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The cathode flow-field is an important component in polymer electrolyte 

membrane fuel cells (PEMFCs) that influences the cell’s performance 

significantly. An effective cathodic flow-field design is necessary for efficient 

transport and removal of reactants and products from its respective electrode. 

Fractal flow-fields, inspired by the flow mechanism of air inside the lungs, are 

identified to provide homogeneous, scalable and uniform distribution of 

reactants to polymer PEMFC electrodes. In this thesis, the design and 

development of lung-inspired fractal flow-fields, developed from layered planar 

printed circuit board (PCB) plates, is presented for cathodic reactant transport. 

The PCB-based approach makes the fractal flow-field cost-effective, easy to 

manufacture, scalable and lightweight, compared to laser sintered stainless 

steel fractal flow-fields, developed in previous work in the Centre for Nature-

Inspired Engineering. 

Furthermore, advanced metrology techniques are utilised to characterise the 

lung-inspired fuel cells with a view to optimise their design and performance. 

Uniformity and alignment between individual PCB layers producing a fractal 

hierarchy of flow channels have been characterised using X-ray computed 

tomography (X-ray CT). Performance polarisations, current-voltage 

degradations and cell temperatures indicate that fractal PEMFCs perform better 

than conventional, single-serpentine PEMFCs. Standard electrochemical 

characterisations confirm the basis for the observed performance enhancement 

when using a fractal flow-field.  

Acoustic emission (AE) analysis, a first of its kind non-invasive and non-

destructive hydration diagnostics tool, is utilised as a water management 

technique that identifies the presence of liquid water in flow channels and 



 Page 7 
 

correlates its removal and generation with the level of cell performance. In 

addition, electro-thermal mapping, which reflects the surface distribution of 

current and temperature generated inside the cell, is performed to evaluate the 

influence of reactant and water distribution conditions inside the cells on its 

localised and overall cell performance.  
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Fuel cells involve a complex interplay of physical and electrochemical 

processes. They are an important technology in the context of renewable 

energy and sustainability. Development of advanced metrology tools is 

essential to understand, monitor and improve their operation, and to support 

improved fuel cell designs. Performance improvements have been 

demonstrated by taking a nature-inspired approach to flow plate design, leading 

to easy scalability and higher efficiency. In this thesis, the use of advanced 

diagnostic techniques is presented to understand water management in lung-

inspired, polymer electrolyte membrane (PEM) fuel cells, which take hydrogen 

as a fuel and produce water, with a view to optimise their design and 

performance. 

The research work has been primarily conducted in the EPSRC “Frontier 

Engineering” Centre for Nature Inspired Engineering (CNIE) and the 

Electrochemical Innovation Lab (EIL) at UCL. CNIE is a multidisciplinary 

research centre having expertise in understanding the physicochemical features 

of natural systems and applying them in developing innovative solutions to 

grand challenges in energy, chemical manufacturing, water, healthcare, space 

technology, the built environment, etc. EIL is one of the most advanced 

electrochemical science and engineering research centres, with innovation, 

technology and enterprise as its core values.  

The work presented in this thesis has been published in peer-reviewed journals 

like Energy Conversion and Management (impact factor 8.2), Electrochemistry 

Communications (impact factor 4.3) and ECS that allowed to disseminate the 

research to a wider audience. Besides, this work has been presented and 

discussed with academics and industry through international conferences (ECS, 
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2019 and PRiME, 2020). The author has also presented this research at the 

Industrial Advisory Group (IAG) meetings held at the National Physical 

Laboratory (UK), which partly sponsored this research work.  
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1.1. Polymer electrolyte membrane fuel cells (PEMFCs) 

1.1.1. Introduction to PEMFCs 

Uncontrolled use of fossil fuels causing environmental damage [1] is forcing 

researchers to seek renewable energy sources that can, to an extent, suffice 

the global energy needs while being less detrimental on the environment. 

Energy derived from hydrogen can be an alternative to fossil fuel energy while 

being efficient, sustainable and clean at use [2]. Polymer electrolyte membrane 

fuel cells (PEMFC) that use hydrogen as a fuel for generating electrical power 

are an efficient option to utilise the energy potential contained in hydrogen as an 

energy vector. PEMFCs are largely considered as an ideal candidate for a wide 

range of power applications, both stationary and portable, for the built 

environment, transport sector, and to satisfy a range of other energy needs. 

