote the surface accessibility to the electrolyte and lower the surface
occlusion by hydrogen bubbles, while the submicron-sized features enhance the surface
area of the electrodes. Such structures provide elevated electrode/electrolyte reaction sites,
and thus, offer more opportunities for the surface atoms to take part in the HER. It is worth
noting that the hydrophilic behaviour of the surfaces is expected to facilitate the bubble
ascension as the electrolyte is more likely to replace the gas bubbles. Therefore, improved
performances of these electrodes with regard to the hydrogen evolution were obtained.

The largest exchange current densities were obtained for the electrodes S6 and S10
with almost similar values of 6.2x10™* and 6.3x10™, respectively. As shown in Table 3.3,
electrode S10 demonstrated a higher 7250, which could be associated with the thickness of
the deposited SPS layer. By increasing the thickness of the SPS depositions from 6 to 10
passes, the valleys between the micron sized surface asperities formed previously by APS
start to fill up and are replaced by submicron-sized roughness as confirmed by CLSM
results in section 3.2. Hence, it would be more difficult for the generated gas bubbles to
depart from the electrode surface due to the increased possibility of their entrapment within
the fine asperities. As a result, the bubbles screen the pores, limit the electron transfer
between the electrode and the electrolyte and contribute to larger energy losses of the
electrolysis process. On the other hand, the smallest 7250 value of -386 mV was obtained
for electrode S6, which could be attributed to its surface structure and a larger roughness
value that favour easier electron transfer by creating more reaction sites for hydrogen
adsorption, and easier escape of hydrogen gas bubbles from the surface. Consequently, this

electrode showed the best electrocatalytic activity for the HER.

3.4 Conclusions

Nickel electrode coatings for the HER were deposited by APS, SPS and a combination of

both processes. To optimize the number of passes deposited by SPS for maximizing the
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efficiency of the HER, 3, 6 and 10 passes were deposited by SPS on top of the APS
deposited layers. The results indicated that the combined atmospheric and suspension
plasma spray method could be effectively used to develop high performance electrodes for
the HER. Using this method, it was shown that the addition of submicron-sized
cauliflower-like aggregates by SPS on the rough and porous surface of the APS deposited
coatings significantly increases the exchange current density and improves the
electrocatalytic activity of the electrodes. The highest electrocatalytic activity was obtained
for the electrode that was coated by the combined APS and 6 passes of SPS with the
exchange current density and overpotential (7250) values of 6.2x10* A/cm? and -386 mV,
respectively. High activity of this electrode was related to the hybrid surface features
(submicron/micron), increased surface roughness (S, = 14.4 pm) along with its
superhydrophilic behavior (with contact angles below 10°). Within such electrode
structure, the hydrogen gas bubbles are expected be easily replaced by the electrolyte and
the process energy loss due to the bubble coverage of the surface is expected to be
significantly reduced. The combined APS-SPS method could be applied to further increase
the efficiency of the electrolysis process by using materials with higher activities such as
Raney nickel or nickel molybdenum alloys. The results show that due to the hierarchical
structure associated with the combined APS-SPS coatings, the method can be effectively
applied to further increase the efficiency of the electrolysis process by using materials with
intrinsically higher activities such as Raney nickel. In addition, due to the scalability of
this method, this is a promising technology to develop highly electrocatalytic active

electrodes for industrial use.
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CHAPTER 4

ARTICLE 3: Three-Dimensional Electrode Coatings for
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Suspension Plasma Spray
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Abstract

Nickel-based electrode coatings for hydrogen production by alkaline water electrolysis
were prepared using atmospheric plasma spraying (APS) and suspension plasma spraying
(SPS) methods. To enhance the active surface area of the electrodes and to obtain various
levels of surface roughness, three-dimensional fin arrays were fabricated by masking the
surface of the substrates with wire mesh screens during APS deposition. Subsequently, SPS
top coatings were deposited on the fin-structured electrodes. The coated electrodes were
then characterized by studying their surface microstructure, topography, roughness and
electrochemical performance. The highest electrocatalytic activity with the exchange

current density of 1.8x103 A/cm? and overpotential (77250) of -336 mV was obtained for the
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electrode that was coated by the combined APS-SPS method using the mesh screen with
the smaller opening size. The high activity of this electrode is mainly attributed to the
unique micron/submicron-sized surface structure associated with the deposition of
particles through the fine mesh impacting at different angles on the fin geometry, i.e. peaks

and valleys.

Keywords: Alkaline water electrolysis, Atmospheric plasma spray, Suspension plasma

spray, Surface roughness, Wire mesh screens

4.1 Introduction

High purity hydrogen produced by alkaline water electrolysis is considered to be a
promising replacement for fossil derivative fuels [1]. In recent years, water electrolysis has
gained wide attention due to the increasing concerns about greenhouse gas emissions and
the growing demand for green and renewable energy resources [1, 2]. The produced
hydrogen can be stored and used later as an energy carrier in fuel cells or combustion
engines [8]. Nonetheless, water electrolysis is still not used for large-scale hydrogen
production, as it remains costly due to its high electricity consumption [13, 14]. Therefore,
the main challenge is to improve the energy efficiency of the electrolysis process by
minimizing the overpotentials of the cathodic (hydrogen evolution) and anodic (oxygen
evolution) reactions [13, 16]. One approach to reduce the overpotential of the hydrogen
evolution reaction (HER) is employing electrocatalysts with high intrinsic activities [21,
29]. Nickel is widely used as the electrode material for the HER because it is abundant, has
high electrocatalytic activity among non-noble metals and is stable in alkaline solutions
[20, 28, 134, 135]. Moreover, physical properties of an electrode such as its surface
structure have also substantial effect on its catalytic activity. An enhanced electrode surface
area provides a larger electrode/electrolyte interface, and thus, more reaction sites for
hydrogen adsorption/desorption [13, 27-29, 134]. The surface properties depend
substantially on the method used to prepare the electrodes.

Among various thermal spraying methods that have been used to manufacture nickel-

based electrodes, atmospheric plasma spray (APS) has shown its capability in development
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of micron and nano structured active electrode coatings for the HER [72, 98, 125, 136-
139]. In this process, the sprayed particles melt and accelerate towards the substrate within
the high temperature plasma jet. Subsequently, the deposition layers are formed by impact
and flattening of the molten droplets on the substrate at high velocities [81]. Nevertheless,
submicron- and nanosized particles cannot be used directly in APS due to the injection
difficulties they may impose to the spray system. Suspension plasma spray (SPS) based on
the injection of a liquid carrier was developed to overcome this problem. SPS process
includes injection of a suspension of solid particles into the plasma jet, atomization and
evaporation of the liquid phase, and then melting, acceleration, impact and deposition of
the particles on a substrate similar to what was explained for the conventional APS process
[84, 85, 140].

In our previous work, it was shown that electrodes with high activities could be
developed by combination of the two APS and SPS methods [137, 138]. In this combined
method, few SPS layers were deposited on already APS coated electrodes. The superior
electrochemical properties of the electrodes were mainly related to their large effective
surface areas with unique hierarchical microstructures. The dual micron/submicron-sized
surface features enhanced the electrode activity by promoting surface accessibility to the
electrolyte, providing more reaction sites for hydrogen adsorption and facilitating
hydrogen bubble release from the surface [137, 138].

In the current study, we present a novel approach for further improvement of the
electrochemical properties of the electrodes for the HER. In this work, the surfaces of the
electrodes were engineered by fabricating different macro- and microscopic levels of
surface roughness when applying the combined APS-SPS coatings. For this purpose, the
substrates were masked by wire mesh screens during the coating processes and the
possibility of forming three-dimensional fin arrays on their top surfaces, through the small
openings of the mesh screens, was investigated. Previously, Cormier et al. [141] developed
such near net shaped fin arrays by coating aluminum powder through the wire mesh screens
using cold spray for manufacturing compact heat exchangers. Similar methodology has
also been used by the authors to modify the surface structure of the electrodes for HER
using high velocity oxy-fuel (HVOF) process [125]. By producing electrode coatings using

the combined APS-SPS method and the mesh screens a considerable improvement in
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electrode overpotential is expected, as the developed structural features enhance the
electrode/electrolyte contact area at both macro- and microscopic scales. The performance
of the electrodes was studied by investigating their microstructural properties and steady-

state polarization curves.

4.2 Material and methods

Commercially available powders namely nickel Metco S6C-NS (Oerlikon Metco, USA)
and nickel oxide FCM NiO-F (fuelcellmaterials.com, USA) were used to coat Inconel 600
substrate coupons with the surface dimensions of 25x25 mm?. The particle size distribution
of the starting powders was determined to be between 45 to 90 um with D50 of 69 um and
100 nm to 11 um with D50 of 730 nm for nickel and nickel oxide, respectively, using a
laser diffraction particle size analyzer (Malvern Instruments Ltd., England) [137].

Nickel electrode coatings were prepared using a 40 kW Sulzer Metco 3MB
atmospheric plasma spray gun mounted on a 6-axis robotic arm. The electrodes were
coated at two distinct stages. At the first stage, the substrate coupons were masked by plain
woven steel wire mesh screens (McMaster-Carr, USA) with two different mesh sizes. The
mesh screens were varied in their wire diameter and opening size from one to another. A
schematic view of a mesh screen that was used is illustrated in Figure. 4.1. Table 4.1 shows
the wire diameter and opening size for each mesh. For both samples, the standoff distance
from the mesh to the substrate was fixed at | mm. The masked coupons were then coated
under similar coating conditions by 40 passes of APS using nickel powder. Figure 4.2

shows a schematic view of the APS process and the developed coating using a mesh screen.
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Figure 4.1- A schematic view
of a mesh screen used in the

coating processes.

Table 4.1- Mesh screens dimensions used for masking the substrate coupons in APS.

Mesh name Opening size Open area Wire diameter Number of
(mm) (%) (mm) openings/sample
Coarse mesh 1.91 56 0.64 100
Fine mesh 0.56 51 0.23 1024
Powder

injector

Powder feeding line

Sample holder
Cooling &
power lines

Substrate
Mesh

screen

Plasma spray
torch

Input gas

Coating

Figure 4.2- Schematic view of the APS process and the developed coating

using a mesh screen.
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At the second stage, the mesh screens were removed of the APS coated electrodes

from the first stage, and the samples were coated by additional passes of SPS using nickel

oxide suspension. The suspension was prepared by mixing 10 wt.% of nickel oxide with 1

wt.% of polyvinylpyrrolidone (PVP) as the dispersing agent in ethanol. The details of

suspension preparation and the injection setup for the SPS process is explained in our

previous work [136]. Table 4.2 shows the plasma spraying parameters used in APS and

SPS coating processes. The parameters were selected based on our previous results [136,

137]. The samples were named according to Table 4.3 throughout this work.

Table 4.2- Spraying parameters used in APS and SPS processes.

Process  Substrate Powder/suspension  Plasma gas Torch Current Number
standoff feed rate flow traverse (A) of passes
distance (Ar/Hy) speed

(mm) (NLPM) (m/s)
APS 80 15 g/min 60/2 0.5 500 40
SPS 60 35 mL/min 50/3 0.5 450 6

Table 4.3- Corresponding reference names for the

investigated plasma sprayed coated electrodes.

Ref. name Description

CM APS, Coarse mesh screen

FM APS, Fine mesh screen

CMS APS-SPS, Coarse mesh screen
FMS APS-SPS, Fine mesh screen

The velocity and temperature of the inflight particles were measured by a DPV-

eVOLUTION particle characterization system (Tecnar Automation Ltd., Canada) for the

APS process at the spray distance. The substrate temperature was recorded by an Infrared

camera (FLIR A320, FLIR Systems Inc., USA) and a pyrometer (M67S, LumaSense
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Technologies, USA) during APS and SPS, respectively. As the coatings were oxidized due
to the high flame temperature of APS at atmospheric conditions and deposition of nickel
oxide in SPS, the electrodes needed to be reduced. Oxygen reduction of the samples was
carried out in a tube furnace by hydrogen gas at 650 °C for 1 h, with 2 °C/min heating and
cooling rates.

To study the cross-sections of the coatings, the samples were cut using a precision
cut-off machine (Secotom-15, Struers, Denmark), cold mounted in epoxy and then polished
by standard metallographic procedures to a final finish of 0.05 um. An optical microscope
was then used to study the cross-sections of the samples. A 3-D Confocal Laser Scanning
Microscope (CLSM) (LEXT-OLS4000, Olympus Corporation, Japan) with a Z-axis height
resolution of 10 nm and a lateral X-Y resolution of 120 nm was used for three dimensional
topography imaging of the coatings and to evaluate the roughness of the sprayed samples.
The top surface morphology of the coatings was observed by a scanning electron
microscope (SEM) (S-3400N, Hitachi High Technologies America, Inc., USA) operating
at 15 kV.

