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FOREWORD

The primary purpose of the 2N° Hydrogen and Fuel Cells conference is the advancement
of green hydrogen technologies in Southern Africa and the global community, by
highlighting the power of renewable and sustainable technologies and addressing
the emerging challenges—through the exploration of hydrogen production, storage
and utilization using fuel cells by way of engagement with industry, academia and
government. The conference will provide a platform for high level exchange and
networking opportunities with various experts in the field. The two-day conference
will feature high-level scientific talks and posters, complemented with keynote and
plenary presentations on country overviews, status of leading and major players in
the Southern African and global arena.

B.S. Xakalashe
Conference Chairperson
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A computational approach to designing high entropy alloys
for hydrogen storage

B.S. Ramatsoma!, E.M. Makhathal, D.E.P. Klenam?, M.O. Bodunrin?

1University of Johannesburg, South Africa
2University of the Witwatersrand, South Africa

The advancement of effective and sustainable hydrogen storage technology is essential for
the hydrogen economy. High-entropy alloys (HEAs) have emerged as attractive materials
owing to their unique structural characteristics, thermal stability, and customisable
hydrogen absorption/desorption kinetics. This paper employs a computational
methodology to build HEA-based metal hydrides, employing advanced programs such as
HEAPS, Thermo-Calc, and Model MH to optimise alloy composition and microstructure.
We examine the interaction between body-centred cubic (BCC) alloys and Laves-phase
intermetallics to improve hydrogen storage capacity, phase stability, and performance
using a computational approach. Our research offers significant insights into the
importance of valence electron concentration (VEC), phase engineering, and
thermodynamic modelling in the design of HEAs. These computational improvements
facilitate the creation of next-generation hydrogen storage materials, which have
substantial implications for fuel cell applications, especially in the transportation and
renewable energy sectors.

Keywords: hydrogen storage, high-entropy alloys, metal hydrides, computational
modelling, fuel cell applications, clean energy.

INTRODUCTION

High entropy alloys (HEAs) have gained significant attention in hydrogen storage due to their unique
ability to efficiently absorb and desorb hydrogen under ambient conditions. Unlike conventional
materials, HEAs consists of five or more principal elements in nearly equal proportions, forming
complex crystal structures such as body-centred cubic (BCC), face-centered cubic (FCC), and hexagonal
close-packed (HCP) phases [1,2]. This structural complexity enhances their stability and mechanical
properties, making them attractive candidates for hydrogen storage applications. Their high thermal
stability and resistance to phase transformations further ensure long-term performance during
hydrogen absorption and desorption cycles [3,4].

One major advantage of HEAs is their adjustable composition, which allows for modifications that
improve hydrogen diffusion, increase surface area, and enhance hydrogen uptake and release rates
[3,4]. These features contribute to higher hydrogen storage capacity and better efficiency compared to
conventional materials. Among HEA structures, BCC alloys are particularly promising due to their
large interstitial spaces, which facilitate hydrogen absorption [5]. BCC HEAs such as
Ti275V275NbaoCri2sMniz s, TiZrVHEND, and TizsV22Nby7CrisMns have demonstrated hydrogen storage
capacities of 3.38 wt%, 2.7 wt%, and 3.65 wt%, respectively, showing strong potential for practical
hydrogen storage applications under varying temperature and pressure conditions [6-8].

2nd Southern African Hydrogen and Fuel Cell Conference 2025
Southern Sun Rosebank, Johannesburg, 7 - 8 April 2025
The Southern African Institute of Mining and Metallurgy



Another crucial factor in HEA-based hydrogen storage is storage kinetics, which determine how quickly
hydrogen can be absorbed and released. The presence of Laves phases, a type of intermetallic phase
found in some HEAs, has been shown to significantly improve these kinetics, making HEAs more
suitable for applications requiring rapid hydrogen uptake and release [9,10]. While HEAs present a
promising avenue for hydrogen storage, further research is needed to fully understand the mechanisms
governing hydrogen interaction with these materials. Ongoing studies are providing valuable insights
that can help optimise HEA compositions for next-generation hydrogen storage solutions.

Research into hydrogen storage mechanisms in HEAs is ongoing, with a focus on combining BCC alloys
and Laves-phase intermetallic to develop advanced metal hydrides. By optimising composition and
microstructure, HEA alloys can achieve high hydrogen storage capacities, fast absorption/desorption
kinetics, thermal stability, and long-term durability. This paper explores the development of HEA-based
metal hydrides using computational tools like HEAPS, Thermo-Calc, and ModelMH to simulate
thermodynamic properties, phase stability, and hydrogen storage performance, guiding the design of
novel HEAs with improved capabilities.

Computational Tools

HEAPS

High entropy alloy prediction software (HEAPS) is a computational tool designed to calculate
thermodynamic properties of HEAs, including atomic weight, density, specific heat, atomic mismatch,
valence electron concentration (VEC), Gibbs free energy, enthalpy, entropy, and possible phases.
HEAPS enables single or multiple predictions based on the alloy composition [11]. The design of HEAs
relies on thermodynamic calculations and semi-empirical parameters derived from Hume-Rothery
rules, considering factors like electronegativity, VEC, and atomic size mismatch. The Q parameter helps
predict phase stability, where Q > 1 favours solid solution formation, while Q <1 stabilises ordered
phases. Key equations determine properties such as melting point, enthalpy, entropy, atomic mismatch
(8), and VEC, which influence phase formation [12]. Specifically, VEC < 6.87 favours BCC structures,
VEC > 8 favours FCC, and Laves phases form in the range of 4-8. These calculations help optimise HEA
compositions for desired structural and functional properties [13-16].

Thermo-calc

Thermo-Calc is a powerful computational tool used in materials science and engineering to predict
phase changes, generate phase diagrams, and model material behaviour under different conditions. By
leveraging thermodynamic principles, extensive material databases, and advanced simulations, it
enables researchers to design and optimise alloys with specific properties while reducing reliance on
costly experimental testing [17,18]. In this study, Thermo-Calc was employed using an HEA database
to analyse phase transitions and develop HEA metal hydrides optimised for hydrogen storage. The
focus was on designing alloys with a BCC structure and varying Laves phases, which play a crucial role
in hydrogen absorption and desorption kinetics. By predicting phase stability and transformations, the
software helped identify ideal compositions to enhance hydrogen storage capacity, cycle stability, and
rapid hydrogen release/absorption rates. This systematic approach accelerates the development of
efficient HEA metal hydrides, contributing to advanced hydrogen storage solutions for energy
applications.

Model-MH

The pressure-composition-temperature (PCT) diagrams in this study were generated using an open-
source thermodynamic model developed by Suilherme Zepon to predict the PCT behaviour of BCC
metal hydrides in HEAs [19,20]. This model builds on the foundational work of Sahlberg et al., who
pioneered research on BCC HEA metal hydrides, which undergo a phase transformation from BCC to
BCT during hydrogenation [21]. The model relies on the alloy’s chemical composition and applies a
phase equilibrium approach that accounts for multiple phases, including BCC, BCT, and FCC, under
para-equilibrium conditions. Using a set of thermodynamic equations, the model calculates enthalpy,
entropy, and Gibbs free energy variations, incorporating configurational entropy and the site-blocking
effect (SBE), which influences hydrogen occupancy in interstitial sites [20]. This framework enables



accurate predictions of phase stability and transitions under different temperature and pressure
conditions, aiding in the design of efficient HEA-based hydrogen storage materials.

Possible Applications

Computational modelling of HEA metal hydrides is essential for optimising their performance in
energy applications such as hydrogen storage, fuel cells, and energy storage devices. In hydrogen
storage, simulations enhance key properties like absorption/desorption kinetics, thermodynamic
stability, and cycling performance by analysing atomic interactions and hydrogen diffusion
mechanisms [22]. This improves charging and discharging efficiency while reducing material
degradation. Additionally, computational modelling aids in designing HEA-based materials for fuel
cells, batteries, and supercapacitors by optimising corrosion resistance, thermal stability, and
electrochemical performance [23]. HEAs can enhance catalyst durability in fuel cells, improve ion
diffusion and cycle stability in lithium-ion and sodium-ion batteries, and increase thermal conductivity
in energy systems [24]. Overall, modelling accelerates HEA material development, advancing efficient
and sustainable energy technologies.