Besides, PEMFCs can deliver power at low temperature, with low emissions, 

high power density, and start up quickly [3–5].  

PEMFCs are electrochemical devices that convert chemical energy into 

electrical energy. They use ion-exchange polymers as electrolytes for the 

electrochemical reaction. These electrolytes have the ability to conduct protons 

and are good insulators for electron conduction. Besides, a PEMFC consists of 

a cathode and an anode, where the electrochemical half-reactions occur, and 

flow-field (bi-polar) plates for the supply of reactants to the respective 

electrodes. The PEMFC working schematic is presented in Fig. 1 [6] and the 

overall electrochemical reaction occurring is given in equations (1-3) [7].  
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Figure 1: Schematic of a polymer electrolyte membrane fuel cell (PEMFC) 

operation outline. Figure adapted from [6].  

The anodic and cathodic half-reactions are given in equations (1) and (2), 

respectively, and the overall reaction in equation (3). In addition, the PEMFC 

electrochemical reaction produces electrical energy with water (𝐻2𝑂) and heat 

(𝛥) generated as the only by-products.  

𝐻2  → 2𝐻+ +  2𝑒−                                                                                               (1) 

1

2
𝑂2 + 2𝐻+ +  2𝑒− → 𝐻2𝑂                                                                                   (2) 

𝐻2 +
1

2
𝑂2  → 𝐻2𝑂 +  𝛥                                                                                         (3) 

A PEMFC consists of several assembled components, like the membrane 

electrode assembly (MEA), gaskets, flow-field plates, and end plates, and these 

components are pivotal in the efficient generation of electrical power. Of these, 

the flow-fields play a critical role in the supply, removal, and regulation of 
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reactants and water produced inside the cell. Furthermore, their designs can 

significantly influence the functioning, performance and durability of a PEMFC 

[8,9]. 
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1.1.2. Flow-field(s) and its impact on PEMFC performance 

Flow-field plates are essential components for PEMFCs; they provide the 

necessary mechanical compression to hold individual components of the cell 

together, provide electrical conductivity between the cells, and introduce oxidant 

(oxygen in air) and fuel (hydrogen) to the respective electrodes [8,9]. A wide 

range of flow-fields has been developed for PEMFCs. Some conventional ones 

include serpentine, parallel, interdigitated, pin, mesh, cascade, perforated and 

biomimetic designs [10–18]. A major operational issue that could be impacted 

by the structure of the flow-field is the accumulation of water in the channels 

and under the land areas, especially at the cathode region [10,19–21]. 

Inefficient removal of accumulated water from the flow-field channels by 

reactant gases results in cell flooding. Flooding leads to a non-uniform reactant 

distribution on the electrode surface, resulting in a heterogeneous current 

density distribution that can hinder cell operating performance, and accelerate 

the degradation of cell performance and cell components, respectively 

[11,22,23].  

Serpentine flow channels are widely acknowledged as having operational 

advantages compared to other conventional flow-fields in terms of uniform 

reactant distribution, water and heat management, effective utilisation of 

electrocatalysts, improved reactant flow at the electrode surface, uniform stack 

compression and water and thermal management [8,10,24–28]. There are 

several configurations of serpentine design based flow-fields, like single-

serpentine, multiple-serpentine and serpentine in combination with other 

conventional flow-field designs. However, the serpentine flow-field has a long 



 Page 38 
 

reactant flow path that often results in a concentration gradient and pressure 

drop along the reactant flow path [29]. In addition, stagnation of liquid water  

along the serpentine flow paths results in mass transfer related issues, like 

channel flooding and reactant starvation that reduce the overall cell 

performance [30,31]. The flow-field design needs to be improved to overcome 

issues such as the decrease in fuel cell performance at low current density 

under low temperature and low relative humidity conditions [32]; a significant 

decrease in reactant concentration from inlet to outlet of the fuel cell [33]; 

uneven reactant consumption and current density distribution [34]; cathode 

water accumulation during higher humidity operation [19,35]; and high pressure 

drop at large scale (> 10 cm2 area of the flow-field) [36].  
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1.2.  Nature-inspired chemical engineering (NICE) solutions for fuel cells 

1.2.1. Overview of bio/nature-inspired mechanisms and methodology 

Through evolution, nature has developed mechanisms and systems with 

efficient distribution and the right balance between flow dynamics and energy 

transformation [37,38]. For instance, respiratory organs, the vascular network 

[39] and trees [40] are exemplary for efficient reactant transport and distribution 

with optimised thermodynamic balance [41]. The networks inside organs and 

trees follow a branched, hierarchical, fractal architecture between macroscopic 

and microscopic length scales [42]. Such a fractal structure allows for efficient 

transport and uniform distribution of materials inside them, maintaining a 

constant functionality through scale-up [43].  