A standard three-electrode cell was used for the electrochemical measurements. In
this setup, the coated samples as the working electrode, a platinum wire as the counter
electrode and an Hg/HgO reference electrode saturated in 1 M KOH (-0.924 V vs.
Hg/HgO) were fixed in a Pyrex cell containing a 1 M NaOH electrolytic solution. The
electrolyte was bubbled with nitrogen throughout the whole measurements to remove its
oxygen content. All measurements were carried out at room temperature (25 °C). Before
each measurement, surface oxide layers were removed by pre-polarization of the working
electrode at -1.6 V vs. Hg/HgO for 1800 s. Tafel polarization curves in the current range
of 10 pA to 1 A were obtained using a SRS potentiostat (EC301, Stanford Research
Systems, Inc., USA). The kinetic parameters including the Tafel slope, b, and exchange
current density, jy, were determined from extrapolation of the linear part of the Tafel curves
to the equilibrium potential. The overpotential of the electrodes was measured at an applied

current density of 250 mA/cm? in the galvanostatic mode.
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4.3 Results and discussion

4.3.1 Microstructural characterization

4.3.1.1  Surface morphology

Figure 4.3 shows SEM overview images of the coatings for electrodes CM and FM. The
fins present trapezoidal prism geometry in CM, whereas they are dome shaped in FM. Both
coatings present highly porous structures, specifically in the grooves formed under the

mesh wires as well as on the slopes of the fins.

underneath mesh ware
L R

% -

Figure 4.3- SEM overview of the fin arrays deposited by APS (a) CM and (b) FM.

SEM micrographs of the top surfaces of the fins are presented in Figures 4.4-a and b
for electrodes CM and FM, respectively. It can be seen that the microstructure of electrode
CM is comprised of a combination of flattened splats, fragmented splats and resolidified
droplets. The diameter of some of the splats are as large as 100 pm suggesting that the
largest particles were fully melted under the spraying conditions. For electrode FM, only
few particles are deposited on the top surface of the fins due to smaller size of the wire
mesh openings. For this sample, clogging of some of the mesh screen openings by nickel
powder was noted after deposition of 40 passes, which could be related to its small opening
size compared to the particle size that was used. For both coatings the substrate temperature

during the coating process was measured in the range of 90 to 165 °C. Temperature and
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velocity of the inflight particles at the point of impact were measured 2145+204 °C (SD)
and 109428 m/s (SD), respectively. Impingement of the molten particles at high
temperature and velocity to the low temperature substrate could have caused the formation
of splashed splats on the surfaces of these fins. Figures 4.4-c and d show the SEM images
of the depositions underneath the mesh wires for electrodes CM and FM, respectively. The
coatings are composed of well-connected fine resolidified splashed droplets and
agglomerates with irregular shapes. A high level of porosity can be identified between the
agglomerates. The particles that were deposited to form the grooves of electrode CM (<50
pum) seem to be smaller compared to electrode FM (<80 pum). This could be due to the
greater thickness of the coarse mesh wires, and thus, their higher shadowing effect that
allows penetration and deposition of mainly the smaller particles underneath the mesh

wires during the coating process.

Figure 4.4- SEM images of the coated electrodes deposited by APS (a) top surface of a fin
in CM, (b) top surface of a fin in FM, (¢) underneath the mesh wire in CM, and (d) underneath

the mesh wire in FM.
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Figure 4.5-a to d illustrates the SEM images of the samples coated by the combined
APS-SPS process. In both electrodes cauliflower like submicron-sized features were added
by SPS on top of the micron sized surface asperities coated by APS. As it is expected, the
top surface morphology of the fins (Figures. 4.5-a and b) is similar to what was observed
before for the flat electrode surface, coated by the combination of APS and 6 passes of SPS
[137]. The substrate temperature during the coating process was measured in the range of
200 to 220 °C in the first SPS pass and 390 to 450 °C in the last SPS pass. The relatively
low substrate temperature for SPS is due to the large standoff distance (6 cm). At this spray
distance, a large fraction of the particles were resolidified prior to the impact due to their
small size. Therefore, it is expected for these coated surfaces to display a higher ratio of
porosity and roughness values compared to those formed solely by APS. In addition,
untreated and poorly treated particles in plasma jet fringes, voltage fluctuations of the
plasma jet, different trajectory of the particles due to the wide range of particle size
distribution, evaporated particles, stagnation flow on the substrate and reduction of the
oxides could also have yielded the highly porous microstructures of these electrodes [107,

130, 131, 137].
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Figure 4.5- SEM images of the coated electrodes deposited by the combined APS-SPS (a)
top surface of a fin in CMS, (b) top surface of a fin in FMS, (c) underneath the mesh wire in

CMS, and (d) underneath the mesh wire in FMS.

4.3.1.2 Cross-sectional studies

Figure 4.6 shows the cross-sectional images of the coatings deposited by APS and
combined APS-SPS. A good adhesion between all the coatings and the substrates was
obtained. The thickness of the fins at their peaks is approximately 550 pm for electrodes
CM and CMS, and 450 um for electrodes FM and FMS. A high level of porosity can also
be observed in all coatings. Formation of porous structures could be related to the selected
spraying conditions. The pores during APS process are mainly formed in splat boundaries
and can be attributed to the splashing of the splats at high impact temperatures and
velocities. In addition, gas entrapment underneath the splats at low substrate temperatures
could also promote splashing of the impinging droplets and the formation of interlamellar

pores [128, 129, 137]. It can be seen from the figures that the thickness of the deposits
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underneath the mesh wires is approximately 80 pm (Figures. 4.6-a and b) and 200 um
(Figures. 4.6-c and d) when coarse and fine mesh screens were used, respectively. When
the coarse mesh screen with larger wire diameter was used, less particles could reach
beneath the wires and consequently deposit on the substrate. On the contrary, material flow
under the mesh wires was facilitated when fine mesh screen with smaller wire diameter
was used. For the coatings formed by APS (Figures. 4.6-a and c¢) smoother surfaces can be
observed, whereas the coating surfaces exhibit higher roughness when submicron sized
features were added by SPS (Figures. 4.6-b and d). This can also be clearly seen in the
magnified images of the coatings formed using the coarse mesh screen shown in insets in
Figures. 4.6-a and b. Since the SPS layers are well-bonded to the beneath APS coatings,

no clear boundary could be observed between them.

68



o

s e T

S A
fimiss, s it

Figure 4.6- Optical microscopy cross-sectional images of electrodes (a) CM, (b)

CMS, (c) FM, and (d) FMS. The insets show magnified views.
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4.3.2 Surface roughness

Three dimensional surface topographies of the coated electrodes for the scanned surface
areas of about 2930x2940 pum? are illustrated in Figure 4.7. Table 4.4 presents the average
line roughness data (R,) based on 7 measurements at each area and the surface ratio
(specific area/projected area) based on the scanned surfaces of the electrodes. As shown in
Table 4.4, a large variation of the surface roughness was obtained for each coating, which
could be related to the impact and deposition of the particles at different angles on top of
the fins, slopes of the fins and in the grooves due to the different heights and slopes of the
previously deposited APS layers. A roughness value of 13.6 pym was obtained on the top
surface of the fins for electrode CM, whereas a lower roughness of 8.7 um was obtained
for electrode FM. Contrary to the top surfaces, roughness of the coatings deposited
underneath the mesh wires and on the slopes of the fins were lower for CM compared to
FM. For these APS coated electrodes, the highest roughness value of 17.6 um was obtained
for the fin slopes of electrode FM. This could also be related to the lower thickness of the
fine mesh wires, and therefore, penetration and deposition of larger particles underneath
the wires. In addition, the possibility of the inflight particles to impact and deposit on the
surface at different angles is expected to be higher for electrode FM due to the larger
numbers of fins per unit area, and thus, it contributed to the increased surface roughness

values.
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Figure 4.7- CLSM top surface topography of the electrodes: (a) CM, (b) FM, (c) CMS, and

(d) FMS.

Table 4.4- Line roughness (R,) and surface ratio values of the nickel coated electrodes evaluated

by CLSM.
Top surface of the Under mesh Slopes of the
) Surface
Electrode fins wires fins _
ratio
Ra (um)
CM 13.6 8.9 14.3 59
FM 8.7 93 17.6 7.1
CMS 15.9 10.8 16.9 6.1
FMS 10.8 10.9 18.3 8.4
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For both mesh sizes, the electrode surface roughness and specific surface areas were
increased by deposition of the additional SPS layers (Table 4.4). The increased values
could be related to the addition of the submicron-sized features on the top surface of these
electrodes with micron sized asperities. Following the same trend as in the case of APS
coated electrodes, the highest roughness of 18.3 um was obtained for electrode FMS on
the fin slopes. This electrode also showed the highest specific surface area with the surface
ratio of 8.4. Higher surface ratio for the electrodes coated using the fine mesh screen are
not only induced by the larger number of the fins (macroscopic features) but also by the
microscopic surface features produced by deposition of the particles, specifically on the fin

slopes. This matter is discussed more in details in the next section (section 3.3).

4.3.3 Electrochemical measurements

Figure 4.8 presents the steady-state polarization curves obtained for the coated electrodes
to evaluate the effect of the extended surface area (i.e. fins) as well as deposition of
micron/submicron-sized particles on the activity of the electrodes. The apparent values of
kinetic parameters in the HER (apparent exchange current density jo, Tafel slope b and
overpotential #) are shown in Table 4.5. These values are calculated considering the
projected surface area of the electrodes. The results are then compared to those previously
obtained for the electrodes coated by APS and APS-SPS processes without using any mesh

screens as well as a nickel electrode with a smooth surface (Table 4.5) [137].
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Figure 4.8- Steady-state polarization curves obtained for

electrodes CM, FM, CMS, and FMS based on their

projected surface area; j is the apparent current density.

Table 4.5- Kinetic parameters obtained from the steady-state

polarization measurements

based on the electrodes

projected surface areas. The values marked by an asterisk

(*) are extracted from the previous results [137].

Electrode ’ Jo 120
(mV/dec)  (A/cm?) (mV)
CM 147 9.1x10* -396
CMS 159 1.3x1073 -350
FM 152 1.4x1073 -366
FMS 156 1.8x10°3 336
APS” 118 3.1x10* -451
APS-SPS* 114 6.2x10™ -386
Smooth Ni* 101 1.5x10° -752
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It can be seen that the Tafel slopes of the electrodes coated using mesh screens were
increased compared to the smooth surface nickel sample and the electrodes coated using
no mesh. However, they showed improved electrocatalytic activities for the HER by
demonstrating increased exchange current densities and lower overpotentials. This is
probably due to the increased surface areas available for the HER due to the fin geometries,
which yielded to superior electrochemical performances for a given surface. The highest j
value of 1.8x10” A/cm? and the lowest 7250 of -336 mV were obtained for electrode FMS.
A contribution to this high activity is certainly the large engineered electrode surface area
with a high roughness value (Table 4.4) composed of macroscopic fin arrays with
micron/submicron-sized features produced by the combined APS-SPS process using the
fine mesh screen. Electrode CM was found to be the electrode with the lowest activity
among those coated in this work with jy value of 9.1x10* A/cm? and 7250 value of -396
mV. Although this electrode showed a higher exchange current density than the APS-SPS
electrode coated without using mesh, it showed a lower catalytic activity for the HER due
to its larger Tafel slope and higher #2s0.

In order to consider the net effect of the microscopic structure and the associated
surface roughness on the improved activities, the exchange current densities were corrected
by removing the effect of the macroscopic surface. Accordingly, Figure 4.9 and Table 4.6
present the normalized steady-state polarization curves and the exchange current densities,
respectively, based on the calculated corrected surfaces.

The results show that jy values were reduced slightly in all samples compared to the
cases using the projected area (i.e. Table 4.5). However, they are still at least two times
higher than their APS and APS-SPS electrode counterparts coated using no mesh.
Therefore, it can be concluded that the macroscopic structure of the fins had a minor effect
on the catalytic activity of the electrodes for the HER, and the activity was mainly increased
due to the microscopic (and possibly nanoscopic) roughness levels and the enhanced
surface areas induced by the spraying processes. For these electrodes, various roughness
levels were obtained on the top and slopes of the fins as well as underneath the mesh wires
owing to the shadowing effect of the mesh wires and the shape of the fins. The produced
surface structures are expected to not only provide more reaction sites for hydrogen

adsorption and desorption, but also facilitate the detachment of the produced bubbles from
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the electrode surface and the pores. This suggests that the surface structure is the main

factor determining the rate of the HER and activity of these electrodes.
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Figure 4.9- Steady-state polarization curves obtained for
electrodes CM, FM, CMS, and FMS based on their
corrected projected surface areas; j is the apparent current

density.

Table 4.6- Kinetic parameters obtained from the steady-state

polarization measurements based on the electrodes corrected projected

surface areas.

Electrode CM CMS FM FMS

jo(A/lem?)  7.5x10%  9.5x10*  1.1x10°  1.4x107

As it can be seen in Table 4.1 the percentages of the open areas are very close for

coarse and fine mesh screens (56% for the coarse mesh vs. 51% for the fine mesh).

Therefore, although electrode CM showed a higher roughness on the top surface of the
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fins, considering the larger roughness values of the surfaces under the mesh wires and on
the fin slopes for electrode FM (see Table 4.4), an elevated total surface roughness is
acquired for this electrode. As a result, a higher exchange current density was obtained for
electrode FM independent of the macroscopic surface that was added by the fins. In
addition, the submicron-sized features added to the surface by SPS further increased the
activity for this electrode and FMS with jy value of 1.4x10 A/cm? was characterized as

the best electrocatalysts for the HER.