Environmental impact

The simulation of HEA metal hydrides has the potential to drive a sustainable hydrogen economy by
enhancing hydrogen storage capabilities through high volumetric density and adjustable hydrogen
binding strength. This allows for optimised storage conditions, reducing reliance on high pressure or
low temperatures. HEA metal hydrides offer superior kinetics, faster absorption/desorption cycles, and
improved cycling stability, making them ideal for stationary and mobile hydrogen storage [25]. Their
corrosion resistance and thermal stability enhance the lifespan and safety of storage systems while
lowering maintenance costs. Additionally, HEAs can be produced using abundant, cost-effective
materials, reducing dependence on rare or expensive metals like palladium [4,5,26]. Scalable production
methods, such as powder metallurgy and additive manufacturing, further improve efficiency and
reduce costs [27]. With greater durability and long-term stability, HEA metal hydrides present a more
economical and sustainable alternative to conventional hydrogen storage materials, supporting the
transition to a hydrogen-based energy economy.

Limitations

Computational modelling of HEA metal hydrides provides a cost-effective and efficient method for
designing alloys and predicting material properties, crucial for advancing hydrogen storage
technologies. Tools like Thermo-Calc and Model MH enable researchers to explore diverse alloy
compositions and hydrogen interactions without expensive and time-consuming experiments, offering
insights into thermodynamic stability, phase transitions, and hydrogen kinetics. However, these models
have limitations, as they often simulate ideal conditions that may not fully capture real-world
complexities such as impurities, defects, and processing effects. Additionally, data-driven models rely
on extensive datasets, which may be incomplete for newer HEA compositions [17,18,20]. To ensure
reliability, computational predictions should be validated through experimental testing, refining
models for greater accuracy and practical application [17,18,28,29]. Integrating simulations with real-
world experimentation enhances the development of scalable, high-performance HEA metal hydrides
for hydrogen storage.

METHODOLOGY

Over 200 HEA variations were analysed with the use of HEAPS and seven alloys compositions with
BCC and Laves phase were selected due to their hydrogen storage and hydrogen storage kinetics. VEC
was a governing parameter, as BCC formations occur at a VEC < 6.87 and Laves phase at VEC 4 - 8
while a VEC of 4-6 was targeted as it produces optimal hydrogen properties. The phase fractions were
assessed using Thermo-calc at 25°C and 400°C with the aim to access microstructural stability and
hydrogen storage potential. PCT diagrams were simulated with the aid Model MH in which hydrogen
storage capacity was assessed.



RESULTS AND DISCUSSION

HEAPS results

HEAPs aided in the development of 7 alloys based on Ti-V-Nb-Cr with a VEC that varies from 5-6. The
VEC indicates that the alloys designed from HEAPS meet the criteria for the formation of BCC and
Laves phase which have beneficial properties in the hydrogen storage capacity and hydrogen storage
kinetics. Ti-V-Nb-Cr system was chosen due to its 3 wt% storage capacity which is higher than other
alloy systems [30]. An increase in metal hydride stability is observed with an increase in VEC supported
by the enthalpy of formations which states that the more negative the enthalpy the more stable the
hydride as seen in Table 1

Table 1. VEC From HEAPS

ALLOY COMPOSITION VEC S (bec)
AH* (k]'mol™) (J'mol™-K™)

A Tiz5V25Nb25CI'25 5

-6.39 -0.85713
B Ti32V26Nb1 6CI‘1 7Mn9 5.04

-10.6 -0.7545
C T132V26Nb16Cr17Fe9 5.13

-11.23 -0.93084
D TizonoszoCrzoano 5.23

-15.16 -0.69654
E TizonoszoCrzoFezo 54

-15.78 -1.0168
F TizonoszoCrzoFeloMnlo 55

-15.44 -0.86654
G Ti10V10Nb20Cr20Fe20Mnag 6

-16.21 -0.83432

Thermo-Calc results

The phase fractions of seven alloys synthesised using the HEAPS method were analysed, revealing the
presence of BCC, HCP, and Laves phases. Elements like Ti, V, Cr, and Nb contribute to BCC formation,
while Ti promotes HCP [31-33]. The Laves phases, C14 and C15, are influenced by different elements,
with C15 linked to Nb and Cr, while C14 is promoted by Fe, Mn, and Cr. Notably, Mn has a stronger
influence on Laves phase formation than Fe and Cr [34,35]. Simulations at 25°C and 400°C indicate that
alloys B and D are unstable at room temperature, as predicted by Thermo-Calc. The 25°C condition is
relevant for PCT testing, while 400°C provides stable and reliable Thermo-Calc predictions.

The findings support the correlation between increasing VEC and higher Laves phase fractions in most
alloys, except for slight deviations in alloys B and E. Alloy E still exhibits a larger Laves phase fraction
than alloy B, reinforcing the VEC concept. The ability of specific elements to promote phases, especially
Mn's strong influence on Laves phase formation, is highlighted. Since the Laves phase improves
hydrogen storage kinetics, its presence is a valuable feature of these HEAs. Overall, Table 2 (confirms
that all seven alloys are BCC HEAs, expected to demonstrate excellent hydrogen storage capacity.



Table 2. Phase fraction predicted by thermo-calc HEA database

Sample Temperature (°C) BCC (%) Laves phase (%) HCP (%)

A 25 54.3 20.7 24.9
400 68.6 12.5 18.8

B 400 68.5 18.8 12.7

C 25 69.1 8 22.4
400 42.7 1 16.5
400 514 47.1 1.5
25 33 16.6 0
400 88.7 11.3 0
25 60.1 30.9 9
400 68.9 31.1 0
25 44.5 43.8 0
400 32.8 67.2 0

Model MH

The simulated PCT diagrams in Figure 1 confirm that all seven HEA alloys exhibit hydrogen storage
capacities exceeding 3 wt%, supporting the Ti-V-Nb system as a strong candidate for hydrogen storage
applications. Among them, alloys B and C demonstrate the highest storage capacities, reaching
approximately 3.5 wt%, though still below the US DOE target of 5.5 wt% [36]. This superior capacity is
attributed to their higher Ti content, as Ti has a strong affinity for hydrogen, significantly enhancing the
storage properties of the alloys [37].

Ti plays a crucial role in improving hydrogen storage by facilitating structural modifications in the alloy
matrix. With its HCP structure, Ti promotes the formation of tetragonal and cubic lattices through lattice
misfit and interactions with other elements, leading to enhanced absorption kinetics and overall storage
capacity. These structural adaptations optimise hydrogen storage and release, making Ti a key element
in the design of efficient HEA metal hydrides [7,38].

A limitation of the model arises in alloy D, where only the PCT curve at room temperature could be
simulated, unlike the other alloys, which include higher temperature simulations. This constraint
highlights a modelling limitation in predicting hydrogen absorption at elevated temperatures for certain
alloys. Nonetheless, the model remains a valuable tool for providing initial insights into hydrogen
storage properties, reducing reliance on costly and time-consuming experimental trials. By predicting
the performance of various alloy compositions, the model streamlines the alloy design process,
identifying promising candidates for further validation.
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Figure 1. PCT diagrams from Model MH

CONCLUSION

This paper focuses on developing an innovative computational approach for conceptualising HEA
metal hydrides for solid-state hydrogen storage. From an initial pool of 200 alloys, seven HEA alloys
were simulated using three advanced computational tools which are HEAPS, Thermo-Calc, and an
open-source model developed by Zepon. These tools generated detailed PCT diagrams, revealing that
the selected alloys exhibit a hydrogen storage capacity exceeding 3 wt% at room temperatures; a high
value for HEA metal hydrides. By reducing reliance on traditional trial-and-error methods, this
computational approach streamlines the alloy development process, enabling researchers to predict and
optimise hydrogen storage properties before experimental validation.

The integration of HEAPS, Thermo-Calc, and Zepon’s model allows for efficient simulation and
refinement of hydrogen absorption and desorption behaviours, accelerating the advancement of HEA-
based hydrogen storage materials. This methodology not only enhances the design of alloys with
improved storage capacities but also establishes a framework for future HEA metal hydrides with
superior performance characteristics. Ultimately, this study lays the foundation for further research and
development in HEA-based hydrogen storage systems, supporting sustainable energy solutions. The
computational techniques used can be extended to other HEA compositions, fostering the discovery of
novel materials for efficient and reliable hydrogen storage in various energy applications.
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Optimisation of metal hydride tanks for hydrogen
storage through heat and mass transfer modelling
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Tshwane University of Technology, South Africa

The research for this paper on metal hydride (MH) tanks was done to identify design
parameters for optimization of hydrogen storage. The main objective was to develop an
equation that could be used to calculate the desired hydrogen charge rate and discharge
rate as a function of the reactor's dimensions, inlet conditions, and boundary conditions.
This was accomplished with the aid of a semi-empirical formula that was created from a
collection of experimental data. COMSOL software was used to simulate the heat and mass
transfer in the hydrogen storage tank and produce experimental data. Simulations for
several MH tank geometries with various boundary conditions were performed, and the
charge/discharge rates were predicted, as well as the time to achieve 90% of the maximum
H» capacity. A two-dimensional model of heat and mass transfer in a MH tank for
hydrogen storage was developed as a set of partial differential equations. These partial
differential equations describe spatial (in space) and temporal (in time) variations of
temperature, pressure, velocity, and hydrogen concentration in the volume of the tank and
MH particles. Analytical solutions are not possible due to the strong nonlinearity of these
equations; hence numerical methods must be used; therefore, COMSOL software was
selected to perform simulations. The model was used to run independent simulations for
absorption and desorption for various boundary conditions. Via simulations, the effects of
the tank parameters such as length, number of plates and spacing between plates inside
the MH tank in the hydrogen absorption processes employing LaNis alloy were
investigated.