Some of the flow mechanisms and principles observed in nature have been 

studied and implemented in developing flow-fields for fuel cells that eventually 

enhanced the cell’s performance [12–14,44,45]. Asadzade et al. [44] identified 

lung-shaped microfluidic flow patterns in bipolar plates as a means of 

maximising power density. Kloess et al. [12] established, via simulations and 

experimental studies, that serpentine and interdigitated flow-fields, when 

integrated with lung and leaf flow patterns, delivered enhanced performance. 

Guo et al. [14] mimicked the hierarchical structures of leaf veins, with three 

hierarchical generations, by incorporating them into serpentine and 

interdigitated flow-fields, leading to improved performance over conventional 

flow-fields. Through numerical modelling and simulation, Arvay et al. [13] 

reviewed CFD simulations applied to nature-inspired flow-fields. They 

concluded that the efficacy of these designs increases when used in 
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conjunction with standard interdigitated flow-field designs. Collectively, these 

studies show that decreased pressure drop, uniform flow distribution, higher 

oxygen delivery and homogeneous reactant distribution can be achieved by 

using bio/nature-inspired flow-field designs. However, the primary purpose of 

these studies is to provide improved gas distribution at the GDL level by either 

imitating or mimicking mechanisms from nature, without precisely analysing the 

physiochemical formulations and phenomena responsible for the improvements, 

and thus fuel cell performance. Furthermore, a common concern identified in all 

these studies is the cost and complexity involved in developing such bio/nature-

inspired flow-field patterns, thus hindering scalability of such designs into large-

area fuel cells and stacks.  
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1.2.2. NICE mechanism based PEMFC flow-fields 

Mechanisms occurring in nature have inspired solutions to several issues faced 

by synthetic processes. Some critical mechanisms include: (a) hierarchical 

networks to bridge scales, minimise transport limitations and provide efficiently 

scalable solutions, (b) balancing of forces to achieve superior performance, and 

(c) use of dynamics as an organising mechanism [38,46,47]. Fundamentally, a 

nature-inspired approach differs from replication and mimicking [48–50], as 

inspiration considers the mechanistic and physiochemical features behind the 

processes [51]. Such an approach finds application in, e.g. architecture [52], 

biological applications, catalysis and reactor engineering [53–55], fuel cells and 

electrochemical engineering [36,56,57].  

Coppens [38,43], for the first time, developed a systematic and thematic nature-

inspired chemical engineering (NICE) methodology that leverages fundamental 

mechanisms underpinning desirable properties in natural systems, such as 

scalability, efficiency and robustness, in designs that address similar challenges 

in engineering, for a range of applications. NICE designs adopt the natural 

mechanisms, but adapt them to the different context of the technological 

application, recognising that nature and technology operate under different 

constraints [38].  

Applied to fuel cell design, Kjelstrup, Coppens et al. [58] formulated the design 

and mathematical procedure for developing a fractal based, lung-inspired 

distribution system with catalytic layers for fuel cells, as shown in Fig. 2, which 

resulted in reduced entropy generation and enhanced fuel cell performance. 
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Figure 2: Hierarchical, fractal gas flow distributor for a polymer electrolyte 

membrane fuel cell (PEMFC). Figure adapted from [58]  

Marquis’ PhD thesis [59] and Trogadas et al. [36] developed a simulation and 

experimental validation study for lung-inspired PEMFCs, as shown in Fig. 3. 