4.4 Conclusions

APS and the combined APS-SPS coating processes were used to fabricate nickel electrode
coatings with enhanced electrocatalytic activities for the HER. For this purpose, two mesh
screens with different wire sizes and mesh densities were used to mask the substrates
during APS process. Consequently, different macro- and microscopic levels of surface
roughness were created by manufacturing three-dimensional fin arrays. The results showed
different roughness values and microstructures on the top of the fins, slopes of the fins and
under the mesh wires. The electrode that was coated using the mesh with thinner wire
diameter and smaller opening size showed a higher specific surface area, and accordingly,
a better electrocatalytic activity with jy and #7250 values of 1.4x107 A/cm? and -366 mV,
respectively. The activity of this electrode was further increased by addition of submicron-
sized features using SPS process with the highest jo and lowest #7250 values of 1.8x1073
A/em? and -336 mV, respectively. The increased activity was attributed to the enhanced
specific surface area with the surface ratio of 8.4 besides the highest roughness values of
18.3 pm and 10.9 pm that were obtained on the fin slopes and under the mesh wires,
respectively. This electrode still exhibited the highest electrocatalytic activity with jy value
of 1.4x107 A/cm?, even when the effect of the macroscopic features introduced by the fin
geometries was eliminated. The results clearly emphasize that the microscopic surface
roughness created by the spraying processes plays the dominant role in determining the
activities of the electrodes. Producing electrodes with various roughness levels using the
combined APS-SPS method and mesh screens provides an opportunity to considerably

improve their performances for the HER not only by enhancing the electrode/electrolyte
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interfaces but also by facilitating the hydrogen bubble separation from the electrode
surface. This introduced methodology could be applied using nickel-molybdenum or
Raney nickel alloys to further increase the intrisic activity of the electrodes besides their

apparent activities.
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CHAPTER 5

ARTICLE 4: Engineered Three-Dimensional Electrodes by

HVOF Process for Hydrogen Production

M. Aghasibeig, C. Moreau, R. Wuthrich, A. Dolatabadi

Department of Mechanical and Industrial Engineering, Concordia University
Montreal, QC H3G IMS8, Canada

To be submitted to the Journal of Thermal Spray Technology

Abstract

High velocity oxy-fuel process was used to prepare nickel electrode coatings for hydrogen
production by alkaline water electrolysis. To further increase the active surface area of the
electrodes, pyramidal fin arrays with two different sizes were deposited on the top surface
of the electrodes using mesh screen masks. The surface microstructure, topology and
roughness of the coatings were studied using scanning electron microscope, optical
microscopy and confocal laser scanning microscopy. Steady-state polarization curves were
used to evaluate the electrocatalytic activity of the electrodes. The performance of the
electrodes coated using mesh outperformed the electrode deposited without using mesh. In
addition, the electrode that was coated using the coarse mesh was characterized with the
highest activity with the exchange current density and overpotential values of 9.3x107

A/ecm? and -306 mV, respectively. Formation of different roughness levels due to the
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combination of normal and off-normal impact of the coating particles on the surface of the
fins was identified as the main factor for the increased activity of this electrode towards

the hydrogen evolution reaction.

Keywords: Alkaline water electrolysis, High velocity oxy-fuel, Surface roughness,

Pyramidal fins, Nickel electrodes

5.1 Introduction

In recent years, hydrogen evolution reaction (HER) has been extensively studied due to the
rising demand for replacing fossil fuels with green and renewable energy alternatives [1,
2]. Although water electrolysis is considered to be a sustainable route to obtain high purity
hydrogen, it is still not used for large scale hydrogen production in industrial applications.
This low market is mainly associated with the high costs of the electrolysers and high
energy consumption of the electrolysis process [13, 14]. Therefore, the main challenge for
further development of water electrolysis is to reduce the cost of the catalysts and diminish
the cell energy losses due to the overpotentials [13, 16]. Platinum group metals represent
the highest electrocatalytic activity for the HER, however, they are rare and expensive and
need to be replaced by other materials with high catalytic activities [20]. Nickel has been
widely investigated as the electrode material since not only it is electrocatalytically active,
but also it has high stability in alkaline solutions. It also has much lower costs than the
noble metals [13, 20, 24]. Its lower electrocatalytic activity (compared to platinum group
metals) could be compensated by increasing its intrinsic activity, for instance by using
nickel-based alloys, or by improving its apparent activity by enhancing the ratio of the real
to geometric surface area. The real surface area of an electrode could be enlarged by
controlling the surface morphology, which depends on the method of fabrication [20, 21,
27-29, 119, 136].

Thermal spraying processes have shown their capability to deposit
electrocatalytically active nickel-based electrode coatings for the HER with large surface
areas [26, 73, 136, 139, 142]. Among different thermal spraying techniques, high velocity

oxy-fuel (HVOF) is expected to be a promising method for producing active electrode
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coatings for the HER. In general, HVOF characterized by high particle velocity and
relatively low temperatures, allows deposition of surface coatings with low-oxide contents
[77]. The microstructure of the coatings could be controlled by interplay of the spraying
parameters, specifically by the ratio between the oxy/fuel gases and their flow rates [143].

The present study investigates the possibility to develop active electrode coatings for
the HER using HVOF. The spray parameters were selected to ensure deposition of solid
state particles on the surface of the electrodes, and to resemble the coatings deposited by
the cold spray process, developed in a previous study by the authors [139]. In addition, the
surface texture of the electrodes was engineered to create three-dimensional pyramidal fin
arrays by masking the substrates, using wire mesh screens during the coating process. It is
expected that the manufactured unique electrode structures provide more reaction sites for
the HER due to the higher electrode surface areas generated by the masking method and
the spraying process, as observed recently in structured plasma sprayed electrode surfaces
[144]. The specific morphology and low oxide content of HVOF coatings combined with
the formation of three-dimensional fin arrays has the potential to further increase the
activity of the electrodes for the HER. The influence of the mesh density on the

microstructure and electrocatalytic activity of the coatings was investigated.

5.2 Material and methods

Nickel Metco 56C-NS (Oerlikon Metco, USA) powder with spherical morphology, shown
in Figure 5.1-a, was used as the feedstock powder to coat sand blasted Inconel 600 substrate
coupons with the dimensions of 25 X 25 x 7 mm?®. The powder size distribution,
characterized by a laser diffraction particle size analyzer (Malvern Instruments Ltd.,
England), was determined to be 45 to 90 pm with the mean particle size (d32) of 67 um.

Figure 5.1-b shows the particle size distribution of the feedstock nickel powder.
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Figure 5.1- (a) SEM morphology and (b) histogram of the particle size distribution of the

feedstock powder.

Deposition of the coatings was carried out using a 113 kW Diamond Jet HVOF gun
(model 2700DJM, Oerlikon Metco, USA). For all the experiments, oxygen and propylene
were used as the oxy-fuel mixture with flow rates of 170 and 50 SLPM, respectively. In
addition, the air flow was 320 SLPM. The coatings were deposited at a powder feeding
rate of 25 g/min, a constant spray distance of 24 cm with the robot transverse speed of 1
m/s and 3 mm step between each torch passage. The spraying parameters were selected to
reduce the temperature of the spray particles for deposition of solid state particles,
minimize oxidation and create rough surfaces. A total number of 100 passes were deposited
on each sample. In addition to the case of bare substrate, woven steel wire mesh screens
(McMaster-Carr, USA) with two mesh densities were placed at a distance of 1 mm from
the substrate. Table 5.1 presents the dimensions of the two screens used in this work. A
schematic view of the HVOF process and the deposited coating under a mesh screen is

shown in Figure 5.2.
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Figure 5.2- Schematic view of the HVOF process and the developed coating using a mesh screen.

Table 5.1- Dimensions of the mesh screens used for masking the substrates in the coating process.

Mesh name Opening size ~ Open areca  Wire diameter Number of openings
(mm) (%) (mm) per sample

Coarse mesh 1.91 56 0.64 100

Fine mesh 0.56 51 0.23 1024

The substrate temperature was measured during the spraying process, using an
Infrared camera (model FLIR A320, FLIR Systems Inc., USA). To characterize the cross-
sections of the coatings, they were cut vertically across and cold mounted in epoxy. The
samples were then ground and polished to a final finish of 0.05 pm diamond suspension to
obtain mirror like surfaces. The cross-sections were studied using an optical microscopy.
A scanning electron microscope (SEM) (model S-3400N, Hitachi High Technologies
America, Inc., USA) operating at 15 kV was used to study the morphology of the starting
powder and the top surface of the coatings. The surface topography and roughness of the
electrodes were evaluated using a LEXT three-dimensional confocal laser scanning
microscopy (CLSM) (model OLS4000, Olympus Corporation, Japan) with a Z-axis height
resolution of 10 nm and a lateral X-Y resolution of 120 nm.

The electrochemical measurements were carried out using a three electrode setup at
room temperature (25 °C). The working electrode was the coated sample, the counter
electrode a platinum wire and the reference electrode Hg/HgO saturated in 1 M KOH (-
0.924 V vs. Hg/HgO). Oxygen was removed from the electrolyte by bubbling nitrogen
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throughout the whole measurements. The steady-state measurements were carried out
using a SRS potentiostat (model EC301, Stanford Research Systems, Inc., USA) in the
current range of 10 pA to 1 A, after the working electrode was pre-polarized at -1.6 V vs.
Hg/HgO for 1800 s to remove the surface oxides. The linear part of the polarization curves
were extrapolated to the equilibrium potential to evaluate the kinetic parameters including
the exchange current density, jo, and the Tafel slope, . The electrode overpotentials were

measured at an applied current density of 250 mA/cm? in the galvanostatic mode.

5.3 Results and discussion

5.3.1 Microstructural studies

Figure 5.3-a shows the top surface SEM image of the coating deposited without using a
mesh. The presence of unmelted particles embedded in a matrix of partially and fully
molten particles is evident on the top surface of this coating. The final spherical and
hemisphere shapes of the deposited particles feature the low temperature and velocity of
the inflight particles. This could be attributed to the low gas temperature due to the rather
low flow rates of the fuel gas and oxygen (compared to nominal operating conditions of a
typical HVOF gun). Considering the size of the deposited particles (Figure 5.3-a), it can be
concluded that the particles with diameters larger than 70 um were those that could not
fully melt under the selected spraying conditions.

In the cross-sectional view of this coating shown in Figure 5.3-b, the splat/splat
boundaries with few pores between the stacked particles could be clearly discerned. The
coating thickness is approximately 650 um, suggesting a low deposition efficiency for 100
passes considering the size of the spray particles. For the partially melted particles, the
molten part spreads well on the surface of the substrate or on the previously deposited layer
upon their impact, while the unmelted portion forms a hemisphere [145]. However, if the
particle is unmelted, there is a great possibility that it rebounds from the surface, which
contributes to a poor intersplat adhesion and low deposition efficiency [145]. The substrate
temperature was measured 53 °C for the first pass and 146 °C for the last pass during the

deposition process. This relatively low substrate temperature, even when the coating
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temperature is increased due to the repeated traverse of the gun, results in less oxidation of
the coating because of the rapid cooling rate of the deposited particles. For this coating,
oxidation amount is expected to be very low as the particles were not fully melted owing
to the low gas temperature, and it could not be detected by XRD as shown in the pattern in
Figure 5.4. This coating microstructure is very similar to what was observed before for the
electrode coatings formed by deposition of solid state particles using cold spray process

[139].

Figure 5.3- Micrographs of the HVOF coated electrode formed without using a mesh, (a)

SEM of the top surface and (b) cross-section.
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Figure 5.4- XRD pattern of the HVOF coating deposited

without using a mesh screen.
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SEM overview images of the coatings fabricated using mesh screens are illustrated
in Figure 5.5. The generated fins present trapezoidal prism geometry when the coarse mesh
(Figure 5.5-a), and pyramidal arrays when the fine mesh (Figure 5.5-b) were used to mask
the substrates. Deposition of well-developed pyramids, when the substrate was masked by
the fine mesh results from its small opening size. Formation of the pyramidal shapes could
be related to the deposition of the solid state particles, which was similarly observed by
Cormier et al. [141, 146] when cold spray process was employed to manufacture fin arrays
for compact heat exchanger. However, if the particles were fully melted, for instance by
using plasma spray [144], the pyramidal shape of the fins could not be obtained. For both
samples, the images clearly show that the obtained microstructures were varied on the fins

and underneath the mesh wires.

Figure 5.5- SEM overview of the fin arrays developed by HVOF by using (a) coarse and

(b) fine mesh screens.

The SEM micrographs of the top surface of the fins and underneath the mesh wires
of each sample coated using mesh are shown in Figure 5.6. For the electrode coated using
the coarse mesh (Figure 5.6-a), the deposition morphology on the top surface of the fins
resembles what was observed before for the sample coated without using a mesh. Due to
the small opening size of the fine mesh screen, only few particles were deposited on the
top of the fin (Figure 5.6-c). In addition, underneath the mesh wires, smaller molten and

fragmented particles could penetrate and deposit, which formed a network of fine
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agglomerates with sizes between 5 to 40 um, encompassing a high level of porosity (Figure

5.6-b and d).

Figure 5.6- SEM images of the electrodes coated by HVOF when mesh screens were used
(a) top surface of a fin, coarse mesh, (b) underneath the mesh wire, coarse mesh, (c) top

surface of a fin, fine mesh, and (d) underneath the mesh wire, fine mesh.