INTRODUCTION

Hydrogen and energy have a long history of working together. Engineers were captivated by the early
demonstrations of fuel cells and water electrolysis in the 1800s, and since then hydrogen was used to
power the first internal combustion engines about 200 years ago (Birol, 2019). The usage of fossil fuels
has an impact on a number of issues, such as global warming and pollution. A long-term answer to the
problems is to switch to renewable energy sources from traditional fossil fuels (Bao et al., 2013). Among
the several substitutes, hydrogen fuel holds the most promise for supply diversification, reduced
pollution, and lowered greenhouse gas emissions (Mellouli et al., 2010). Making hydrogen economically
viable in a secure condition with the necessary storage capacity needs is one of the challenges that
businesses face. The adsorption of hydrogen in metal hydride (MH) tanks has been found by researchers
from all over the world to be a potential answer to the issue of storing hydrogen. The use of MH tanks
as hydrogen storage tanks has attracted the attention of researchers from around the globe as a potential
method for storing hydrogen. A cylindrical tank that contains metal hydride powder is known as a MH
tank (bed). Because metal alloys and hydrogen can react to form MHs, which can then be solidified;
MHs offer a safe and effective alternative for storing hydrogen (Afzal and Sharma, 2018).

Theoretical models were also created to better examine the transport mechanisms. Investigational tests
on the absorption/desorption processes of hydrogen in La-Ni formed MH beds were conducted (Jiao et
al., 2012). In order to assess how well-powdered cylindrical MH beds applied hydrogen gas, a 3D
numerical heat-and-mass transfer model was developed (Satya Sekhar et al., 2015).

2nd Southern African Hydrogen and Fuel Cell Conference 2025
Southern Sun Rosebank, Johannesburg, 7 - 8 April 2025
The Southern African Institute of Mining and Metallurgy
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According to a study on hydrogen charge and discharge processes presented both experimentally and
numerically to comprehend the process and parameters that should be changed to obtain a desired
metal hydride tank, the amount of hydrogen that can be charged or discharged is dependent on
temperature and pressure, among other factors (Camara and Attila, 2015). The design of important
elements in this study, like the volume inside the tank and the plate's diameter, is crucial.

Problem Statement

The parameter set of fins inside the MH tank for hydrogen storage is one of the issues designers
experiences with this method of hydrogen storage. The solutions of heat and mass transfer balance
equations are a part of the design of a thermal management of fins for hydrogen adsorption/desorption
in the MH bed. The temperature, pressure, velocity, hydrogen concentration in the tank volume, and
MH particles must all be described by these partial differential equations in terms of both spatial and
temporal changes.

Objective

The major goal is to simulate how operating parameters [such as volume, length, and the distance
between plates (fins) inside the tank] influence how an MH tank for hydrogen storage operates.
COMSOL software will be used to solve mathematical equations for hydrogen absorption in order to
forecast charging hydrogen flow rates.

Methodology
Extensive research is required to ensure that the storage is both commercially viable and used in a secure
manner with the required storage capacity. The choice of specific design parameters is one of the crucial
components of an MH tank. In a mathematical model of hydrogen absorption and desorption rate, the
parameters include the sizes of heat-conducting components found inside the MH tank. These
specifications cover the spacing between the plates, the size of the plates, and the recommended number
of plates inside the tank, based on its capacity. Simulating the impact of various parameters on the
performance of an MH tank used to store hydrogen is the paper's research goal. In particular: to
anticipate charging/discharging hydrogen flow rates, mathematical equations for absorption and
desorption of hydrogen will be solved using COMSOL software, and the criterion equation will be
produced based on dimensional analysis.
The following assumptions were made for the modelled MH tank as storage of hydrogen (Satya Sekhar
et al., 2015; Mohammadshabhi et al., 2016) :
a. Since the pressure within the bed is moderate, hydrogen is treated as an ideal gas.
b. The temperature of the solid and the gas are the same (local thermal equilibrium).
c. Radioactive heat transfer has a negligible effect. This assumption holds for all hydride-forming
alloys that operate at temperatures considerably below100°C.
d. There is no heat loss or gain to/from the environment because only the heat transfers between
the MH and the Heat Transfer Fluid (HTF) is evaluated.
e. The temperature of both the gas and the solid is the same (local thermal equilibrium).
f.  Prior to the absorption, it is assumed that 10% of hydrogen is present in the tank.
g. Assumed dimensions of the tank are as follow: Fin height 5 mm, Fin number 60, Gap height 4
mm, and MH container length Fin numbers *(Fin height + Fin gap) = 304 mm

In this investigation, a reactor containing LaNis was employed. Due to the symmetrical design, the
computational domain can be constrained to two dimensions with an axis boundary. Hydrogen gas is
injected from the input during the charging process and passes through the void zone into the porous
MH bed. Following the procedure, the reaction causes the particles in the porous zone to absorb
hydrogen:

LaNig 4 3.25H, & LaNigHgg -+ (1)

The domain is split into two halves after that. The first domain stands in for the packed bed, and the

second domain represents the walls of the storage tank. The bigger porous area, which is also the site
of the reaction, holds the metal.
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Source terms and governing equations
The governing equations and source terms within the MH tank for storage of hydrogen for heat and
mass transfer and chemical reaction are given in detail below [7, 2]:

Hydrogen mass balance equation

The hydrogen mass balance is expressed using the continuity equation as

d —
%+v(pg Ug) = il e e e e e e e e e (2)

Where—r is the mass flow given in equation 2 and U:is the velocity of hydrogen inside the hydride
bed, which is calculated by using Darcy’s law given in equation (3). Density for hydrogen mass balance
is predicted using ideal gas law equation which is given in equation (4):

— k
Uy =— <M_>vp e (3)
g
Where K is the permeability of the MH bed (m?) and p is the dynamic viscosity of hydrogen gas.
PM
g "Hp
Pg RUT ( )

WhereF, is defined as the pressure of the gas (hydrogen), M, Molar mass of hydrogen, R; universal
gas law and T temperature of hydrogen.

Mass flow equation

The rate of the mass of hydrogen absorbed by the metal hydride, i, per unit time and unit volume is
given by:

Eq Pg
m = Cae(_RuT)m(E>(pt=°_pt) e (B)
Where C,is the absorption rate constant (s—1), £, (J(molH,)™") is the absorption activation energy,p,,is
the hydrogen absorption equilibrium pressure, where p values relate to the density of the solid at t = 0
(non-hydrogenated) and at any given time (partially hydrogenated, t) during the absorption process.
It's also worth noting that because p,, is an absolute pressure, P, must be one as well.