Furthermore, finite element models in combination with two-phase agglomerate 

models, and numerical simulations of 3D hierarchical fractal flow-fields were 

studied by Trogadas et al. [36] and Cho et al. [60]. Here, the effects of 

hierarchical branching generations on the gas diffusion layer (GDL) thickness 

and the resulting PEMFC performance were explored. Through these numerical 

simulations, the ideal number of branching generations ‘N’ required to deliver a 

diffusion dominated flow at the fractal outlets that is similar in magnitude to 

convection dominated flow at the inlet (Pé ~ 1) with minimal entropy generation 

was identified to be between N = 5 and N = 7 [36,60]. For fuel cells with larger 

electrode area (flow-field plates), larger N is required to deliver diffusion 

dominated flow at the outlets.  
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Figure 3: A) Lung-inspired PEMFC design inspired from airflow network inside 

lungs, (B) fractal flow structure design for PEMFC, (C) simulation results of 

current density with number of fractal generations and (D) simulation results of 

number of generations needed for matching convection and diffusion flow 

through outlets. Figure adapted from [36]. 

Experimental realisation of the modelling and simulation studies, as discussed 

above [36,60], were performed initially on a 10 cm2 and later on a 25 cm2 active 

MEA area lung-inspired PEMFCs, respectively. The cells had up to four fractal 

generations and were developed from laser sintering of stainless steel, as 

shown in Fig. 4. The lung-inspired flow-field PEMFCs indicated performance 

enhancement and low pressure drop values over conventional serpentine flow-
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field PEMFCs at 50% and 75% reactant RH conditions as a result of uniform 

and homogeneous reactant distribution across the catalyst layer.  

 

Figure 4: (A) 4-generation, 3D fractal network design, (B) X-ray radiography of 

fractal flow-field, (C) stainless steel based fractal flow-fields for different 

generations. Figure adapted from [61]. 
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1.3. Perspective of this thesis 

1.3.1. Printed circuit board (PCB) based layered lung-inspired PEMFCs 

Previously, works by Marquis [59] and Trogadas, Cho et al. [36] applied the 

NICE approach to the analysis of lung-inspired, fractal flow-fields. Initial 

modelling and simulation studies were performed to optimise the distributor 

structure and identify the optimal number of fractal branching generations to 

achieve uniform reactant distribution. Further, laser sintering of stainless steel 

was used to construct the 3D flow-field structure, and it was found that, up to 

four generations, the fractal flow-field exhibited significant performance 

enhancement over conventional flow-field designs. However, Trogadas, Cho et 

al. [36] identified difficulties in water management at higher humidity (100% 

RH), using the laser sintered stainless steel plates, that resulted in performance 

degradation for higher numbers of generations. Furthermore, the weight 

(approximately 0.5 kg per flow-field), complexity, time and cost (~£600 - £800 

per flow-field) involved in the flow-field fabrication (laser sintering of stainless 

steel) can hinder the use of such fractal structures in commercial fuel cells and 

stacks. In summary, while the benefits of a NICE approach to flow-field design 

are clear, a common concern is the high reactant humidity operations, cost and 

manufacturability of these complex 3D structures at scale. 

Incorporating the membrane electrode assembly (MEA) within the layers of 

printed circuit boards (PCBs) has proven to be a promising means of PEMFC 

fabrication. Some key benefits of PCB-based fuel cell development are ease of 

manufacturability, durability, and adaptability, as well as the light weight and  
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cost-effectiveness [62–67]. However, to date, the PCB flow-fields have 

conformed to conventional ‘2D’ flow configurations.  

In this thesis, the cost-effective PCB approach, and the hierarchical lung-

inspired flow-field design are combined for the first time. A 3D fractal flow-field 

is constructed using a 2D planar multi-layered PCB approach [62–66]. The 3D 

lung-inspired flow-fields are fabricated on PCBs using a computer numeric 

control (CNC) technique. Furthermore, the development of different fractal flow-

field configurations, utilising the PCB plate’s surfaces optimally, is presented. 

The structural integrity is established through X-ray scans to ascertain the 

accuracy in the layered assembly approach. Performance of the different flow-

fields, tested over a range of experimental conditions and operating parameters, 

are presented in detail. Besides, polarisation, electrochemical impedance 

spectroscopy (EIS), degradation tests, electro-thermal mapping, and acoustic 

emission technique are utilised for diagnosing the performance of the different 

fractal flow-field PEMFCs.  