The cross-sectional images of the coatings, shown in Figure 5.7, exhibit a good
bonding between the coatings and the substrate. The fins present a lower level of porosity
compared to the coatings deposited underneath the mesh wires, which are highly porous.
The fin thickness was measured approximately 800 and 470 um for the coatings deposited
using coarse and fine mesh screens, respectively. The reduced thickness of the coating
deposited using the fine mesh (Figure 5.7-b) is related to the higher shadowing effect of
the mesh wires due to the higher wire density per unit area. In addition, the coating
deposited underneath the wires of the fine mesh (Figure 5.7-b), present a higher thickness

of 80 um, which is associated with the easier material flow beneath the wires with the
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smaller diameter, and thus, more deposition of the particles. The coating thickness under

coarse mesh wires was measured 50 pm.

00 pm

Figure 5.7- Optical microscopy cross-sectional images of

electrodes when (a) coarse and (b) fine mesh screens were used.

5.3.2 Surface roughness

Figure 5.8 shows the 3-D surface topographies of the electrodes captured by CLSM for the
scanned surface areas of about 3500x3500 um?. The average line roughness values (R) of
the scanned surfaces, including the top of the fins, slope of the fins and underneath the
mesh wires for the samples coated using mesh screens, based on 7 measurements, are

presented in Table 5.2.
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Figure 5.8- CLSM top surface topography of the HVOF coated electrodes using (a) no mesh,

(b) coarse mesh, and (c) fine mesh. The average roughness for the sample coated without

using mesh was measured 20.2+0.7 pm.

Table 5.2- Line roughness (R,) values of the HVOF coated electrodes evaluated by CLSM.

R4 (pm)
Electrode
Top surface of the fins  Slopes of the fins ~ Under the mesh wires
Coarse mesh 19.7+1.6 12.7+£2.3 6.7+1.0
Fine mesh - 10.0+£0.8 5.7£0.5

The large variation of the surface roughness at different areas of each coating is
associated with the impact and deposition of the coating particles at different impingement
angles with respect to the substrate due to the formation of the fins. The influence of the

spray angle on the deposition characteristics and microstructure have been investigated by
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several researchers [147-150]. When no mesh was used, the majority of coating particles
impact on the surface perpendicularly to form the deposition. Since a large number of the
particles were partially melted or still in the solid state upon impact, the surface roughness
mainly replicated the profile of the starting powder. Consequently, this sample showed the
highest surface roughness value of 20.2+0.7 um. The same mechanism applies on the top
surface of the fins when coarse mesh screen was used. It is worth noting that the roughness
on top of the fins formed by using the fine mesh could not be measured as only a few
particles (in some cases only one particle) were deposited on the peaks. Nevertheless, on
the slopes of the fins the impact direction did not remain constant and the particles hit the
surface at off-normal angles, as a result, a variation of the deposition surface structure was
observed. The reduced roughness values at the slopes could be attributed to the erosive
effect of the unmelted particles when they impact and rebound at decreased angles on the
previously deposited roughness peaks [147, 148]. For both coated samples using mesh
screens, the lowest surface roughness was obtained for the area underneath the mesh wires.
This could be mainly related to the penetration and deposition of fully molten particles and

smaller splats under the mesh wires.

5.3.3 Electrochemical measurements

The steady-state polarization curves obtained for the HVOF coated electrodes are shown
in Figure 5.9. Table 5.3 shows the apparent exchange current density, jo, Tafel slope, b,
and overpotential, #, values of the electrodes calculated based on their projected surface
areas. Although larger Tafel slopes were attained for the coated electrodes compared a
smooth surface nickel electrode, they showed much better catalytic activities for the HER,
presented by their higher exchange current densities and smaller overpotentials. The higher
activities could be attributed to their enhanced specific surface areas obtained due to the
developed microstructures by the spraying process, as well as the macrostructures featured

by the fins.
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Figure 5.9- Steady-state polarization curves obtained for
electrodes coated using no mesh, coarse mesh, fine mesh and a
smooth nickel electrode based on their projected surface areas;

J is the apparent current density.

Table 5.3- Kinetic parameters obtained from the steady-state

polarization measurements based on the projected surface areas

of the electrodes.

-0.25

b

Jjo 1250

Electrode
(mV/dec) (A/ecm?) (mV)
Smooth Ni 112 2.0x10° -724
No mesh 174 3.9x1073 -346
Coarse mesh 168 9.3x1073 -306
Fine mesh 182 6.1x107 -354

For the electrode coated using no mesh a jy value of 3.9x10 A/cm? was obtained,

which is more than three orders of magnitude higher than a smooth nickel surface. This
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significant improvement of the exchange current density is related to the high roughness
value achieved for this electrode. The results show that the activity was further improved
when mesh screens were applied to mask the substrates. It is believed that the three-
dimensional deposited surfaces engineered by formation of the fins yielded to the superior
electrochemical performances. The activity was raised by increasing the mesh size, and the
electrode coated using the coarse mesh was characterized as the electrode with the highest
activity with jy value of 9.3x10 A/cm? and 7250 of -306 mV.

To study the net effect of the surface roughness on the electrocatalytic activities
(independent of the macroscopic structure), the apparent surfaces were corrected by
inclusion of the area added by the fins as only the microscopic surface features exist.
Subsequently, the steady state-polarization curves and exchange current densities were

calculated for the corrected electrode surfaces, and the results are shown in Figure 5.10.
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Figure 5.10- Steady-state polarization curves obtained for
electrodes coated using no mesh, coarse mesh, fine mesh and a
smooth nickel electrode based on their corrected surface areas;

Jj 1s the apparent current density.
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The exchange current densities were evaluated to be 6.7x107 and 4.1x10 A/cm? for
the electrodes deposited using the coarse mesh and fine mesh, respectively. The results
indicate that jy values were diminished when only the microscopic microstructure was
taken into account by using the corrected surface areas for calculation of the apparent
exchange current densities. The obtained jy values are similar for the electrodes coated
using the fine mesh screen and the one coated without using mesh. This leads to the
conclusion that the macroscopic surface added by the fins geometry was the main effective
parameter that contributed to the enhanced electrocatalytic activity of the sample coated
with the fine mesh. In addition, it is expected that the lower roughness value of this sample
was compensated by the deposition of the coating particles at different impact angles on
the fins, which promotes the bubble release from the surface. As a result, the available
surface for hydrogen atom adsorption and desorption is increased, which leads to overall
similar active surfaces per unit area for these two electrodes.

This effect is intensified for the electrode coated using the coarse mesh due to the
multilevel surface roughness acquired by a combination of normal and off-normal
deposition angles, induced by the shadowing effect of the thick mesh wires. Variation of
the obtained microstructure for this electrode further enhances the electrocatalytic activity
by providing a final larger surface area that contributes to the HER in addition to facilitation
of the hydrogen gas bubble detachment from the surface. Therefore, this sample with jo
value of 6.7x107* A/cm? still showed the highest activity, even when the area added by the
fins was not taken into account.

These promising results show the high potential of the HVOF process for fabrication
of highly electrocatalytic active electrodes for the HER. The obtained activity values are
comparable to the electrode activities reported in the literature when other electrode
production techniques and/or nickel alloys were used, as well as the other coating
approaches investigated by the authors [27, 73, 119, 139, 142, 144, 151, 152], which further

demonstrate the scalability of this process.
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5.4 Conclusions

HVOF coating process was employed to manufacture electrocatalytic active nickel
electrode coatings for the HER. To further increase the catalytic activity of the electrodes,
their specific surface areas were enhanced by the development of three-dimensional fin
arrays on their surfaces. Formation of the fin arrays was achieved by means of mesh
screens, which were used to mask the surface of the substrate coupons during the coating
process. When masking was not used, the deposition of unmelted and partially melted
particles on the top surface was observed due to the rather low gas temperature and
velocity. For the coatings produced by using mesh screens, a variety of roughness values
and microstructures were obtained on the fins and underneath the mesh wires as a result of
the impact and deposition of the spray particles at both normal and off-normal angles. The
highest electrocatalytic activity was obtained for the electrode developed using the coarse
mesh, with the apparent jy and 7250 values of 9.3x10° A/cm? and -306 mV, respectively.
This electrode still exhibited the highest activity even when the apparent surfaces were
corrected by inclusion of the area added by the fins, and only the effect of the microscopic
surface roughness was considered. Therefore, the high performance of this electrode was
attributed to the unique microstructure with various roughness levels that were formed.
Such coating structure is expected to increase the rate of the HER by providing a larger
active surface area, while facilitating the detachment of the hydrogen bubbles from the
surface. The obtained results indicate that the HVOF coated electrodes provide the highest
electrocatalytic activity compared to other thermal spraying approaches investigated by the

authors [119, 139, 144, 152].
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Abstract

Cold spraying process was employed as a novel method to prepare electrocatalysts for
hydrogen evolution by the water electrolysis process. Three electrode coatings were
developed by cold spraying of nickel powder on aluminum substrates employing different

coating parameters. The effect of the electrodes surface topography, microstructure,

! Dr. Monajatizadeh assisted with the EBSD measurements and analysis of the EBSD results.
2 Prof. Bocher assisted with the analysis of the EBSD results.
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residual stress and surface strain on the electrocatalytic activity of the coatings was
investigated using steady state polarization curves and electrochemical impedance
spectroscopy. The results revealed that the largest electrocatalytic activity was obtained for
the electrode with the lowest deposition efficiency that experienced the highest strain
accumulation and compressive residual stress. It is expected that the large densities of
dislocations along with a more favorable electronic structure of this coating caused by the
peening effect encountered by the bounced-off particles were responsible for the higher

activity of this electrode.

Keywords: Cold spray; Hydrogen evolution reaction; Peening effect; Severe plastic

deformation; Electron backscattered diffraction; Residual stress

6.1 Introduction

High purity hydrogen produced by alkaline water electrolysis can be used as a green and
renewable energy resource with no emissions other than water vapour when used as a fuel
[1, 2]. In a basic water electrolysis process, a direct current passes through cathode and
anode electrodes placed in a conductive electrolytic solution and decomposes water into
hydrogen and oxygen [1]. Hydrogen evolution reaction (HER) starts with the discharge of
a water molecule (Volmer step, Eq. 6.1) followed by either electrochemical desorption
(Heyrovsky step, Eq. 6.2) or chemical recombination (Tafel step, Eq. 6.3) depending on
the hydrogen-metal bond strength:

M-Huis + H2O + e = H>+ OH + M Eq. 6.2
ZM'HadS = H2 + 2M Eq. 6.3

High energy consumption of the electrolysis process has made large scale hydrogen
production by this method economically unattractive [ 1-4]. However, the energy efficiency
of water electrolysis can be improved by reducing the hydrogen and oxygen evolution

overpotentials that contribute significantly to cell energy losses [3-6].
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Using highly intrinsically active electrode materials reduces the internal voltage
losses and increases the efficiency of the HER [6-9]. Nickel is one of them and is widely
used as the electrode material for alkaline water electrolysis due to its high electrocatalytic
activity, availability, stability in alkaline solutions, and relatively low cost [8-12]. Apart
from material selection, the physical morphology of an electrode has also a significant
influence on the overpotential, and thus, on its electrocatalytical performance. A larger
effective electrode surface adds to the reaction area by providing more electrode-electrolyte
interface, reducing the operating current density, and contributing to a higher
electrocatalytic activity [9, 13, 14]. The surface area can be enhanced by increasing the
electrode surface asperities, such as surface roughness and porosity.

Furthermore, surface crystallography of an electrode substantially affects its
electrocatalytic behaviour. Enhanced performance of nanocrystalline catalysts for the HER
as a result of high volume fraction of surface defects has been extensively discussed in the
literature [ 15-20]. Improved electrocatalytic activities of nanostructured materials could be
attributed to their favourable electronic structure generated due to the increased amounts
of atoms located at interfaces between adjacent grains, which are likely to be out of
equilibrium [18, 20]. These surface properties depend strongly on the technique used to
prepare the electrode surface. The possibility to deposit coatings with minimal oxidation
and ultrafine microstructures due to severe plastic deformation makes cold spraying a
promising technique for producing active electrode coatings for electrochemical processes
in general and alkaline water electrolysis in particular.

Cold spray, invented in the mid-1980s, has been the object of intensive development
over the last 20 years. This thermal spraying technique permits deposition of coatings in
an all-solid-state process [21, 22]. In a cold spray process, solid powder particles (typically
1 to 50 um in diameter) are accelerated toward a substrate at high velocities by a supersonic
jet of compressed gas that has been cooled down to temperatures close to room
temperature, well below their melting point. The compressed gas is generally nitrogen, air,
or helium flowing through a converging-diverging nozzle. Consequently, upon impact, the
particles experience plastic deformation and shear instability at the interface with the
substrate or the already deposited layers. This also causes disruption and removal of the

oxide films from the surfaces of both substrate and particles, and promotes the bonding by
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providing an intimate contact between them. Finally, they mechanically bond to the
substrate and form a three-dimensional coating having a good bond and cohesion strength
[21, 23-25]. For the particles to deposit on the substrate, their velocity upon impact needs
to be higher than a so-called critical velocity, which depends on the material, size and
morphology of the particles. Generally, the particle impact velocity increases by increasing
the temperature and pressure of the propellant gas and by reducing the particle diameter
[22, 26-29].