Equilibrium Pressure

The direction of the chemical reaction is specified by the equilibrium pressure. The reaction progresses
to the right to generate an MH if the hydrogen gas pressure is higher than the equilibrium pressure.
When the gas pressure falls below the equilibrium pressure, hydrogen is released, and the metal reverts
to its original condition. The temperature affects the equilibrium pressure. It rises as the temperature
rises and decreases as the temperature falls. The equilibrium pressure is given in equation (6):

The reactor is at equilibrium concerning the hydrogen gas, initially. Then, the equilibrium pressure, P,
(bar) is calculated using the van’t Hoff equation

AH _AS x 1\].8
Py = e{mﬂ“wﬂ”o)t“"["(xf z)]iz} 6)
Where AH and AS are reaction enthalpy and entropy, respectively; ¢ and ¢,are the slope factors, and

is the hysteresis factor; X and X,represent the definite and final hydrogen concentrations, respectively
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Momentum balance

Momentum equation the combination of mass and Darcy’s law velocity is given in equation (7) below:

a(ep,) k _
a—tg + V<—pg (E) vgg) R R R RN ¢4

Where K is defined as permeability and ¢ is related by the equation:

2

K = C x d2 (%) R 1)

Where MH particles are represented by d,, and C; = 2.37 x 107° as a constant.
Energy equation

Assuming thermal equilibrium between the hydride bed and hydrogen, a combined energy equation is
considered instead of separate equations for both solid and gas phases:

T —
(pcp)e%+ (ngpg) U.VT = K V2T +Q - vvvvveveevee e vie e (9)

Q is the source term is given by

_ . |AH 10
Q =Tm M—g e ee see ses see sas eee sas see sas ses ses ses sas ane sas sees nas sen senae ( )
In the energy equation, equivalent heat capacity can be expressed as:
(pcp)e = (ngp)g + ((1 - E)pCp)m(ll)
Finally, the effective thermal conductivity is given by:
ke = Ekg + (1 — g)km e ee see aae see sas sen sas ses sas see sae see sas ae sas see ses ses aee aes (12)

The ideal gas equation used to determine gas density is as follows:

P M
g~ "Hp
Py R,T (13)

Initial and boundary conditions

Initially, the fraction, X /Xf of reacted MH is assumed to be uniform and equal to 0.1. Also, the

temperature in the reactor is assumed to be uniform.
Initial conditions

Pg — Ps;Tm = Tm;Tf = Tm;X = Xm = 0.1Xf (14)
Boundary conditions

The outer boundary of the MH tank (for cases I and II) is assumed to be adiabatic:
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oT(r) _

The heat transfer fluid flows through the heat exchanger inside/outside the reactor bed and convective
boundary condition is given by:

oT
—leg 5 = (T = oo s s o v s s (16)
Where U is the overall heat transfer coefficient, T and T, are the temperature of the MH and the average

temperature of HTF, respectively. Where U is the overall heat transfer coefficient, T and T, are the
temperatures of the MH.

Results

Temperature evaluation

The temperature evolution is shown in Figures 1 and 2 for various fin heights, gap height, and number
of fin parameter values. The temperature quickly rises from its original value before dropping to its
equilibrium value. This is primarily caused by the quick reaction rate of hydrogen absorption, which is
accelerated by the presence of void spaces. The simulation displays a sharp initial temperature increase,
demonstrating that the rate of the hydrogen absorption process is rapid initially and that the subsequent
immediate release of heat exceeds the rate of heat removal due to heat convection with outside air. The
temperature then begins to stabilize.
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Figure 1. 4 mm fin gap height, temperature surface. Figure 2. 9 mm fin gap height, temperature surface.
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Figure 4. Temperature assessment for three sets of fin gap height parameters (4 mm, 9 mm and 14 mm) in MH
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DISCUSSION

Fin gap height

According to the numbers above, fin gap height affects how temperatures behave. According to
(Brendan et al., 2006), the rate at which heat can be transported to the reaction zone has a significant
impact on how quickly hydrogen can be taken from an MH tank. According to equation (3), mass
conservation and the magnitude of the hydrogen gas velocity in the porous metal vessel is inversely
related to the speed of the hydrogen absorption reaction. Because of the first quick hydrogen absorption
reaction, it is clear that hydrogen gas speeds are initially high and gradually decrease over time due to
the reaction rate slowing down.

Figures 1, 2, and 3 show how the height between fins affects the temperature surface. At 9 mm, the
surface temperature rises, causing hydrogen to be absorbed quickly. And when the distance between
the fins is between 4 mm and 14 mm, the temperature surfaces drop because the fins” bigger gap and
smaller gap produce more room within the MH tank and even smaller space causes hydrogen to be
absorbed more slowly than it would otherwise.

These graphics are shown in Figure 4, where it can be seen that this parameter, at 9 mm in height, best
represents quick absorption when compared to other parameters.

Number of fins

The temperature surface of fin number evaluation is shown in Figures 5, 6, and 7. Another method for
improving heat transfer efficiency in an MH tank used to store hydrogen is the number of fins inside
the tank. The results indicate that the number of fins has a significant influence in the design
expectations and improves hydrogen storage performance in MH tanks, as shown by the figures for the
number of fins in Figures 5, 6, and 7. This can be shown by changing the fin count and observing how
the temperature changes behave.

When the number of fins is changed to 80, as shown in Figure 6, it can be seen that the temperature
rises, causing the absorption of hydrogen to be faster. However, when the number of fins is lower or
higher (40 or 120), the temperature and hydrogen absorption appear to be slower than when the number
of fins is 80. The findings of the simulation are used in Figure 8 to illustrate this.
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Fin thickness

Figures 9, 10, and 11 display the temperature evaluations for different configurations of fin gaps used
to hold hydrogen in MH tanks. One of the most crucial design factors are the fin thickness parameters
since they affect the cooling temperature values and heat transfer rates for the MH tanks. The findings
in Figures 12 show that a MH tank used to hold hydrogen cools down more quickly at parameter 4 mm
than it does at other values, which is supported by a faster transfer rate. This can be explained by the
fact that the conduction path is relatively short for thinner beds.

CONCLUSION

Mathematical models for hydrogen absorption and desorption were developed and solved using
COMSOL software in order to predict charging hydrogen flow rates. To attain 90% of the maximum H2
capacity, a 2D symmetrical model was utilized to simulate a variety of MH tank shapes with different
boundary conditions.

Charging and discharging rate: Applying initial assumption conditions and boundary conditions,
absorption simulation was performed using the absorption formulas from equations 3 to 16. Fin height
5 mm, fin spacing 4 mm, fin numbers 60, and fin hole 2 mm were among the geometric fin parameters
that were simulated, and these values were chosen based on the behavior of an MH tank.

Following the prediction of these parameters, COMSOL software was used to determine charge and
discharge rates vs time to reach 90% of the maximum hydrogen capacity. The charging rate for
hydrogen in an MH tank was obtained to be 2.7 kg/m?s . A discharge rate graph versus time to attain
90% of the maximum hydrogen capacity, was computed using COMSOL software. Based on this
number, it can be concluded that the charging rate for hydrogen in the metal hydride tank is 2.5kg/m?3s,
which means 0.2 kg/m3s was lost inside the MH due to some of the energy being lost and converted to
heat.
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Investigation of Pt ternary alloy catalysts as PEMFC ORR
catalysts

Z. Mseleku, T. Ngwenya, K. Tshehla, C. Gray

Mintek, South Africa

The slow kinetics of the cathodic oxygen reduction reaction (ORR) poses a challenge in the
industrialisation of PEMFCs. Additionally, high Pt content is required to overcome the
large overpotential of the ORR, resulting in high cost of the catalysts required. To mitigate
this, the Pt content can be reduced while improving the ORR activity by alloying Pt with
transition metals, which results in a downshift of the Pt d-band and weakens the Pt-O
bond. This work investigated synthesising Pt ternary alloy catalysts with low Pt content
and testing the activity towards ORR. Pt- M;-M,/C catalysts with a Pt content of 20 wt%
(where M; and M, are combinations of Co, Cu and Ni) were synthesised via an aqueous
deposition chemical reduction method. Characterisation via XRD analysis showed that the
Pt alloy crystallite size was between 3 and 5 nm, which concurs with the theoretical Pt
desorption crystallite size from TF-RDE measurements. A slight shift of the XRD peaks to
higher 20 values indicated successful alloying of Pt with base metals. The preliminary TF-
RDE results showed a slight improvement in the ORR activity and stability of the Pt
ternary alloy catalysts compared to the commercial Platalite-K40 (Pt/C) catalyst.

INTRODUCTION

Proton exchange membrane fuel cells (PEMFCs) have been recognised as a crucial technology in low-
carbon energy conversion, due to their high efficiency and lesser environmental impact compared to
traditional combustion engines (Ren ef al., 2019). Simply put, hydrogen fuel cells produce energy by
electrochemically converting hydrogen to protons which recombine with oxygen to produce electricity
and water as a byproduct. However, the widespread adoption of PEMFC technology in industry has
been hindered by the sluggish kinetics of the cathodic oxygen reduction reaction (ORR) and the cost of
the platinum (Pt) which is primarily used as the catalyst in these systems (Ren et al., 2019; B. Hu et al.,
2021). PEMFCs are highly dependent on platinum-based catalysts because of their superior activity and
durability compared to other noble metals (Wang et al., 2018; Ren et al., 2019). Despite their effectiveness,
Pt-based catalysts still do not give the optimal power density and attempts to increase the Pt loading
may lead to agglomeration of the Pt nanoparticles which reduces the electrochemical active surface area
(ECSA) (Kriston et al., 2013) and thus the activity of the catalyst.