Furthermore, the performance of PCB-based, lung-inspired flow-field PEMFCs 

is compared with the performance of PCB-based, conventional single-

serpentine flow-field PEMFCs. Here, a single-serpentine flow-field is chosen for 

the comparison with the lung-inspired flow-field’s performance, because the 

serpentine pattern is known to provide the best PEMFC performance and 

effective water management and reactant distribution among the existing 

conventional flow-fields [10,24–26,65].   
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1.3.2. Advanced metrology of lung-inspired PEMFCs  

In this thesis, different metrology is utilised to diagnose and characterise the 

performance of the various tested lung-inspired and conventional flow-field fuel 

cells. 

X-ray computed tomography (CT) scanning based structural characterisation 

allows visualising the internal channel arrangement of the flow-fields, the 

alignment of individual layers, structural integrity, as well as the quality of the 

cell assembly.  

Polarisation scans are performed under different reactant, temperature, 

stabilisation and degradation conditions, which establish the cell operating 

performance. Electrochemical impedance spectroscopy (EIS) measurements 

are conducted to evaluate the resistance contribution from various components 

of the cells. The EIS technique is instrumental in assessing the individual and 

cumulative contributions of reactant and operating conditions, and flow-field 

structure on the cell performance.  

Galvanostatic and potentiostatic tests are performed to evaluate the influence of 

hydration conditions on cell performance stability, which is influenced by water 

generation and removal dynamics inside the PEMFC.  

Current and temperature mapping metrology has been utilised to characterise 

the electro-thermal performance of a fractal flow-field, for the first time, as well 

as of conventional flow-fields. Electro-thermal mapping primarily investigates 

the role of the flow-field structure, under different reactant and operating 

conditions, on the hydration distribution inside the cell and it’s corresponding 
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impact of the fuel cell performance through surface current and temperature 

distributions. 

Finally, acoustic emission (AE) analysis, a non-invasive and non-destructive 

diagnostic tool, is utilised to probe water formation and removal inside an 

operating fuel cell. Acoustic emission as a function of polarisation (AEfP), a first 

of its kind hydration diagnostic technique, is utilised to characterise the cell 

performance electro-acoustically. AEfP can identify the presence of liquid water 

in flow channels and correlate its formation and removal with the level of cell 

polarisation, reactant RH and consequent cell temperature. Furthermore, 

simultaneous acoustic activity from the cells during polarisation cycles and 

stability studies, and use of amplitude analysis for hydration quantification, allow 

the relative water management characteristics of the fuel cells to be compared. 
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2.1. Polymer electrolyte membrane fuel cell (PEMFC) technology  

2.1.1. Technology overview 

PEMFC technology has several advantages, like low-temperature operations, 

quick start-up conditions, low-pressure operations and high power density [68]. 

PEMFCs operating on hydrogen are considered to be an ideal replacement for 

a wide range of power sources for many stationary, portable, built environment 

and transport applications due to the low-temperature operation, zero emissions 

at the point of use, high efficiency, high power density, and quick start-up [3–5]. 

The energy efficiency of a PEMFC can reach around 40% and this can increase 

to as high as 95% [69] when used as a combined heat and power (CHP) device 

[70].  

For transport applications, where the PEMFCs are required to replace the 

internal combustion engines of cars, buses and other utility vehicles, the typical 

fuel cell power ranges from 20 kW to 250 kW. Some of the PEMFC powered 

vehicular applications include the Toyota Mirai, Honda FCX, Hyundai FCV, 

Nissan XTERRA and others in the passenger car segment. Daimler fuel cell 

buses, Mercedes – Benz Citaro fuel cell buses are among the examples used in 

the public transportation segment [71–73].  

In the portable power range applications, PEMFCs with a power range of 5 – 50 

W are utilised as microcells for powering laptops, mobiles, toys and other 

electronic applications ordinarily supported by battery technology [71].   

For stationary applications, PEMFCs are utilised for commercial/residential use 

with the fuel cell systems supporting heat-power cogeneration requirements. 

Several PEM fuel cell systems as combined heat and power devices for 
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stationary applications are developed by Plug Power, Ballard systems and 

others [74–76].  
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2.1.2. PEMFC materials and components  

The major materials and components in a PEMFC are – Membrane electrode 

assembly, flow-field plates, current collector plates and end compression plates. 

The individual PEMFC components are shown in Fig. 5 [77]. 

 

Figure 5: PEMFC assembly components. Figure adapted from [77].  