Since the gas temperature decreases rapidly upon acceleration, the temperature of the
spray particle stays relatively constant close to room temperature, and neither oxidation
nor phase transformation occur in the in-flight particles [26, 30]. As-sprayed coatings are
generally in compression due to the impingement of the spraying particles on the surface
at high velocities inducing peening effect [30]. A schematic view of a cold spray system is

depicted in Figure 6.1.

Powder :> ﬁ B
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Figure 6.1- Schematic view of a cold spray system.

The present study investigates the possibility of developing electrocatalytically
active electrode coatings by cold spray and studies the electrochemical properties of the
produced electrodes. The effect of cold spraying parameters on microstructure and
electrochemical activity of the developed electrodes was studied. Steady state polarization
curves and electrochemical impedance spectroscopy (EIS) measurements were used to

examine the electrocatalytic activity of the coated nickel electrodes towards HER. The best
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coating conditions were determined for development of the electrode with the highest

electrocatalytic activity.

6.2 Material and methods

6.2.1 Cold spray process

Commercially available gas atomized nickel powder (Metco 56C-NS) was used as
feedstock powder to produce cathode electrode coatings on aluminum (Al 6061) substrates.
The particle size distribution of the powder was measured with a laser diffraction particle
analyzer (Malvern Instrument’s Spraytec) using a 300 mm lens. Figure 6.2 illustrates the
measured particle size distribution that ranges from 45 to 95 um. The distribution widths

of D10, D50, and D90 were measured to be 54, 66, and 78 um, respectively.
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Figure 6.2- Particle size distribution of the Metco 56C-NS

nickel powder used for cold spraying.
The as-received morphology and cross-sectional SEM images of the atomized nickel

powder are shown in Figure 6.3-a and b, respectively. As shown in the figures, the powder

particles were spherical with a dense structure containing nearly no porosity. Table 6.1
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provided by the powder manufacturer shows the nominal chemical composition of the

powder determined using an Inductively Coupled Plasma (ICP) system.

100um

Figure 6.3- SEM images of the Ni powder (a) morphology, and (b) cross-section.

Table 6.1- Chemical composition of Metco S6C-NS nickel powder (wt. %).

B C Co Cu Fe Ni S
0.01 0.04 0.06 <0.01 <0.01 99.9 0.02

To study the effect of the temperature and pressure of the propellant gas on the
structure and electrocatalytic activity of the electrodes, three cold sprayed samples were
deposited according to the spray conditions displayed in Table 6.2. Coatings were produced
by Plasma Giken (Webster Massachusetts, USA) with their Model PCS-1000 cold spray
system. In all experiments, two passes were deposited using nitrogen as the propellant gas,
at 25 mm standoff distance, 50 g/min powder feeding rate, and 300 mm/s gun traverse

speed.
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Table 6.2- Propellant gas temperatures and pressures used in the cold spraying

experiments.
Electrodes Propellant gas Propellant gas
Temperature (°C) Pressure (MPa)
Cl 800 5
C2 1000 5
C3 1000 3

6.2.2 Coating characterization

For metallographic studies, as-sprayed samples were sectioned perpendicular to the coating
surface using a low speed precision cut-off machine and then cold mounted. Subsequently,
the samples were ground and polished according to the conventional metallographic
procedures up to 0.05 um diamond suspension surface finish. The cross-section of the
samples was then studied by optical microscopy. A Hitachi S-3400N scanning electron
microscope (SEM) operating at 15 kV was used to evaluate the top surface morphology of
the coatings as well as the morphology of the feedstock powder. Three-dimensional surface
topography, surface roughness and specific surface area of the electrodes were evaluated
by a 3D Confocal Laser Scanning Microscope (CLSM) (Olympus, LEXT-OLS4000) with
a resolution of 10 nm in the z direction and 120 nm in the xy plane.

Residual stress measurements were performed at 7 different points on the top surface
of the coatings, using a PULSTEC X-ray machine specified for residual stress
measurement through Cosa method [31] operated with Cr Ka radiation, at 20 value of 156
degrees, and wavelength of 0.2291 nm.

In order to characterize the microstructure of the deposited layers near the top surface
of the coatings, electron backscattered diffraction (EBSD) technique was used. The sample
surfaces for EBSD were produced by vibratory polishing of the metallographically
prepared sections for 24 h using colloidal silica suspension. The EBSD observations were

performed at 9 different areas of the cross-section near the top surface of each coating using
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a SU-70 Hitachi FE-SEM equipped with a HKL® camera and software for EBSD operated
at an accelerating voltage of 15 kV.

Phase analysis of the powder and the coated electrodes was performed by X-ray
diffraction (XRD, X'Pert Pro; PANalytical) with Cu Ka radiation and 26 values ranging
from 10° to 90°. In order to analyze the detected patterns the Pearson’s Crystal Data (PCD)-

crystal structure database for inorganic compounds was used.

6.2.3 Electrochemical characterization

Electrochemical characterization of the electrodes was carried out using a three
compartment Pyrex glass cell and a Stanford Research Systems potentiostat (Model
EC301). In this setup, the cold sprayed samples were used as the working electrode, a Pt
wire as the counter electrode and a saturated Hg/HgO electrode (-0.924 V vs. Hg/HgO) as
the reference electrode. All measurements were performed in a 1 M NaOH electrolytic
solution bubbled with nitrogen at 22 °C. Tafel curves were registered at a scan rate of 50
mV/s in the current range of 10 pA to 100 mA after 1800 s pre-polarization at -1.6 V vs.
Hg/HgO. The electrocatalytic activity of the electrodes, evaluated from the corresponding
kinetic parameters (apparent exchange current density jo and Tafel slope b) was derived
from extrapolation of the linear part of the Tafel curve to the equilibrium potential.
Electrochemical Impedance Spectroscopy (EIS) measurements were performed in
the frequency range of 50 mHz to 5 kHz using an Autolab potentiostat/ galvanostat/
frequency response analyzer (FRA) (model PGSTAT30) controlled by Autolab General
Purpose Electrochemical System (GPES) and FRA software packages. Same as the Tafel
measurements, the surface nickel oxides present on the coatings were removed by pre-
polarization of the electrodes at -1.6 V vs. Hg/HgO for 1800 s. Subsequently, the EIS
measurements were conducted at four different electrode potentials of -1.1, -1.05, -1, and
-0.95 V. To analyze the impedance data, a simplified one-constant phase element (CPE)
electrical model, shown in Figure 6.4, was used as the equivalent circuit to fit the
experimental impedance data. In this model, a solution resistance, Rs, is in series with the
parallel connection between a CPE and a charge transfer resistance, Rct. This model is often

used when only one semicircle is experimentally observed on the complex plane plots of
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the nickel-based electrodes [32-36]. The theory of the HER and detailed definition of the

circuit elements can be found in the provided references [33, 35, 37].
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Figure 6.4- 1-CPE equivalent circuit used for the HER.

The CPE is generally used as a replacement to the double layer capacitance to explain

the results obtained for solid electrodes. Impedance of the CPE is described by Eq. 6.4 [38].

ZcpE= Eq. 6.4

1
T (jw)?®

where w represents the angular frequency, 7 is a capacitive parameter related to the double
layer capacitance, and ¢ with a value between 0 and 1 describes the phase angle of the CPE.
Double layer capacitances (Car) of the electrodes were then calculated according to Eq. 6.5,

using the EIS results [38].
T=Cy (Rs*+ Rz Eq. 6.5

6.3 Results and discussion
6.3.1 Morphological study of the coatings

Figure 6.5 displays the cross-sectional micrographs of the three cold sprayed samples.
Comparison of the coatings shows the thickness varies from one coating condition to the

next. The average thickness of C1 coating was measured to be 200 um. C2 with about 450
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um, and C3 with approximately 70 um exhibited the highest and the lowest coating

thicknesses, respectively.

50 pm

Figure 6.5- Cross-sectional SEM images of C1, C2, and C3 electrode coatings.

The variation of the coating thickness can be explained by the impact particle
velocity. Higher thickness of C2 coating can be related to the maximum temperature and
pressure that were used during spraying (1000 °C and 5 MPa). For this coating, the particles
experienced a higher velocity, underwent larger plastic deformation upon impact on the
substrate and formed a better bonding with the adjacent particles and the substrate.
Decreasing the propellant gas temperature to 800 °C in C1 coating led to a reduced particle
impact velocity, and thus, a lower deposition efficiency and thickness were obtained. The
lowest coating thickness was achieved for electrode C3 (about 10 pm in some regions) and

it may be attributed to the lower particle deformation and lack of bonding between the
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adjacent nickel particles due to lower particle velocities obtained when the gas pressure
was reduced to 3 MPa.

Study of the coating/substrate interfacial regions in the figure suggests that the initial
bonding mechanism for forming the first coating layer was due to mechanical interlocking
of the impinging particles and the substrate. Since the hardness of nickel particles was
much higher than the aluminum substrate, it can be assumed that the initial bonding has
been achieved by ploughing the colliding precursor particles into the substrate. Once the
first coating layer was deposited, the substrate properties eventually evolved from soft Al
to harder Ni. Thus, the built up mechanism of the subsequent coating layers was based on
the kinetic energy of the particles and their severe plastic deformation upon impact. As a
result, it was more difficult for the subsequent coating layers to deposit when particles
stroke on the deposited material with a higher hardness.

For electrode C3, it is expected that the velocity of the subsequent particles colliding
on the first deposited nickel layer was below the critical velocity needed for bonding.
Consequently, the impinging particles rebounded and did not contribute to the deposition.
Nevertheless, the bounced-off particles abraded the contact surface, while they introduced
high values of plastic deformation on the deposited particles when impacting on the
surface. This mechanism can be regarded as the peening effect introduced by the bounced-
off nickel particles at low-pressure condition.

Top surface SEM images of the coatings shown in Figure 6.6 confirm the
aforementioned hypothesis: most of the particles deposited on the top surface of electrode
C2 retained the granular morphology of the starting powder, whereas the majority of
particles were severely deformed and craters were formed on the top surface of C3 coating
as a result of the peening effect. For C1 coating, a combination of granular particles and

craters could be observed on the top surface.
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Figure 6.6- Top surface SEM image of C1, C2, and C3 electrode coatings.

6.3.2 Surface roughness measurements

3D surface topographies of the coated electrodes captured by CLSM for scanned surface
areas of 2100%¥2100 pm? are illustrated in Figure 6.7. The average surface roughness data
(Sa) based on the scanned 3D surfaces of the corresponding electrode coatings are presented
in Table 6.3. The results indicate that C1 had a roughness value of 18.1 pm, while C2 with
22.3 um had the largest, and C3 with 14.2 um had the smallest roughness values.

Surface ratio of the electrodes, which is the ratio between the specific and the
projected surface areas, is also shown in Table 6.3. Electrodes C2 and C3 with surface
ratios of 4.83 and 2.93 exhibit the largest and the smallest specific surface areas,
respectively. A direct correlation between the specific surface areas, surface roughness
values and the deposition efficiencies can be observed. As shown in the SEM images in
Figure 6.6, most of the particles deposited on the surface of electrode C2 retained the

granular morphology of the precursor powder, and the roughness of the surface reproduced
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mainly the profile of the starting powder particles. Thus this sample exhibited the highest
specific surface area and surface roughness values. For C3 coating, the impacting particles
could not bond to the first deposited layer due to the low pressure. Instead, each individual
impact shot-peened the surface and the bounced-off particles caused more flattening,
plastic deformation and densification of the deposited layer, hence lower surface roughness
and specific area were achieved. For CI1 electrode coating, it seems that the smaller
particles could accelerate due to their lower inertia and bonded to the surface while the
particles with larger diameters could not reach the sufficient velocity required to promote
their bonding upon impact. Therefore, the surface of this coating was comprised of a
combination of rough granular protrusions and flattened particles, as shown in Figure 6.6.

Accordingly, intermediate surface area and roughness values were obtained for this sample.

Figure 6.7- CLSM top surface topography of electrodes C1, C2, and C3.
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Table 6.3- Surface roughness (S,) of electrodes C1, C2, and C3 evaluated by

CLSM.
Cl1 C2 C3
Sa (um) 18.10 22.31 14.21
Surface ratio 3.14 4.83 2.93

6.3.3 Residual stress measurements

Residual stresses were evaluated parallel to the substrate and the results are shown in
Figure 6.8. It is worthy to mention that as the X-ray wavelength used to measure the
residual stress was relatively long, the penetration depth of X-ray was expected to stay in
the range of few microns. Therefore, the values of the residual stresses represent mainly
the top surface of the coatings. The results are the average of 7 measurements on each
sample and the error bars show their standard deviations.

It can be seen that all the stress values are negative or compressive induced by the
impacting particles. The maximum residual stress was observed in C3 and the minimum in
C2 at -175£10 MPa, and -1214+6 MPa, respectively. The magnitude of the stress values
could be related to the coating thickness (Figure 6.5) and plastic deformation (Figure 6.6):
the lower the coating thickness, the higher the plastic deformation and the residual stress.
This could be explained by the peening effect of the impinging particles on the final
deposited ones on the surface of each coating. As all specimens experienced almost the
same spray time and number of spray particles during the coating process (same powder
feed rate, number of passes and torch speed), it is rational to imagine that the lower
thickness coatings were more significantly affected by the constant peening effect although
they had a smaller coverage density. This effect led to a more intense deformation, and
thus, a greater residual stress was obtained in the finer coating layers for a given deposition

time.
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Figure 6.8- Compressive residual stress evaluated from 7
measurements on each C1, C2, and C3 cold sprayed coatings, and

the error bars show their standard deviations.