In response to the demand of cost-effective alternatives, researchers have studied various strategies to
reduce the catalyst cost whilst maintaining or increasing the performance of the Pt-based catalysts. A
promising approach is the synthesis of Pt-ternary alloys by alloying Pt with non-noble transition metals
such as cobalt (Co), nickel (Ni), and copper (Cu) (Kriston et al., 2023; Lokanathan et al., 2018; B. Hu et al.,
2021). The enhancement of the ORR activity is accredited to the intrinsic electronic effect generated
during the alloying process, as a result of the downshift of the Pt d-band centre, culminating in
adjustments of the binding energy between Pt and oxygen intermediates formed during the ORR (Hu
et al., 2017; Tian et al., 2019; B. Hu et al., 2021). Recently, de-alloyed Pt bimetallic nanoparticles gained a
lot of attention, where a Pt-rich skin is formed in a core-shell framework. These studies indicated a
significant enhancement in catalytic efficacy pertaining to the ORR (Mani, Srivastava and Strasser, 2011;
Heggen et al., 2012; Zhang et al., 2015; Strasser and Kiihl, 2016; Xiao et al., 2021).
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Considering the above- mentioned studies, using two transition metals combined with Pt has been
suggested as a promising option to optimise electrocatalytic performance in PEMFCs even further
(Zhang et al., 2015; Strasser and Kiihl, 2016; Xiao et al., 2021). As a result, Bin et al.,2021 synthesised
PtCuCo/C which exhibited a mass activity, three-fold that of commercial Pt/C (B. Hu et al., 2021). Zhang
et al.,2023 successfully used a polyol method and thermal annealing to prepare CoNi-Pt/C-600, which
showed superior electrocatalytic performance to Johnson Matthey (JM) Pt/C (Zhang et al., 2023).

Various methods have been previously employed to synthesise the alloys, such as wet chemical
synthesis (Zhang et al., 2021), chemical reduction (Fu et al., 2016), laser irradiation (Hu et al., 2023), and
co- deposition (Muntean et al., 2020). For instance, Bin Hu and co-workers used a novel co-doping
strategy for the large-scale synthesis of Pt-Cu-Co ternary alloy catalysts for PEMFCs. The co-doping of
Cu and Co optimises the electronic structure of Pt, enhancing the activity for the ORR. The synthesised
PtCuCo catalyst showed superior mass activity compared to commercial Pt/C catalysts. Furthermore,
the catalyst exhibits good durability, with only a small decrease of 9.5% in activity after 30,000 cycles
(Fu et al., 2016). Inasmuch as the methods stated above are yielding catalysts with a promising ORR
activity, the amount of Pt in these catalysts is significantly high, above 30 %wt. Secondly it is not viable
to upscale using most of the methods due to the cost of the equipment required. As a result, a different
synthesis and easily scalable approach is needed, hence the aqueous deposition chemical reduction
method developed at Mintek was used in this project.

The main aim of this paper was to enhance the ORR activity of Pt catalysts while lowering the Pt weight
percentage (wt%). This was done by alloying Pt with non-noble transition metals of Co, Ni and Cu. The
Pt-based ternary alloys were prepared using a modified aqueous deposition chemical reduction
method, followed by the alloying process at high temperatures (500-900°C). After the synthesis of the
ternary alloy catalysts, a thorough characterisation was conducted using various analytical techniques
such as X-ray diffraction (XRD) and high-resolution transmission electron microscopy (HRTEM) for
structural analysis, followed by assessment of their electrochemical performance and stability using TF-
RDE (thin-film rotating disk electrode) measurements. The success of this study has the potential to
lower the total cost of PEMFCs by reducing the amount Pt used as catalyst whilst also improving the
sluggish ORR activity.

Experimental section

Preparation of ternary alloys

Three ternary alloy catalysts were synthesised utilising an aqueous deposition chemical reduction
technique. Generally, this method involves dissolution of metal precursors into metal ions like Cu2+
from copper nitrate in a water-based solution while stirring. A suitable reducing agent must be added
into the solution which acts as an electron donor to the metal ions to reduce them to their metal state;
this is followed by the aggregation of metal atoms to form nanoparticles. These nanoparticles are then
dispersed onto the surface of high surface area carbon material to form a catalyst. The summarised
standard method with modifications which are proprietary to Mintek was used, followed by alloying
process. In each of the three catalysts, a metal loading of 22 wt% was targeted, comprising 20 wt% Pt
and 2 wt% of the additional two transition metals. The employed synthesis methodology represents a
variant of wet chemistry and heat treatment processes, which guarantees an optimal dispersion of
metallic nanoparticles across the surface of the carbon support. The alloying process was conducted by
placing each catalyst in a stationery tube furnace at temperatures ranging between 500 - 900 °C under
5% Hz/ Nz gas for two hours. The alloyed catalysts were collected and de-alloyed by washing in acidic
solution to remove excess base metals. After de-alloying, the dried catalysts powder was placed back
into the furnace under the same gas mixture but at lower temperatures (6400°C) for annealing. This
process closes the pores on the alloy core-shell structure that were opened during the de-alloying step.

Scientific and Industrial Research (CSIR). The metal weight (%) loading was determined by ashing each
catalyst at 700°C for three hours.
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Electrochemical characterisation

All electrochemical measurements were executed at a controlled temperature of 25°C in a conventional
three-electrode cell. Pt foil functioned as the counter electrode, a saturated calomel electrode (SCE) was
used as the reference electrode, and a glassy carbon rotating disk electrode (RDE) was employed as the
working electrode. The rotation speed and the potential of the working electrode were regulated by an
Autolab PGSTAT302N potentiostat, utilising NOVA v1.11 software. Prior to conducting the
measurements, the preparation of the catalyst ink involved weighing #20 mg of the catalyst into a glass
vial, followed by the addition of a calculated volume of high-purity water per gram of Pt, after which
the mixture was sonicated for a duration of 20 minutes at ambient temperature. A volume of 20 pl of
the prepared ink was subsequently dropped onto the surface of the glassy carbon electrode using a
micro-pipette and allowed to dry for 30 minutes. Following this, 20 ul of a 5% Nafion solution was
dripped onto the 5 mm diameter glassy carbon electrode surface and dried in an oven at 120°C for 10
minutes. A commercially available Platalite-K40 (Pt/C) catalyst, was utilised as a benchmark to
facilitate the comparison of the electrochemical characteristics of the advanced catalysts. Cyclic
voltammetry was conducted within the potential range of 0.05 to 1.25 V (versus RHE) at sweep rates of
50 and 20 mV/s in a nitrogen-purged 0.1 M HCIO; solution, while accelerated durability tests (ADT)
were executed between 0.60 and 1.00 V (versus RHE) at a scan rate of 20 mV/s over 7200 cycles in
accordance with the Nissan ADT Procedure (Takahashi and Kocha, 2010). The evaluation of the oxygen
reduction reaction (ORR) was carried out through linear sweep voltammetry (LSV) from 0.12 to 1.02 V
(vs RHE) at a scan rate of 20 mV/s in an oxygen-saturated 0.1 M HCIO; solution.

Results and discussion

Structural characterization

Before TF-RDE measurements, XRD was employed to characterise structural differences of the
crystallites for each catalyst crystal structure differences of each catalyst. Displayed in Figure 1 is the
XRD patterns of the various ternary alloy catalysts with each sample exhibiting four peaks
characteristic of the metal face-centred cubic (fcc) structure. A broad diffraction peak which is found at
20 ~ 46° is attributed to Pt (111) plane. This diffraction peak shifts to a higher angle (47.748°, 47.958°,
47.790°) for alloy catalysts compared to that of Pt only catalyst (46.625°). The observed shift can be
attributed to lattice contraction which confirms alloying of metals (Seo et al., 2006). The diffraction peak
shift for the ternary alloy catalysts was observed not only for the Pt (111) peak but also for all other
peaks; Pt (200), Pt (211), and Pt (311) as can be seen in Figure 1. The XRD lattice parameter calculations
from Pt (111) peak were recorded in Table I to acquire the detailed information of the lattice constants.
Based on the diffraction angle analysis of Pt/C, PtCoNi/C, PtCoCu/C and PtCuNi/C, there is a more
notable shift in the peaks for PtCoCu/C than other catalysts, indicating a stronger lattice compression.
The compressive Pt lattice strain occurs due to the interaction between Pt and metal atoms with a
smaller radius like Co, Ni and Cu, and becomes stronger as more atoms are bonded (Luo et al., 2019).
The compressive strain positively affects the ORR by lowering the binding energy between Pt and ORR
intermediate species such as O", OH and OOH . This effect occurs because compressive strain causes a
broadening of the d-band on the Pt-surface (B. Hu et al., 2021).
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Figure 1. (A) XRD patterns of ternary alloys catalysts: PtCoNi/C, PtCoCu/C, PtCuNi/C and Pt/C. (B)
Magnification of Pt (111) peak.
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Table I1. XRD results of Pt/C and alloy catalysts