The membrane acts as an electrolyte in the PEMFC; it allows for selective 

conduction of protons, while separating reactants and being electrically 

insulating. Given the various operating conditions of PEMFCs, the membrane 

must endure temperature ranges between sub-freezing [78] and as high as 100 

°C [79] and remain durable and stable in activity [80].  

There are several possible candidates for proton-conducting membranes; 

however, their use depends on the operating conditions of the PEMFC. For  
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temperature below 80 °C, a per-fluorinated polymer electrolyte like Nafion® 

(DuPont) [81,82] is used as a membrane, while, at temperatures above 100 °C, 

sulfonated copolyimide ionomers and Hyflon® membranes are used [83,84]. 

The electrocatalyst is the other major component of a MEA in PEMFCs. The 

hydrogen oxidation reaction (HOR) and oxygen reduction reaction (ORR) occur 

at the respective electrocatalyst layers. The base material for the 

electrocatalysts are Pt-based, which show greater activity, stability and 

durability [85,86]. The overpotential for the ORR is much larger than that for the 

HOR; therefore, it contributes more to the reduction in PEMFC performance 

[87]. Thus, more Pt is used at the cathode than at the anode, due to the 

sluggish ORR kinetics [86]. Alternatives for Pt are other platinum group metals, 

including palladium, ruthenium, rhodium, iridium and osmium [88]. 

To reduce the amount of precious Pt used, they are supported with porous and 

conductive carbon surfaces with Pt coated or electrodeposited on the carbon 

surface. The use of a carbon support provides a high, active surface area, good 

electrical conductivity, stability and catalytic activity [7,89]. As carbon supports, 

highly conductive carbon blacks having a high surface area are used, such as 

Vulcan XC – 72R, Black Pearl 2000, Ketjen Black and Denka Black [90]. 

The gas diffusion layer (GDL) is primarily a porous material usually developed 

consisting of carbon fibre paper or carbon cloth support with macroporous and 

microporous layers. The typical pore size for the macroporous structure varies 

between 290 – 400 µm, for the microporous layer between 10 – 100 µm and the 

catalytic layer a few hundred nanometres, as shown in Fig. 6 [91]. The 

microporous layer consists of carbon black powder and a hydrophobic agent  
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that pushes the water away from the membrane to the flow-fields to avert 

flooding. It also facilitates the effective distribution of reactant gases at the 

membrane surface. 

 

Figure 6: Schematic of a double-layer gas diffusion layer; the macroporous 

substrate is in contact with the flow-field and inlet gas, while the microporous 

layer is in contact with the catalyst layer. Figure adapted from [92]. 

The macroporous layer allows for the electrical contact between bipolar plates 

and electrode, as well as mechanical support between the flow-field and the 

microporous layer [93–95].  

Bipolar plates are critical components in a PEMFC and have a multifunctional 

character, including distribution of reactants, conducting electrons from cell to 

cell, water removal from MEA, thermal management and providing mechanical 

compression [92]. Bipolar plates constitute a significant part of a PEMFC and its 

manufacturing costs [96]. Thus, for a real-time application, they must be of 

lightweight, cost-effective and easily manufactured materials. Furthermore, for 

any material to be considered as a good fit for bipolar material, it should 

possess good thermal conductivity (as high as possible), good electrical 

conductivity (resistance < 0.01 Ω cm2), low hydrogen gas permeability (< 10-4  
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cm3 (STP) . cm . cm-2 . s-1 . cmHg-1), low corrosion resistance (< 0.016 mA cm-

2), high compressive strength (> 1540 g cm-2) and density (< 5 g cm-2). Some 

major bipolar plate materials that satisfy the above material properties include 

graphite, sheet metal and polymer composites [9]. Fig. 7 identifies the different 

bipolar plates based on material classification [92].  

 

Figure 7: Classification of materials used as bipolar plates in PEMFC. Figure 

adapted from [91]. 

Apart from the materials discussed, printed circuit board (PCB) could also be 

used as a flow-field for PEMFCs: it is an effective material in terms of cost-

effectiveness, ease of manufacturing, compressive strengths and durability. 