6.3.4 EBSD measurements

Electron back scattered diffraction orientation maps were measured on vibro-polished
cross-sectional surfaces for each sample. Graphical results are shown in Figures 9-a to c.
The maps present the size of the grains near the top surface of the coatings, measured using
a step size of 20 nm. Size of the grains in the precursor powder was also measured by
EBSD at the step size of 50 nm, and it is presented in Figure 6.9-d. The colors in the maps,
which are coded according to the color key legend, show the crystallographic orientation
of each area relative to the normal direction of the coatings surface. High angle grain
boundaries (>10) are shown by thick black lines, while low angle grain boundaries
(2<X<10) are shown by the thin lines.

A crystalline structure composed of a large number of sub-micron and ultrafine
grains can be observed in all coating layers. The grains interiors seem to be relatively clean
with a low density of sub-grain boundaries compared to the precursor powder, as shown in
Figure 6.9. This small fraction of sub-boundaries could be related to the ultra-fine sizes of
the grains, which could be the result of dynamic and/or metadynamic recrystallization

process. In all coated samples, grains with sizes as small as 20 nm could be detected.
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Top Siilrface

Figure 6.9- EBSD characterization of the cross-sections close to the top surface of the as-sprayed
(a) C1, (b) C2, and (c) C3 coatings at the step size of 20 nm; and (d) precursor powder at the step
size of 50 nm, (ND: normal to the peening direction, and PD: perpendicular to the peening
direction).

By EBSD analysis of a larger fraction of the coating surfaces, the average grain size
at the very last 1 pm depth near the top surface of C1, C2, and C3 coatings was evaluated
to be 259+4, 300+8, and 242+6 nm (standard error), respectively. For the same scanned
areas, the density of the grain boundaries was measured to be 254+6, 246+5, and 268+4
pixels um™ (standard error) for C1, C2 and C3 coatings, respectively. Formation of sub-
micron and ultrafine grains at the top surface of the coatings can be explained by peening
effect of the bounced-off particles during the cold spraying process. It is believed that
impingement of nickel particles, imposed intensive plastic deformation and introduced a
large density of dislocations to the grains at the top surface of the coatings. This led to the

formation of non-equilibrium grain boundaries, excessive grain refinement and creation of
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sub-micron/ultrafine grain structures [39, 40]. Formation of the fine grains as a results of
the peening effect and high strain rate deformation can generally be seen at impacting
particle/particle interface in cold sprayed coatings [41-44].

To examine any possible effect of crystallographic orientation on the electrocatalytic
activity, pole figures and inverse pole figures obtained from different areas of top surfaces
of the coatings were investigated. The results proved that there is no preferred orientation
as the inverse pole figures had a low intensity factor (2.05, 1.40, and 1.49 for the electrodes
C1, C2, and C3, respectively).

6.3.5 X-ray diffraction

Prior to the electrocatalytic measurements, XRD patterns of the as-sprayed coatings were
obtained from several areas of each sample. The patterns were then compared to the pattern
of the starting powder to ensure that the aluminum substrate was fully coated by the nickel
powder without any bare areas that might affect the electrochemical results, specifically
for electrode C3, which had a very thin coating layer. As shown in Figure 6.10, similar

nickel patterns were obtained for all coatings and no aluminum peaks could be detected.
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Figure 6.10- XRD pattern of the cold sprayed coatings and the

precursor nickel powder.

6.3.6 Electrochemical characterization
6.3.6.1 Tafel plots

Figure 6.11 shows the steady state polarization curves normalized to the geometrical
surface area of the cold sprayed electrodes compared to a smooth nickel wire. The apparent
exchange current density jy and Tafel slope b, derived from the linear part of the Tafel
plots, are summarized in Table 6.4.

Higher activity of the cold sprayed samples is indicated by their higher apparent
exchange current densities. The results show that the apparent exchange current density of
all samples was greatly increased compared to a smooth nickel sample. Electrode C3
appears to be the best overall electrocatalyst with a jy value of 3.41x10% A cm™. The
corresponding values were 1.36x10* A cm™, and 1.06x10* A cm™ for electrodes C1 and

C2, respectively.
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Figure 6.11- Steady-state polarization curves of the cold sprayed C1 to

C3 samples, and a smooth nickel wire obtained in 1M NaOH.

Table 6.4- Kinetic parameters of the C1 to C3 cold sprayed samples, and
smooth nickel wire for the HER in 1M NaOH solution.

Electrode b (mV dec™) Jjo (A cm™)
Cl 166 1.36x10
C2 159 1.06x10*
C3 186 3.41x10*
Smooth Ni 101 1.48%107

As mentioned earlier, the electrocatalytic activity of an electrode is highly related to
its active surface area. Based on the specific surface area and surface roughness values
obtained by CLSM (Table 6.3), it was expected for the electrode C2, with the largest
specific surface area, to have the best electrocatalytic activity for the HER. However, the
results indicated that there was a reverse correlation between the surface area and the

electrocatalytic activity of these electrodes.
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Since almost similar average grain sizes and grain boundary densities could be
detected in all three coatings, as illustrated earlier in EBSD results, other features need to
be regarded as the main factors that explain this disagreement, and cause the different
activities between the electrodes. Here, the density of dislocations could be considered as
one of the factors that explains the variation of activities. For electrode C3 that experienced
more severe plastic straining, a larger density of dislocations that are randomly arranged
inside the grain interiors with sizes larger than 100 nm could be expected [45].

In addition, higher activity of electrode C3 could also be attributed to the change of
its electronic structure, and modification of reactivity induced by the compressive stress.
Chemisorption energies for surface reactions considerably change in strained surfaces,
caused by shifting of the position of the center of metal d bands, and modification of the
band width [46, 47]. It is possible that the larger strain in C3 coating significantly shifted
the d states on the surface atoms relative to the Fermi level, and thus, the ability of this

surface to form bonds to the adsorbed hydrogen atoms.

6.3.6.2  Electrochemical impedance spectroscopy (EIS)

EIS data of the cold sprayed electrodes were also acquired to corroborate the Tafel results
for the electrocatalytic activity measurements, and their complex plane plots and phase-
angle Bode plots obtained at different overpotentials are displayed in Figure 6.12. Table
6.5 shows the values of the circuit elements obtained by 1-CPE model (Figure 6.4) for each
electrode.

The results in Figure 6.12 show that only one semicircle was present at each
overpotential for the whole frequency range of all electrodes. It is shown in the literature
that this behaviour represents the electrode coatings containing shallow and wide pores
[32, 48]. The fitted data in this figure also shows that good approximations to the

experimental data were attained when the 1-CPE model presented in Figure 6.4 was used.
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Figure 6.12- Experimental complex plane plots and phase-angle Bode plots obtained for
the cold sprayed samples in 1 M NaOH: (a and b) C1, (c and d) C2, and (e and f) C3. The

insets show the high frequency regions.
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Table 6.5- Values of the circuit elements and their standard errors obtained by 1-CPE model for

electrodes C1, C2, and C3 at 0.025, 0.075, 0.125, 0.175 V overpotentials in 1 M NaOH.

n R; Rt T o Ca Ry X
%) (Q cm?) (Q cm?) (F cm2 s¢1) (F cm?)

C1

0.025 0.61+0.01 36.20=+0.01 0.010 0.70 8.60x103 430 1.50x107
0.075 0.61 £0.01 29.81+0.01 0.008 0.72 6.93x103 347 3.42x1072
0.125 0.62+0.01 18.69+0.01 0.006 0.74 5.30x103 265 2.39x107
0.175 0.62+0.01 8.58+0.01 0.004 0.77 3.52x10° 176 2.54x102
C2

0.025 0.85+£0.01 56.80=+0.01 0.009 0.68 8.50x10° 425 1.13x107?
0.075 0.84+0.01 40.90=+0.01 0.007 0.70 6.60x103 330 1.80x107
0.125 0.85+0.01 23.44+0.01 0.005 0.72 4.73x103 237 1.57x107
0.175 0.86+0.01 9.45+0.01 0.003 0.74 3.21x10° 161 7.38x107
C3

0.025 0.86+0.01 33.60+0.01 0.013 0.65 1.22x102% 610 9.06x107
0.075 0.87+0.01 26.51+0.01 0.009 0.67 8.50x10° 425 7.72x107
0.125 0.89+0.01 17.20+0.01 0.007 0.69 6.65x10° 333 1.11x10?
0.175 0.89+0.01 8.03+0.01 0.005 0.73 4.01x10° 201 7.76x103

Table 6.5 shows that the charge transfer resistance Rt of the electrodes is directly
related to their exchange current densities. Electrode C3 with a higher strain accumulation
and improved electronic properties exhibited enhanced exchange current density, and
hence, a lower charge transfer resistance. As shown in Eq. 6.4 parameter ¢ is one of the
parameters that is used to determine the impedance of the CPE and it is related to the
chemical and physical surface inhomogeneities [49]. Therefore, deviation of this parameter

from unity at all overpotentials shows its divergence from purely capacitive impedance due
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to the energetically inhomogeneous surfaces formed by the peening effect (Table 6.5).
Double layer capacitance (Cai) of the electrodes, shown in Table 6.5, was also calculated
according to Eq. 6.5, and its dependence on the overpotential is shown in Figure 6.13. Ca
values also confirm that C3 had the largest and C2 had the smallest active electrode
surfaces. The results are in agreement with those obtained from the Tafel measurements.
Decreased double layer capacitance values at higher overpotentials of each electrode could
be related to the change of the electrochemically active surface area by intensification of

the HER and occlusion of fractions of the active surfaces by H» gas bubbles.
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Figure 6.13- Dependence of the electrocatalytic double layer

capacitance on the overpotential for different cold sprayed samples.

The roughness factor (Rr) of the electrodes was evaluated as the ratio of the Cgi of the
electrodes to a smooth nickel surface with the value of 20 pF cm™ [50], and the results are
presented in Table 6.5. The results indicate that electrode C3 had the highest roughness
values at all overpotentials. It is worth noting that the electrochemical roughness includes
the atomic scale roughness in addition to the micro- and macroscopic roughness. The

atomic scale roughness is affected by the presence of surface energetic inhomogeneities
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such as dislocations [51]. Therefore, the larger roughness factor of electrode C3 could be
related to its higher compressive stress induced by more intense peening of its surface
compared to electrodes C1 and C2, even though it had a lower microscopic roughness
(Table 6.3).

The intrinsic activity of the electrodes was then calculated by dividing the apparent
exchange current density of each electrode by the roughness factor at a chosen
overpotential of 175 mV, using the data provided in Tables 6.4 and 6.5. For electrodes C1,
C2 and C3, the intrinsic activity was evaluated 7.73%107, 6.58x107 and 1.69x10° A cm™
2, respectively. These values confirm that electrode C3 yields the highest electrocatalytic
activity, which not only is related to its enhanced real electrochemically active surface area
but also to its increased intrinsic activity due to the improved electronic properties caused
by the peening effect.

It is important to mention that the obtained apparent and real electrocatalytic
activities are comparable to those achieved using other electrode production methods such
as plasma spray [52], arc spray [37], electrodeposition [53, 54], and mechanical alloying
[55] even when nickel alloys and Raney nickel were used. This shows the capability of
cold spray for fabrication of active electrodes for the HER and it needs to be further

investigated using nickel alloys and Raney nickel.

6.4 Conclusions

The effect of cold spraying parameters including pressure and temperature of the propellant
gas on the electrocatalytic activity of three nickel coated electrodes was investigated. The
coating created at the lowest particle impact velocity caused by reduced propellant gas
pressure demonstrated the highest apparent and real activity, measured by steady state
polarization curves and EIS. Since almost similar grain boundary densities were detected
on the top surfaces of all three electrodes, higher activity of this electrode was related to
the expected higher density of dislocations in grain interiors and more favorable adsorption
energies of atomic hydrogen on the electrode surface induced by strain accumulation. It is
assumed that the particles that could not contribute to deposition and bounced-off the

surface shot peened the coating and introduced a higher intense plastic deformation. This
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hypothesis was confirmed by larger residual stress, formation of severely deformed
particles and craters at the top surface as well as the lowest specific surface area and
roughness values that were obtained.

The results imply that the electrodes manufactured by cold spraying and shot peening
of their surfaces could be effectively used for hydrogen evolution by water electrolysis
process. Minimal oxidation of the cold sprayed electrodes along with the formation of
ultrafine microstructures due to the severe plastic deformation of their shot peened
surfaces, attributes to higher electrocatalytic activities, and thus, increased efficiency of the
electrolysis process. Application of this technique using more active electrocatalysts, such
as Raney nickel, needs to be investigated, where a larger surface area contributes to further

enhancement in efficiency of the HER.
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CHAPTER 7

CONCLUSIONS, CONTRIBUTIONS AND RECOMMENDATIONS

7.1 Summary and conclusions

Different thermal spraying methods including atmospheric plasma spray, suspension
plasma spray, high velocity oxy-fuel and cold spray were used to produce nickel cathode
electrodes for hydrogen production by alkaline water electrolysis. The apparent and
intrinsic electrocatalytic activities of the manufactured electrodes were improved for the
HER by enhancing their real surface areas and increasing their defect densities.