Catalyst Pt (111) Peak Position Lattice Parameter Crystallite size (nm)
(A)
(26)
Pt/C 46.625 3.915 270
PtCoNi/C  47.748 3.828 3.79
PtCoCu/C  47.958 3.812 3.88
PtCuNi/C  47.790 3.825 4.60
HRTEM analysis

Particle size and distribution was studied using HRTEM. The results obtained from HRTEM analysis of
the synthesised ternary alloys were analysed for particle size distribution and the results are presented
in a graphic form in Figure 2. It was observed that the metal particles were uniformly dispersed on the
surface of the carbon support as can be seen in the Figure 2 images. This indicates that metal alloy
particles were successfully dispersed on the surface of the carbon support during synthesis. The analysis
of the average particle size of PtCuCo/C, PtCuNi/C and PtCoNi/C showed that PtCuCo/C has the
smallest particles at 2.36 nm followed by PtCoNi/C at 3.02 nm and PtCuNi/C at 3.03 nm. The smaller
particle size is an indication of a good catalyst because particle size plays an important role in catalytic
activity. Smaller particles turn out to have a larger surface area-to-volume ratio, which increases the
number of active sites available for the reaction (Gilliam et al., 2011).
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Figure 2. HRTEM images of the synthesised ternary alloys and a graphical illustration of particle size
distribution.

Electrochemical characterisation

Electrochemical tests were conducted in a three-electrode system to evaluate the ORR activity of the
various catalysts. These tests involved measuring the mass activity (MA) and specific activity (SA) of
ternary alloys in an oxygen-saturated 0.1 M perchloric acid (HCIO4) solution. Figure 3(A-D) summarises
catalyst ECSA (Figure 3A), MA and SA (Figure 3B), ECSA% loss after durability test (Figure 3C) and
catalyst cyclic voltammograms (Figure 3D). The results, displayed in a bar graph in Figure B, indicate
that the ternary alloys exhibited higher MA and SA compared to the commercial Pt/C catalyst.
Specifically, the PtCoNi/C and PtCoCu/C alloys achieved the highest mass activities of 0.21 A/mgp,
which is approximately 1.3 times the mass activity of the Pt/C catalyst (0.17 A/mgpy). In terms of
specific activity, the PtCuNi/C alloy produced the highest at 351+40 pA/cm?p, which is 2.5 times that
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of the Pt/C catalyst (139£3 pA/cm?p). The electrochemical active surface area (ECSA) of the catalysts
were measured using the hydrogen underpotential deposition (Hupd) as shown in Figure 2 (D). The
ECSA values for PtCoNi/C, PtCoCu/C, and PtCuNi/C were found to be 989, 701, and 54+2 m?/g.p,
respectively. These values were lower than that of the Pt/C catalyst (118+3 m?/g.p;), which was as a
result of the lower Pt loading of the alloyed catalysts, at 20 wt%, whilst Platalite®-K40 (Pt/C) had a 40
wt% loading (Y. Hu et al.,, 2021). Durability tests for all the synthesised catalysts were conducted for
7200 potential cycles as reported in Figure (C). All of the ternary alloys showed improved stability
compared to Pt/C (65% ECSA remaining), PtCuNi/C exhibited a superior stability of 93% ECSA
remaining after 7200 potential cycles. PtCoNi/C and PtCoCo/C maintained 76% and 77% ECSA after
7200 potential cycles, respectively. An unexpected increase in the ECSA of PtCuNi/C was observed
during the ADT run, this can be attributed to the fact that PtCuNi/C had excess base metals covering
the Pt surface, these base metals may dissolve during the multiple potential cycling of the durability
test, leaving Pt-rich layer resulting in more Pt active cites, giving a temporal increased ECSA (Xiao et
al., 2021; DBukicé et al., 2022).
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Figure 3. (A) bar graph plot for the electrochemical active surface area of the catalysts (B) a comparison of mass
and specific activity for all the catalysts, (C) % ECSA remaining during the durability test and (D) cyclic
voltammograms of all catalysts.

27



CONCLUSION

Pt-based ternary alloy catalysts, PtCoNi/C, PtCoCu/C and PtCuNi/C were synthesised successfully.
These ternary alloys displayed improved ORR performance in acidic solutions. The analysis of XRD
data confirmed the successful alloying of Pt, Co, Ni and Cu metals in the catalysts. From electrochemical
testing it is concluded that the average SA and MA values of the catalyst were 2.2 and 1.3 times larger
than that of Pt/C, respectively. In addition, after the durability testing, the ECSA of Pt/C significantly
decreased, whereas the ternary alloys maintained relatively stable ECSA. These findings clearly
demonstrate that ternary alloys outperform the commercially available Pt/C catalyst. This study
demonstrates the capability to produce ternary alloy catalysts with enhanced ORR activity and stability
by adjusting the electronic and crystal structures of the catalyst nanoparticles. It offers a dependable
method for advancing the development of catalysts while lowering the total cost of PEMFC catalysts by
reducing Pt content. Future projects will focus on upscaling the ternary alloys to a larger synthesis scale
whilst optimising the synthesis method to obtain even better ORR activity performance. For future
recommendations more studies will be conducted to determine a precise alloying temperature for best
performance and the ternary alloy catalysts will be characterised in-situ as a single cell MEA.
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The development of highly stable and efficient catalysts for proton exchange membrane water
electrolyzers (PEMWE) is crucial for advancing the oxygen evolution reaction (OER). IrO; is a
widely used catalyst due to its stability; however, its high cost necessitates the exploration of
alternative or modified materials to improve cost-effectiveness. This study successfully
synthesized Ru-modified IrO, and unsupported IrO, via the Adams Fusion Method. The
synthesized catalysts were characterized using XRD and SEM to analyze their elemental
composition, crystal structure, and morphology. Electrochemical performance was evaluated
through CV, LSV, and chronoamperometry (CA) to assess OER activity and durability.
Furthermore, the study assessed the membrane electrode assembly (MEA) performance of
synthesized Iro.;Ruo.30, electrocatalysts for PEMWE. The Iro.;Ru0.50, catalyst exhibited
superior catalytic activity compared to commercial IrO,, suggesting that incorporating Ru
enhances OER performance while reducing catalyst costs. Additionally, the in-house catalyst-
coated membranes outperformed commercial alternatives, highlighting their potential for PEM
electrolyzers. The Iro.;Ru0.30, demonstrated excellent electrochemical performance, offering a
cost-effective alternative for green hydrogen production. MEA testing confirmed that
synthesized Irg.;Ru0.50, outperformed commercial catalysts in terms of current density and
overall efficiency, highlighting its potential for sustainable hydrogen production.

Keywords: Electrocatalysis; Oxygen evolution reaction (OER); Proton exchange membrane water
electrolyzers (PEMWE); Iridium oxide-based catalystIntroduction

INTRODUCTION

The global energy landscape is undergoing a significant transformation due to increasing energy
demands. Currently, fossil fuels account for approximately 80% of the global energy mix, while
renewables contribute about 20%(Gielen et al., 2019). The extensive use of fossil fuels has a detrimental
impact on the environment, primarily due to carbon dioxide (CO;) emissions, which is a major driver
of climate change. Research indicates that fossil fuel reserves could be depleted within 50-60 years,
necessitating a rapid transition to renewable energy sources (Wang and Azam, 2024).

One of the challenges associated with renewable energy is the high cost of PEMWE technology.
Expensive materials, particularly the proton exchange membrane water electrolysers (PEMWE) anode
catalyst, hinder the widespread adoption of clean hydrogen production. In addition, the oxygen
evolution reaction (OER) is among the major limiting factor in PEMWE due to its high energy
requirements and slower kinetics compared to the hydrogen evolution reaction (HER) (Gouws and
Mackay, 2024). The performance of OER primarily depends on the catalyst used, with platinum group
metals (PGMs) being the most commonly employed due to their superior activity.
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To achieve efficient and sustainable hydrogen production, it is essential to develop catalysts that
accelerate chemical reactions in PEMWE. Due to the acidic environment of Nafion, noble metal catalysts
are required (Chen et al., 2021). Ir-based catalysts are preferred due to their high activity and durability;
however, their scarcity and cost necessitate the development of alternatives that maintain catalytic
performance while reducing metal loading.