This planar material is also advantageous in terms of weight and volume 

constraints that make it an ideal replacement for existing bipolar plates [97].  
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2.2. Manufacturing methods 

2.2.1. Conventional PEMFC flow-field overview 

Flow-field plates (mono-polar or bi-polar plates) are a crucial component in 

PEMFCs, as they supply fuels, oxidant, and fuel hydrogen to their respective 

electrodes. They also remove water, collect current and provide mechanical 

support for components in the PEMFC. Other essential functionalities of a flow-

field plate are:  

• Separation of gases  

• Providing an electrically conductive medium at the electrodes  

• Even distribution of gases at the electrodes  

• Structural support to fuel cell components  

• Providing water and heat management  

Design of a flow-field is crucial in delivering the functionalities discussed above 

effectively. If any of these functionalities fails, the performance of a PEMFC will 

be impacted significantly. A variety of flow-field designs are used in fuel cell 

research and industry:  

• Pin-type flow-field  

• Series-parallel flow-field 

• Serpentine flow-field 

• Interdigitated flow-field  

• Metal sheet flow-field 
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Figure 8: Pin-type flow-field arrangement for PEMFC. Figure adapted from [8]. 

 

Figure 9: Straight/parallel flow-field arrangement for PEMFC. Figure adapted 

from [8]. 

The pin-type flow-field consists of a network of pins, either in circular or cubical 

shape and arranged in regular patterns. The reactant gases flow through the 
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intervening grooves, formed by the pins. The reactant flow through the pins 

follows the path of least resistance, thus resulting in reactant stagnation, 

uneven distribution and recirculation around the pins. A typical pin type flow-

field example is shown in Fig. 8 [8] 

A straight flow-field includes a series of parallel flow paths connecting the inlet 

and outlet headers, as shown in Fig. 9 [8]. Issues of pressure drop, uneven 

reactant distribution and improper water management are common in this type 

of flow-field design. The water formed in the flow channels accumulates at the 

bottom of the flow-field and requires an excess reactant gas purge to remove it. 

This accumulation results in a decrease in reactant usage efficiency and higher 

parasitic consumption in PEMFC operation [98].  

A serpentine flow-field involves (a) single channel(s) travelling from the inlet to 

outlet of the reactant flow. The flow-field includes alternating regions of reactant 

flow and land, as shown in Fig. 10 [99]. This flow-field allows the reactant flow 

to traverse over the complete active area of the fuel cell. However, due to the 

long paths for the reactant to travel in this flow-field, severe concentration 

gradients occur between inlet and outlet. Also, the water generated 

accumulates in the flow path, thus requiring greater flow rates of oxidant to 

purge the excess water [100]. 
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Figure 10: Serpentine flow-field configuration of a PEMFC. Figure adapted from 

[84]. 

An interdigitated flow-field provides convection to the gases normal to the 

electrode surface that allows for better mass transport and enhanced water 

removal capability from porous backing layers of the MEA. The flow channels 

are not continuous from inlet to outlet and are dead-ended, as shown in Fig. 11 

[101].  
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Figure 11: Interdigitated flow-field configuration of a PEMFC. Figure adapted 

from [86]. 

Dead-ended operation pressures the reactant flow through the porous backing 

layer, improving the fuel cell performance. However, large pressure losses 

occur on the oxidant side, requiring greater parasitic power for air compression 

and its drive-through [8].   

Overall, the materials for use as flow-field plates should have good chemical 

stability, resistance to corrosion, electrical conductivity, gas impermeability, 

thermal conductivity, ease of manufacturability, weight and volume, and 

mechanical strength [9]. Non-porous graphite, coated metals and composite 

materials satisfy the criteria necessary for being ideal flow-field materials. The 

following sections will discuss in detail the different materials, satisfying the 

above criteria, conventionally used for developing fuel cells.  

Graphite flow-field plates 

Graphite primarily avoids the corrosion issue related to the low pH and humid 

operation of a PEMFC. It also shows good thermal and electrical conductivity, 

low density and ease of manufacturing. Flow-field designs, as shown in Fig. 12, 
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are developed on graphite plates using CNC machining. However, the porosity 

and brittle nature of graphite require the flow-field plates to be thick, increasing 

the weight and volume of the fuel cell.  

 

 

 

Figure 12: Graphite flow-field (bi-polar) plates for PEMFC. Figure adapted from 

[165]. 