For the electrodes that were produced using atmospheric and suspension plasma
spray, the spraying parameters were optimized to maximize their real surface area. The top
surfaces of the coatings were composed of large splats with splashed droplets and dispersed
cauliflower-like aggregates when APS and SPS were used, respectively. Both coatings
exhibited high levels of porosity. The two coating techniques were then combined by
addition of SPS layers on top of the APS deposited ones. As a result, electrode surfaces
with hybrid (nano/micron) surface asperities and increased specific surface areas were
obtained. Such electrode structures provide larger active surface areas for the HER, where
the micron sized features promote departure of the bubbles, and the nanostructured features
favor easier electron transfer by providing more reaction sites. In addition, these electrodes
exhibited superhydrophilic behavior with contact angles well below 10°, which further

facilitate the bubble separation from the surface as the electrolyte is more likely to replace
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the gas bubbles. The number of passes added by SPS was also optimized to enhance the
active sites for hydrogen evolution while preventing screening a portion of the surface by
hydrogen bubbles due to the excessive size reduction of the pores. Consequently, the
electrode with optimized surface morphology and roughness showed the largest specific
surface area and demonstrated the highest electrochemical performance for hydrogen
evolution.

To further enhance the active surface area, and thus improve the electrocatalytic
activity of the electrodes, their surfaces were engineered by deposition of three-
dimensional fin arrays. For this purpose, the substrates were masked by wire mesh screens
with different mesh densities during APS process. Subsequently the mesh screens were
removed and the electrodes were coated by additional SPS layers. Similar masking
approach was also taken when HVOF was used for the coating process. In this case, the
coating parameters were selected to decrease the temperature of the oxy-fuel gas, prevent
complete melting of the coating particles and reduce oxidation. For these electrodes that
were coated by the combination of mesh screens and either plasma spray or HVOF
processes, the electrochemical activities were significantly increased compared to those
coated without using a mesh. The improved activities were associated with the engineered
surfaces composed of a variety of macro- and microscopic surface roughness levels and
structures. The unique microstructures were developed due to the impact of the particles at
normal and off-normal angles on the produced fins and underneath the mesh wires. Such
coating structures with hierarchical roughness values and surface asperities increase the
rate of the HER by providing a larger active electrode surface area alongside facilitating
the detachment of the hydrogen bubbles from the surface. It was shown that the activity
was mainly affected by the developed microstructures, where the macroscopic surface
added by the fins had a minor effect on it. Nonetheless, the plasma sprayed electrode
showed a better activity when the screen with a higher mesh density was used for masking,
whereas for the HVOF sprayed electrode a higher electrocatalytic activity was obtained
when the screen with lower mesh density was used. This contradiction could be explained
by the nature of the coating processes, where the particles were fully melted when plasma
spray was used due to the high temperature of the plasma jet, whereas the particles were

partially- or unmelted when HVOF was used due to the selected parameters to reduce the
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oxy-fuel gas temperature. Therefore, the coatings were composed of flattened splats when
plasma spray and unmelted particles when HVOF were employed for the deposition
process. As a result, different surface microstructures and roughness levels were obtained
on each part of the electrodes, depending on the spraying process that was used.

Cold spray was also used to manufacture electrodes by deposition of the particles at
near room temperatures. The oxidation level was minimized as the particles deposited in
solid state. The coatings were formed by severe deformation of the particles upon impact
at high velocities. The electrode manufactured at the lowest particle impact velocity caused
by the reduced pressure of the propellant gas demonstrated the highest apparent and real
electrocatalytic activities, measured by steady state polarization curves and EIS. For this
electrode, the impinging particles that could not deposit at low impact velocities, rebound
from the surface, introduced intensive plastic deformation on the deposited layers, and
caused the formation of severely deformed particles and craters on the top surface. In
addition, the peening of the surface by the bounced-off particles contributed to the creation
of a large density of dislocations, formation of non-equilibrium grain boundaries, and sub-
micron/ultrafine grain structures. This high density of surface defects alongside with the
compressive residual stress is expected to cause improved electronic properties and
favorable hydrogen adsorption energies. Consequently, a higher electrocatalytic activity
was obtained for this electrode.

As it was shown, highly electrocatalytic active nickel electrodes could be
manufactured by modification of the surface of the electrodes using different thermal
spraying techniques. The best results obtained for each coating condition are summarized
in Figure 7.1 and Table 7.1. The results indicate that for all the thermally sprayed
electrodes, the exchange current density was significantly improved by more than two
order of magnitude compared to a nickel electrode with a smooth surface. The highest
exchange current density of 9.3x10” A/cm? was obtained for the electrode coated using a
combination of HVOF and mesh screens, which is more than three order of magnitude
higher than a smooth nickel surface. This electrode also showed the lowest overpotential
of -306 mV, and it was characterized as the best electrocatalyst among all the thermally
sprayed electrodes in this work. The obtained electrocatalytic activities are comparable to

those reported in the literature, using different electrode production methods such as
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plasma spray [52], arc spray [37], electrodeposition [53, 54], and mechanical alloying [55],
where the main focus was mainly on enhancing the activities by using nickel alloys, such
as Raney nickel and nickel-molybdenum. Therefore, considering that in this study the
activities were mainly improved by surface modification of the electrodes, the obtained
results show the high potential of the introduced methodologies to further promote the

catalytic activities (intrinsic and apparent) when nickel alloys are employed.
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Figure 7.1- Steady-state polarization curves of the electrodes produced by various

thermal spray processes, and a smooth nickel surface obtained in 1M NaOH.

122



Table 7.1- Kinetic parameters of the thermal sprayed electrodes, and smooth nickel

surface for the HER in 1M NaOH solution.

Electrode b (mV/dec) Jjo (A/em?) 71250 (mV)
Smooth Ni 101 1.5%10° 752
APS 118 3.1x10 451
3PS 108 1.8x10™* -570
APS-SPS 114 6.2x10* -386
APS-mesh 152 1.4x107 -366
APS-SPS mesh 156 1.8x1073 -336
HVOF 174 3.9x1073 -346
HVOF-mesh 168 9.3x1073 -306
Cold spray 186 3.41x10™ -

7.2 Contributions

As it was shown, highly electrocatalytic active nickel electrodes could be manufactured by
modification of the surface of the electrodes, using different thermal spraying techniques.

The main contributions of this research are summarized in the following.

e A detailed study was conducted to optimize the coating parameters used in
atmospheric and suspension plasma spray and a combination of both methods to
produce electrodes with large effective surface areas and enhanced

electrocatalytic activities for the HER.
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e Suspension plasma spray was used for the first time to manufacture electrodes

for the HER by deposition of submicron- and nanosized particles.

e A combination of atmospheric and suspension plasma spray processes was
introduced and effectively used as a novel method to develop multiscale (micron
and nano) electrode surface structures for improved electrode performances for

the HER.

e High velocity oxy-fuel and cold spray were used as newly emerged technologies
for manufacturing nickel-based cathode electrodes for the HER by deposition of

semi-solid and solid particles on the electrodes surfaces.

e Three-dimensional surface textures with remarkable morphologies were
engineered by deposition of fin arrays on the electrodes using a combination of

mesh screens and either plasma spray or HVOF processes.

e Peening of the electrode surface by the solid-state nickel particles during the cold
spray deposition process contributed to enhanced electrocatalytic activities by
increasing the surface defects and possibly changing the electronic structure of

the electrodes.

7.3 Recommendation for future work

The work presented in this research identified several methodologies for producing highly
electrocatalytic active electrode coatings for the HER. For further improvements for
enhancing the electrocatalytic activity of the electrodes and a better understanding of the

processes, some suggestions for the future research work is listed in this section.

e The reason for higher activity of the HVOF coated electrode compared to the
electrodes coated with other thermal spray methods, all coated without using
mesh screens, specifically cold sprayed electrodes needs to be investigated.
Although a low level of oxidation is expected for both coatings deposited using

HVOF and cold spray and they showed nearly similar top surface structures, a
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significantly higher electrocatalytic activity was obtained for the HVOF coated
electrode. Therefore, the microstructure and surface chemistry of the coatings

need to be studied.

Further optimization of the cold spray and HVOF parameters is subject to
improvements towards increasing the activity of the developed coatings. In
addition, deposition of submicron and nanosized particles by suspension plasma
spray on HVOF and cold sprayed coatings need to be investigated. Moreover,
the effect of formation of three dimensional fin arrays using mesh screens and

cold spray should be investigated.

The number of suspension plasma sprayed layers when mesh screens were used
to develop three dimensional coatings need to be optimized for further
enhancement of the activity. Furthermore, the effect of mesh distance from the
substrate on the morphology, roughness and activity of the coatings needs to be

studied.

The intrinsic activity of the electrodes may be increased and optimized alongside
the enhancement of the real surface area of the electrodes. Therefore,
manufacturing electrodes using the thermal sprayed coatings by deposition of
Raney nickel and nickel-molybdenum alloys need to be investigated using the
optimum coating conditions of each process. Addition of pore forming materials
during the coating processes to enhance the electrode real surface area is also

suggested to be examined.

Life cycle assessment of the employed thermal spray processes and the deposited

electrodes in the context of green manufacturing is suggested to be carried out.

Long-term stability of the developed electrodes for the HER needs to be

investigated.
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Abstract
Atmospheric (APS), Suspension Plasma Spraying (SPS) and combination of both methods

were used to fabricate porous nickel electrode coatings on Inconel 600 substrates. The
morphology of the coatings, studied by SEM, revealed porous microstructures with large
surface areas. Steady-state polarization curves were used to study the electrocatalytic
activity of the reduced electrodes for hydrogen evolution reaction (HER). The electrode
fabricated by a combination of APS and SPS techniques demonstrated the highest activity
for HER. For this electrode, the kinetic parameters of apparent exchange current density
and overpotential at 250 mA/cm? were measured to be 6.5x10* A/cm? and 636 mV

respectively. The increased activity of the APS-SPS coated electrode was related to its
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enhanced surface area with a good accessible triple phase boundaries formed by a

combination of micron and nanosized features.

A.1 Introduction

Hydrogen produced by alkaline water electrolysis can be used as a renewable and clean
energy carrier to replace conventional fuels. Hydrogen as a fuel can greatly reduce
damaging effects of climate change by mitigating greenhouse gas emissions. However,
high-energy consumption of the electrolysis process has made large-scale hydrogen
production by this method economically unattractive [1, 2]. An approach to improve the
energy efficiency of the electrolysis process is to reduce cell voltages at a given current by
decreasing hydrogen production overpotentials and diminishing large voltage ohmic
losses. Using intrinsically active electrodes with large porous surface areas lower the
overpotentials and increase the efficiency of the process [3-5].

In recent years, nickel has been widely used as a cathode electrode material in HER,
since it has relatively high electrocatalytic activity and much lower costs compared to noble
metals, such as platinum [6, 7]. It has been shown that manufacturing porous nickel
electrodes by using ulrafine powders greatly increases the surface area of the electrode that
participates in HER by diminishing the grain size, and thus, it significantly enhances the
electrocatalytic activity [7, 8]. In addition, nanocrytalline coatings have shown high
stability in long-term and intermittent electrolysis conditions [9].

Various surface modification techniques have been used to manufacture porous
nickel based electrodes for HER, including electrodeposition, sintering, vacuum
deposition, pressing and rolling. Nonetheless, most of these processes exhibit considerable
disadvantages, such as undesired decompositions and phase transformations due to high
temperatures and long processing times, low mechanical stability of the coatings due to
limitations of the coating thickness, multi-step production processes and environmental
problems [10-14]. Among all electrode surface coating production techniques, plasma
spraying overcomes some difficulties of other methods and is a fast and economical process

to deposit coatings [1]. The porosity and surface area achieved by plasma spraying can be
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controlled by interplay of process parameters [15]. Electrodes produced by this technique
exhibit three-dimensional surfaces with a high surface roughness factor [16].

To take advantage of both process and material, plasma spraying of nano-sized
nickel-based powder particles is considered to be a promising method for production of
electrocatalytic active surface coatings. SPS, based on injection of a liquid feed stock, is a
plasma spraying method developed for spraying sub-micron and nanosized particles.
Although deposition of nano-structured porous coatings highly enhances the real surface
area of the electrodes, excessive size reduction of pores may decrease the rate of mass
transport, which reduces the electrocatalytic activity [17]. For a highly electrocatalytic
active electrode, a large surface area with a good accessibility for diffusive mass transport
of the reactants and their products inside the porous structure is required. At very small
pore diameters high concentrations of dissolved hydrogen increases hydrogen pressure
inside the pores. Additionally hydrogen bubbles blanket the inner surface of the pores,
which causes loss of a fraction of the surface area that is efficiently used [18].

In this study, a combination of APS and SPS processes was used to manufacture
electrodes with multi-scale porosity. It is expected that the nanosized structure provides the
enhanced surface area while the microporous structure facilitates the mass transport and
overcomes the hydrogen bubble blockage within the pores. Electrode’s activity was
measured towards HER, and it was compared to the electrodes produced by only APS and

SPS coating processes.