Given the high cost of Ir-based materials, several strategies have been proposed to enhance their Ru
performance while reducing cost. One approach involves doping IrO, with inexpensive metals to
improve catalytic activity and stability. RuO, is the most active catalyst for OER; it is however, not
RuO,. Another strategy is to support the catalyst on a high-surface-area material(Polonsky et al., 2012,
which reduces agglomeration and increases the active surface area (Karimi and Peppley, 2017). An ideal
OER catalyst support should exhibit excellent stability under harsh OER conditions, good electrical
conductivity, and low cost. Additionally, (Karimi and Peppley, 2017) that an effective support material
should enhance catalyst activity and durability by modifying its electronic structure. Transition metal
carbides have gained interest as potential support materials (Karimi and Peppley, 2017).

Various synthesis methods can be employed for IrO,-based catalysts, including electrochemical
synthesis, hydrothermal methods, sol-gel processes, and precursor thermal decomposition (Ahmed and
Mao, 2016). However, many of these techniques are complex, expensive, environmentally hazardous,
and rely on unstable precursors. These drawbacks, which pose both economic and technical challenges,
include the need for sophisticated experimental setups and time-consuming synthesis procedures
(Karels et al. 2024).The modified Adams fusion method (MAFM) was selected for this study due to its
simplicity, stability, and cost-effectiveness. MAFM has been demonstrated to directly produce
nanosized metal oxides with high efficiency (Felix et al., 2019)

MATERIALS AND METHODS

Material

The synthesis of ruthenium-modified iridium oxide (Ru-modified IrO,) required iridium chloride
(IrCls), isopropanol (99.9%), ruthenium chloride (RuCl;), and sodium nitrate (NaNOs3), all of which
were sourced from Alfa-Aesar, United States. For the preparation of the working electrodes, Nafion
Solution (5%) and commercial iridium oxide (IrO;) were also obtained from Alfa-Aesar, while
ruthenium-modified iridium oxide (RulrO,) was synthesised in-house. Additionally, ultra-pure water
(Milli-Q) was prepared in-house to ensure high purity in the electrode fabrication process.

Catalyst Synthesis

The unmodified IrO, was synthesised by dissolving IrCl; xH,O in isopropanol. The solution was
magnetically stirred for 30 minutes at 300 rotations per minute (rpm). Finely ground NaNOs was added
to the mixture and stirred for another 30 min. The isopropanol was then evaporated from the mixture
on a hotplate and dried in an oven for 15 min at 85°C. The dried mixture was cooled and transferred to
a porcelain crucible. The synthesis duration was constant at two hours while the temperature was 350°C.
The obtained metal oxide was filtered four times with 500 mL of Milli-Q ultrapure H>O to remove the
unreacted salts. A 0.1M AgNO; solution was used to ensure no chloride was present in the last 500 mL
ultrapure water filter filtrate. In the final step, the RulrO, was dried at 85°C for two hours and cooled
inside the oven overnight and stirred. Finely crushed NaNO; was added, followed by heating to remove
solvents. The dried mixture was calcined at 350°C for two hours, cooled overnight, and rinsed with
ultrapure water before drying.

Ru-modified IrO, was synthesised by dissolving iridium chloride (IrCl; xH,O) and ruthenium chloride
(RuCls) separately in isopropanol to make individual precursor solutions. The iridium and ruthenium
precursor solutions were then combined and magnetically stirred for 30 min at 300 rotations per minute
(rpm). The process followed the same drying, calcination, cooling, and rinsing steps as for unmodified
IrO, synthesis.
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Physical Characterisation

The crystalline structure was then analysed using X-ray diffraction (XRD), Bruker AXS XRD instrument.
Measurements were operated in a continuous 0 - 8 scan in locked coupled mode with Cu-Ka radiation
(\Ka1=1.5406A) in the 2-theta range from 5° to 70°, in steps of 0.034° per second. The morphology, and
surface texture of individual particles and the elemental composition of the anode catalyst samples were
analysed by means of high-resolution scanning electron microscopy (HR-SEM), Phenom pro
instrument; samples were prepared by dispersing a representative portion of each catalyst samples onto
double-sided carbon tape mounted on a SEM stub.

Electrochemical Investigation

A glassy carbon electrode was polished, ultrasonicated, and dried to prepare the working electrode.
Catalyst ink was prepared by dispersing a pre-weighed amount of the catalyst in ultrapure water and
Nafion, with 8 mg deposited onto the electrode and dried. Electrochemical analysis was conducted
using a three-electrode setup (glassy carbon working electrode, 3 M of Ag/AgCl reference electrode,
and Pt sheet counter electrode 1 cm? was used. The electrolyte (0.5 M H,SO,) was degassed with
nitrogen. CV, LSV, and CA measurements were performed using an Autolab potentiostat, with a
potential window of 0 to +1.4 V versus RHE applied at a scan rate of 20 mV/s for 50 cycles prior to any
electrochemical characterisations, and for LSV and CP analyses, the RDE speed was set to 1600 rpm

Catalyst Ink preparation (Anode and Cathode)

For the anode catalyst loading of 2.5 mg/cm? of iridium oxide (IrO,) or ruthenium-modified iridium
oxide on a 25 cm? Nafion membrane, the required metal loading was calculated and weighed-out. ,. The
catalyst ink was prepared using a 1:6:2 ratio of the pre-weighed of IrO, or ruthenium-modified iridium
oxide catalyst, Nafion solution 5% w/w so and solvent, respectively. To account for potential material
loss during preparation, an additional 10% of the total mass was included, with all components adjusted
proportionally. Isopropanol was used as the dispersion medium, and the mixture was homogenised by
sonication for 30 minutes to ensure uniform dispersion of the catalyst. For the cathode to achieve a
platinum on carbon (Pt/C) loading of 0.5 mg/cm? on a 25 cm? Nafion membrane, the required platinum
on carbon was calculated as 31.25 mg. The same procedure as for the anode was followed for the
preparation of the cathode ink, maintaining consistency in the preparation method.

Deposition method

The proton exchange membrane (PEM) was placed into a metal frame and clamped with a binder clip
on all sides for equal distribution of pressure; this was clamped to a piece of clapboard to reduce the
amount of warping when spraying the catalyst ink onto the membrane, as warping in the presence of
isopropanol lowers the performance of the MEA. In the fume hood, the catalyst ink was sprayed with a
spray gun (nozzle calibre: 0.3 mm) using nitrogen gas to pressurise the spray gun. The process of
spraying the catalyst took place under an infrared light to evaporate the solvent. Figure 1 illustrates the
fabrication process of MEA, from raw material to cell test.

Figure 1. The membrane electrode assembly fabrication steps.

In-house and Commercial MEA Fabrication

Figure 2 demonstrates the gaskets' design. MEA consists of CCM sandwiched between silicon rubber
gaskets with a thickness of 210 micrometers. The gasket is needed to create a seal, preventing the leakage
of water and gas produced on the electrolysis. The three-step manufacturing process consisted of (i) Soft
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rubber gasket printing using a Vicsign vinyl cutter. (ii) Align and impose the CCM in between two
gaskets. (iii) The gaskets and CCM are heat-pressed together.

Figure 2. Vicsign HCL630 vinyl cutter setup with the SignMaster 3.5 CUT software. (B) Screenshot of the
SignMaster 3.5 Cut software with the gasket design displayed. (C) RoHS HFS (40x50mm) heat press machine.

Membrane Electrode Assembly (MEA) Testing Using an AutoLab Potentiostat

A PEMWE single cell with an active area of 5 cm x 5 cm was used to evaluate the performance of an in-
house MEA coated with commercial IrO;and in-house CCM coated with synthesised Iro7Ruo302 on the
anode side.

RESULTS AND DISCUSSION

Physical Characterisation

The XRD spectra of commercial IrO,, synthesised IrO,, commercial RuO,, and synthesised Irq.;Ru,.50;
are shown in Figure 3. The peaks were assigned using standard IrO, data from the XRD analysis
software. Figure 3A and C illustrate the XRD patterns of commercial IrO, and commercial RuO,,
respectively. The peaks of these two commercial samples appear at the same diffraction angles,
indicating similar crystalline structures. However, the peak intensities of RuO, are notably higher than
those of IrO,, suggesting a higher degree of crystallinity. The narrow peaks observed in both
commercial catalysts confirm their crystalline nature. In contrast, the XRD patterns of synthesised IrO,
and synthesised Iro.;Ru0.50, (Figure 3B and D) exhibit broader peaks, indicating their amorphous
nature. The key diffraction peaks for both commercial catalysts appear at approximately 29°, 35°, 40°,
and 54°as per the data standard, also corresponding with those reported in literature (Felix, 2019) and
(Kareis, et al., 2024).

Figure 4 compares the XRD patterns of all samples, showing that the peak positions of the synthesised
catalysts closely match those of their commercial counterparts.
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Figure 4. XRD pattern comparison of commercial and synthesised electrocatalysts.