A.2 Materials and methods

A.2.1 Materials and spray conditions

Nickel based electrodes were prepared by atmospheric and suspension plasma spraying
techniques using a Sulzer Metco 3MB atmospheric plasma spraying gun mounted on a six-
axis computer-controlled robotic arm. Precursor powders included nickel with the nominal
particle size in the range of —75 to +45 um (Metco 56C-NS) and nickel oxide with the
nominal particle size in the range of —5 um to +500 nm (FCM NiO-F) for APS and SPS

coating processes, respectively, Figure A.1.
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Figure A.1- SEM morphology of precursor powders: (a) Ni and (b) NiO powder.

The coatings were deposited on rectangular gritblasted Inconel 600 coupons with a
surface area of 645 mm?. Prior to spraying, the substrate coupons were grit blasted using
80 grit alumina with an air pressure of 70 psi (483 kPa) followed by ultrasonic cleaning in
acetone. One electrode was also produced by deposition of a thin layer of SPS coating on
the top surface of an APS coated electrode.

The spraying parameters used in the APS and SPS processes were obtained by
optimization of a set of parameters towards maximizing the surface area of the coatings
while having a good adhesion to the substrate, Table A.1 [19]. For both APS and SPS
processes, the current was set at 500 A. 10, 20 and 10/10 over-layers were deposited to

create APS, SPS and APS-SPS coated electrodes respectively.

Table A.1- Spraying parameters used in APS and SPS processes.

Process Standoff Feeding rate Plasma gas flow Torch traverse
distance (mm) (g/min) (Ar/H2) (NLPM) speed (m/s)
APS 80 14 60/2 0.5
SPS 60 31.2 50/3 1

For the SPS process, a suspension containing 10 wt.% of NiO powder in ethanol as

the solvent and 1 wt.% of polyvinylpyrrolidone (PVP) as the dispersing agent was
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prepared. A 200-um internal-diameter nozzle was used to inject the suspension into the
plasma jet. The injection set-up for the SPS process is described in Reference 19.

To have a better understanding of the deposit build-up in APS, temperature and
velocity of the inflight particles were measured at the point of impact, using a DPV-2000
system (TECNAR, Canada). DPV-2000 system is an online diagnostic system used to
determine the characteristics of inflight particles based on their thermal radiation emission.
However, it cannot be used in SPS due to the smaller size of the particles in the sprayed
suspension. Temperature of the substrate during the APS coating process was monitored
by an infrared (IR) camera (FLIR A320).

Since oxidation of the coatings is inevitable due to the high spraying temperatures in
atmospheric environment and NiO powder was used in the SPS process as the precursor
material, the coatings needed to be reduced to resume the activity of the electrodes. After
deposition, the electrodes were reduced to Ni in a tube furnace at 650 °C in 4 vol.% H>
balanced with N> atmosphere for 50 h.

To assess the extent of reduction of the electrodes, phase analysis of the electrodes was
carried out by X-ray diffraction (XRD, X'Pert Pro; PANalytical, Almelo, The Netherlands)
with Cu Ka radiation. Morphology of precursor powders and top surfaces of the coated
electrodes was observed by a Hitachi S-3400N scanning electron microscope (SEM) before

and after reduction.

A.2.2 Electrochemical characteristics

A three-electrode Pyrex cell was used to carry out the electrochemical measurements. A Pt
wire was used as the counter electrode and an Hg/HgO electrode saturated in 1 M KOH as
the reference electrode in a 1 M NaOH electrolytic solution. The electrolyte was bubbled
with nitrogen gas during the measurements to remove the oxygen from the solution. All
the measurements were performed at 22 °C. The value of the equilibrium potential for the
hydrogen evolution reaction is -0.924 V versus Hg/HgO.

Tafel plots were obtained at a scan rate of 50 mV/s and in the current range of 10 pA
to 100 mA using Princeton Applied Research potentiostat (Model 273A). Prior to each

measurement, the working electrode was pre-polarized for 1800 s at -1.6 V vs. Hg/HgO.
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A.3 Results and discussion

A.3.1 Composition and surface morphology

Top surface SEM image of the APS coated electrode shows that it is composed of fine 10-
50 um fragmented splats and semi-molten particles, Figure A.2. Presence of pores is

evident in the top surface microstructure.

100um

Figure A.2- SEM top surface micrograph of an APS

coated electrode.

It has been shown that the morphology of the splats and consequently the
microstructure of the plasma sprayed coatings depend on numerous spraying factors.
Substrate temperature and particle temperature and velocity at impact are demonstrated as
the most influential factors controlling the deposit formation during the spraying process
[20, 21]. For the APS coated electrode, the substrate’s temperature was measured in the
range of 90-150 °C during the coating process. Formation of small particles and splashed
morphology as a product of fragmented splats on the coating can be related to the low
temperature substrate, which results in a more porous structure. At lower substrate
temperatures, the chance of gas entrapment in air pockets underneath the splats increases,
which leads to higher splashing of the melted droplets and formation of larger pores and

higher surface roughness after solidification of the splats [20, 22].
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In order to achieve consistent and reproducible coatings, velocity and temperature of
inflight particles were monitored during APS. During the spraying process, particles
velocity and temperature are known to control the microstructure of the coatings to a large
extend. Higher particle temperature and velocity result in higher particle flattening after
impact to the substrate [21]. Temperature and velocity of the particles were measured
2451119 =C and 103£18 m/s, respectively for more than 18,000 detected particles at the
substrate standoff distance for the APS coated electrode. Therefore, besides substrate
temperature, high temperature gradients of the impacted particles can also be responsible
for the rough and porous surface structure of this electrode. The advantage of porous
structure fabricated by APS is to provide more active sites for electrode/electrolyte
interactions and an increased efficiency of the water electrolysis process.

Top surface SEM micrograph of the SPS coated electrode exhibits a fine porous
microstructure composed of small unmelted and partially melted particles embedded in a
structure of melted agglomerates with size of few tens of micrometres, Figure A.3. The
coating exhibits a high level of pores, which can be linked to the presence of fine, untreated

or poorly treated particles [23].
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Figure A.3- SEM surface micrograph of a SPS

coated electrode.
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In SPS process, selection of the spraying conditions is more complicated compared
to the conventional spraying methods. This complexity can be attributed to the demand of
proper suspension penetration into the hot plasma jet, which strongly affects the degree of
particle melting and porosity of the deposit. For the SPS coated electrode, the melted
particles are those that penetrated into the core of the plasma jet, while unmelted and semi
molten particles are those that passed through the periphery of the plasma jet with lower
temperatures. Fauchais et al. [24] have shown that high instabilities and voltage
fluctuations of the plasma jet (especially for Ar and H» plasma) in SPS process are
responsible for non-uniform penetration and fragmentation of the particles at different
zones of the plasma jet, which leads to the formation of porous microstructures. The
nanostructured features along with a high level of porosity of the SPS coating, is
advantageous for electrolysis applications. Such structure provides enhanced triple phase
boundaries and offers more opportunity for the surface atoms to take part in the HER.

The electrode manufactured by SPS deposited on top surface of an APS coated
sample reveals a microstructure with high roughness and porosity, Figure A.4. The
microstructure is composed of nano and submicron-sized particles deposited by SPS on the

surface of a porous structured coating with micron-sized features fabricated by APS.

Figure A.4- SEM top surface micrograph of the
electrode coated by SPS on the top surface of an APS

coated substrate.
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Porosity is an important factor for improving the surface area of cathode electrodes
and their performance. In several works, it has been shown that the formation of SPS
coatings on rough substrate surfaces greatly increases the porosity and surface area [25,
26]. Enhancement of the surface area can be related to the impact of nanosized particles
on the existing surface asperities, which increases the coating porosity. In other words, as
the roughness of the substrate increases, the spraying angle deviates locally from 90° on
the surface asperities, which further increases the porosity [26, 27]. Therefore, the electrode
coatings formed on rough substrates exhibit higher surfaces and better electrochemical
performances [26]. For the current electrode coating, a large variation of porosity sizes and
levels was obtained by combination of SPS and APS processes. This combined technique
allows for manufacturing of unique microstructures. For this electrode, larger pores formed
by the APS process promote the electrolyte diffusion, while the nano-sized protrusions
(about 500 nm) enlarge the surface area. Maximizing the surface area by taking advantage
of both micro and nanosized features can greatly enhance the electrode’s performance.
Combining nano and microporous structures by engineering the electrode’s surface is
beneficial for gas permeability and electrocatalytic activity [28].

Prior to electrochemical measurements, all electrodes were reduced using hydrogen
and studied by XRD to ensure complete reduction of NiO to Ni. The XRD pattern obtained
for the APS-SPS coated electrode showed no Ni1O content after reduction, Figure A.5. APS
and SPS coated samples also followed the same XRD pattern, with slightly different
amounts of nickel oxide.

One of the most important requirements for the electrodes after reduction is that the
coatings retain their structure as NiO transforms to Ni. Coatings that do not contain oxygen
after the reduction process, while their structure is not shrunk or densified, exhibit the best
reduction conditions and show a good electrocatalytic activity for hydrogen evolution.
Therefore, the surface structure of all electrodes was studied by SEM after the reduction

process, and no volume shrinkage or densification was observed.
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Figure A.5- XRD diagram of the APS-SPS coated

electrode (a) before and (b) after reduction.
A.3.2 Steady-state polarization curves

Steady-state polarization curves were recorded for APS, SPS and APS-SPS Ni electrodes
in 1 M NaOH solution at 22 °C. The catalytic activity of the electrodes was then evaluated
by the apparent exchange current density obtained by extrapolation of the linear portion of
the Tafel plots to the equilibrium potential divided by the projected geometrical surface
area, Figure A.6. Corresponding kinetic parameters (Tafel slope b, apparent exchange

current density jo and overpotential #) of the electrodes are summarized in Table A.2.
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Figure A.6- Tafel curves obtained for APS, SPS and APS-

SPS Ni electrodes; j is the apparent current density.

Table A.2- Kinetic parameters obtained from steady-state polarization measurements.

Electrode b (mV/dec) Jjo (Alem?) 3 250 (mV)
APS 156 2.7x10™ 706
SPS 158 1.3x10* 746

APS-SPS 172 6.5x10 636

The apparent exchange current densities of all samples were greatly increased
compared to a smooth nickel sample with a reported value of jy=1.8x10° A/cm? [29]. The
larger activity of the coated electrodes is related to the surface morphology of the electrodes
produced by the spraying process. The value of jy for the APS coated sample was measured
2.7x10%* A/cm?. However, this value reduced to 1.3x10* A/cm? for the SPS coated

electrode.
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As mentioned earlier, the activity of an electrode is highly related to the active
surface area of that electrode. It is expected that an electrode with a larger specific surface
area shows a better activity for the HER. It was shown that the surface area of the electrodes
produced by SPS process is much larger compared to those coated by APS [19]. Therefore,
a larger electrocatalytic activity was expected for the SPS coated electrode. For this
electrode, the lower values of jy can be related to H» gas bubbles trapped in the inner surface
of the pores in the absence of forced electrolyte convection, and less accessible
electrode/electrolyte sites. In addition, presence of gas bubbles in the pores also can
contribute to higher concentration polarization and ohmic resistance within the pores.
However, more studies are required to confirm this hypothesis.

The APS-SPS coated electrode, with the jy value of 6.5x10* A/cm?, shows the
highest activity for HER. The increased activity can be related to the engineered surface of
this electrode with a multi-scale porosity. The larger micropores make the surface area
more accessible to the electrolyte, lower the surface occlusion by H» bubbles and facilitate
the bubble ascension, while the nano-structured features enhance the surface area of the
electrode and increase the opportunity of the surface atoms to take part in the HER. Finally,
overpotential at 250 mA/cm? of the APS-SPS electrode characterized by the largest activity

was measured to be 636 mV, which is lower compared to APS and SPS coated electrodes.

A.4 Conclusions

High performance porous Ni electrodes for alkaline water electrolysis were produced by
APS, SPS and a combination of both processes. Top surface morphologies of all electrodes
were studied by SEM. Electrocatalytic activity of the reduced electrodes for HER was
determined using their steady-state polarization curves. The kinetic parameters including
Tafel slope, apparent exchange current density and overpotential were determined for all
coated electrodes. The electrode manufactured by a combination of APS and SPS processes
revealed the highest electrocatalytic activity of 6.5x10* A/cm?. The overpotential of this
electrode at 250mA/cm? was measured to be 636 mV. The higher activity of this sample
was related to the formation of nanosized features formed by SPS process on top of micron-

sized asperities formed by the APS process. It is believed that the combination of both nano
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and micron-scale microstructures manufactured an electrode with greatly enhanced surface
area, where the larger micropores promote the electrolyte diffusion and facilitate H> bubble
ascension from the pores and the nanosized features provide more active sites. For the SPS
coated electrode smaller activity was obtained compared to the APS coated electrode.
Blockage of the inner surface of the pores by gas bubbles, concentration polarization and
ohmic resistance within the pores were identified as the potential reasons for lower activity
of this electrode. However, further studies including electrochemical impedance

spectroscopy and cross-sectional analyses are required to confirm this explanation.
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