The SEM images of commercial IrO,, synthesised IrO,, commercial RuO,, and synthesised Iro.;Ruo.350,
are presented in Figure 5. The results reveal that synthesised IrO, exhibits non-uniformly distributed
agglomerated crystals.
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Figure 5. SEM images of electrocatalysts - (A) Commercial IrO, (B) Synthesised IrO,, (C) Commercial RuO,,
(D) Synthesised Iro. Ru .50 2.

The amorphous nature of synthesised IrO,, as indicated by the broader XRD peaks (Figure 5B),
corresponds to its less-defined crystal morphology. Conversely, the well-defined crystalline nature of
commercial IrO, aligns with its sharp XRD peaks (Figure 5A). The higher surface area of commercial
IrO,, due to reduced agglomeration, likely contributes to its superior electrocatalytic performance
compared to the synthesised sample (Kareis, ef al., 2024). Similarly, the SEM image of synthesised
Iro.7Ru,.30; reveals agglomerated crystals with a non-uniform distribution, indicating a lower surface
area compared to commercial IrO, and RuO,. The broad peaks in its XRD pattern (Figure 5D) further
confirm its amorphous nature. The lower surface area and increased aggregation in synthesised
Iro.7Ru0.30, could lead to reduced electrocatalytic performance due to fewer exposed active sites.
Additional characterisation via transmission electron microscopy (TEM) would be beneficial to
determine crystal size more precisely.

Electrochemical Characterisation

Cyclic voltammetry (CV) was conducted to evaluate the redox behaviour and electrochemical
properties of the four electrocatalysts. Figure 6 presents the cyclic voltammograms of commercial IrO,,
synthesised IrO,, commercial RuO,, and synthesised Irg.;Rug.30,. The CV analysis of commercial IrO,
(Figure 6A) shows distinct oxidation and reduction peaks, attributed to the redox transitions of Ir
species. The first redox couple at ~0.4 V corresponds to Irll/IV (Ox1/Red1), while the second redox
couple at ~0.8 V is associated with Ir'V/V (Ox2/Red2) (Rivera et al., 2013). These peaks confirm the
electrocatalytic activity of IrO, for the oxygen evolution reaction (OER).
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Figure 6. Cyclic voltammogram of four electrocatalysts. (A) Commercial iridium oxide. (B) Synthesised iridium
oxide (C) Commercial ruthenium oxide. (D) Synthesised ruthenium modified iridium oxide.

The CV of synthesised IrO, (Figure 6B) exhibits similar redox transitions but with lower current
densities. In Figure 6C, the oxidation and reduction peaks of commercial RuO, are less pronounced,
with a small peak at ~0.6 V representing Ru(IV) to Ru(III) oxidation and a corresponding reduction peak
at ~0.5 V. Figure 6D shows the redox behaviour of synthesised Iry.;Ruo.30,, with oxidation occurring
at ~0.6 V and reduction at ~0.5 V. The redox potential range closely resembles that of RuO,, suggesting
minimal variation in redox behaviour between these catalysts. However, the higher peak current of
synthesised Iry.,Ru,.30; indicates improved electrochemical activity compared to individual IrO, and
RuO;, catalysts.

Linear sweep voltammetry (LSV) analysis was performed at a scan rate of 2 mV/s in 0.5 M H,SO, at
25°C and atmospheric pressure, with the RDE speed set to 1600 rpm. Figure 4.5 presents the LSV curves
of the electrocatalysts. Among all catalysts, synthesised Iro.;Ru,.30, exhibited the highest activity. Its
current density remained stable within the 0.8 -1.47V potential window before increasing exponentially.
At 1.6V, synthesised Iro.;Ru,.30, achieved a high current density of 0.4A cm™, indicating superior
electrocatalytic performance in OER.
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Figure 7. LSV plots of electrocatalysts (commercial IrO;, commercial RuO,, synthesised IrO, and synthesised
Iro.7Ru0.307) at 0.002 V/s.

Chronopotentiometry (ChronoP) analysis was used to evaluate catalyst stability at a current density of
0.01 A/cm? Figure 8 presents the ChronoP results. Synthesised Irq.;Ru,.30, exhibited the longest
stability, maintaining a steady potential of ~1.45 V for over seven hours before degradation. Synthesised
IrO, remained stable at ~1.55 V for the same duration, while commercial IrO, and RuO, exhibited
shorter stability periods of five and four hours, respectively.
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Figure 8. Chronopotentiometric stability of electrocatalysts - chrono of commercial IrO,, commercial RuO,,
synthesised IrO, and synthesised Iro.7Ru0 0.

Membrane electrode assembly testing

The performance of membrane electrode assemblies (MEAs) in PEMWE systems was evaluated using
different anode catalysts. The results indicate that MEAs incorporating synthesised Iry.;Ruo.30,
exhibited superior performance compared to commercial IrO, and RuO, (Figure 9). At an applied
voltage of 1.8 V, the current density of the synthesised Irg.;Ruo.30,-based MEA reached 2.0 A,
significantly higher than that of commercial catalysts. This improvement suggests enhanced
electrocatalytic activity and proton conductivity, facilitating effective charge transfer and reduced
energy consumption.
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Figure 9. The evaluation performance of CCM coated with different catalysts.

To validate the performance of the fabricated MEAs under real-world conditions, testing was conducted
using both a commercial cell-based electrolyser (Figure 10A) and an in-house fabricated proton
exchange membrane (PEM) electrolyser system (Figure 10B). The in-house PEM electrolyser featured
an active surface area of 25 cm? and operated at a temperature of 78°C. Electrochemical performance
was assessed at applied voltages of 1.4 V and 1.9 V, with a water flow rate of 25 mL/min. The recorded
current output was5Aat14Vand3Aat1.9V.

Figure 10. Testing of membrane electrode assembly in real world- (A) The testing was conducted outside using a
commercial cell-based electrolyser and (B) The testing was performed inside using an in-house fabricated cell
electrolyser system.

The performance trends observed during laboratory scale experiments were consistent with real-world
testing, reinforcing the efficiency and applicability of the synthesised Iro.;Ru,.30; catalyst for industrial
hydrogen production. The PEM electrolyser cell efficiencies, calculated based on hydrogen low heating
value (LHV) and high heating value (HHV), were determined to be 65% and 85%, respectively. Under
operational conditions, the cell produced a peak current of 1.73 A at 1.9 V. The power output of the test
cell was calculated as 3.287 W and 7 W for both LHV and HHYV cases. The total system energy input
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was 2.7 V, while the energy output was 2.2 V, resulting in an overall system efficiency of 65% for LHV
and 85% for HHV.

Hydrogen Production and Energy Efficiency Analysis:
The hydrogen generation rate was calculated using the equation, Hz (kg)= (1 x P x t)/E
Where:
e 1 = Electrolyser efficiency
e P =Power input (kW)
e t=Time (hours)
e E =Energy required to produce 1 kg H, (39.4 kWh/kg)
Hydrogen Production at LHV Efficiency (65%):
H>(LHV) = (0.65%0.003287 kWx1 h) / 39.4kWh kg = 0.005427091 kg ~ 5.43 gh!
Hydrogen Production at HHV Efficiency (85%):
H>(HHV) = (0.85x0.003287 kWx1 h) / 39.4 kWh kg =0.007091 kg~7.1 gh

The performance data from the test cell (Figure B) was further utilised to develop a demonstration
model, which consists of:

e A PEM electrolyser cell

e Hydrogen and oxygen storage towers
e A single-cell PEM fuel cell

e A fanacting as a load

The electrolyser system was powered using solar energy, harvested via solar panels (Figure A),
showcasing its potential for renewable-driven hydrogen production. These findings highlight the
feasibility of integrating PEM electrolysers into sustainable energy systems while optimising catalyst
design to enhance overall efficiency.

CONCLUSION

This study demonstrates the successful synthesis of Iry.;Rue.30, as an efficient electrocatalyst for
PEMWE applications. XRD and SEM analyses confirmed its amorphous structure, while
electrochemical testing showed enhanced redox behaviour, higher current densities, and improved
stability compared to commercial catalysts. MEA testing validated its efficiency, achieving 65% LHV
and 85% HHYV efficiencies, with hydrogen production rates of 5.43 g/h (LHV) and 7.1 g/h (HHV). Real-
world testing, including a solar-powered electrolyser model, reinforced its potential for sustainable
hydrogen production. These findings highlight the feasibility of optimising catalyst design for
industrial-scale green hydrogen applications. Thus, further research should explore optimisation
strategies to enhance catalyst durability and scalability for industrial applications.
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