 

Metallic flow-field plates  

Metallic flow-field plates have greater thermal and electrical conductivity, as 

shown in Fig. 13 [102]. They provide low gas permeability, are easy to 

manufacture and thin in dimensions.  Metallic flow-field plate manufacturing 

options include CNC milling, foaming, die casting, etching, stamping and 

embossing.  However, they pose corrosion issues, due to the low pH conditions 

inside a PEMFC, reducing the flow-field plate conductivity. Furthermore, the 
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metal ions leach out of the plates, damaging the MEA. Besides, the use of 

metals, like stainless steel, aluminium, titanium and chromium alloys increases 

the cost of a fuel cell.   

Metallic flow-field can be manufactured from materials like titanium, chromium, 

stainless steel and niobium. Metallic flow-field can be made corrosion resistant  

with coatings and can include reactant flow channels and cooling channels 

brazed together as a single plate. These flow-fields can also reduce the weight 

and volume of stacks compared to the carbon-based flow-fields. Also, the cost 

and complexity involved in manufacturing are some issues hindering the use of 

metallic flow-field on a wide range of fuel cell applications [103].   

 

Figure 13: Metallic flow-field plate for PEMFC. Figure adapted from [102]. 
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Composite flow-field plates  

Composite flow-field plates are developed from dispersing conducting filler 

materials, like carbon or metal through an insulating polymer matrix, as shown 

in Fig. 14 [104], providing necessary thermal and electrical conductivity.  

Metal-based polymer composite involves the addition of metallic components, 

like copper or aluminium to the composite materials, in developing flow-field 

plates [105]. Though it improves the thermal and electrical conductivity, issues 

of corrosion from the presence of metal could be significant. In addition, the 

conductivity differs between in-plane and through-plane directions of the flow-

field. 

 

Figure 14: Injection moulded graphite flow-field plate for PEMFC. Figure 

adapted from [104].  

Thermosets or thermoplastics are the two types of polymers typically used in 

carbon-based polymer composite flow-field plates. Thermoplastics include 

polypropylene, polyethylene terephthalate, and polyvinyl fluoride, while 
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thermosets include vinyl esters, phenolic and epoxy resins. The filler carbons 

can be chosen from a wide range, like graphite, graphene, carbon black, carbon 

fibre and carbon nanotubes. Composite flow-field plates are mostly 

manufactured by methods like injection moulding and compression moulding. 

Apart from the materials discussed, printed circuit boards (PCBs) can also be 

used as a flow-field for PEMFC; PCB has been a useful material in terms of 

cost-effectiveness, ease of manufacturing, compressive strengths and 

durability. This planar material is also advantageous in terms of weight and 

volume constraints that make it an ideal replacement for existing bipolar plates 

[97].  
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2.2.2. Printed circuit board (PCB) based PEMFC flow-field  

The printed circuit board (PCB) is a well-known and extensively used material in 

the electronics and electrical industry. PCBs are made from FR4 composites 

(epoxy resin and glass fibre) and coated with a thin copper layer that acts as 

conductor. Such a conducting surface on a composite substrate makes it an 

ideal candidate for power generating applications, such as fuel cells.  

The PCBs provide a wide scope in fuel cell development, especially for portable 

applications. They provide a range of advantages, like [62]:  

• Lightweight composite materials  

• Planar in nature  

• Flexible  

• Ease of manufacturing and low cost  

• Low-temperature fabrication  

• Low-volume stacks  

The PCB material has low through-plane (0.29 W/m.K) and in-plane thermal 

(0.81 W/m.K) conductivities, high compressive strength (> 415 MPa), and low 

water absorption (<0.1 %) [107],   

O’Hayre et al. [62] developed one of the first PCB hydrogen/oxygen based fuel 

cells, having a multi-cell voltage of 16V and a volumetric power density of 400 

mW cm-3. This study identified the possibility of using a PCB in developing 

portable PEMFCs with a maximum capacity of 1 kW. Schmitz et al. [106] 

developed air-breathing PEMFC using PCB technology with a 100 mW cm-2 

power density and long-term operation for 1500 h. In addition, a Ni/Au coating 
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was suggested on the PCB substrate to avert corrosion occurring from fuel cell 

operating conditions. Obeisun et al. [64] studied the performance of a PCB fuel 

cell and simultaneously utilised thermal imaging to correlate the effect of PCB 

“bowing” with the lower temperatures observed. Schulze et al. [107] developed 

a bipolar plate using a PCB with segmented flow-fields. The segments were 

connected through resistances. This connection allowed for the measurement 

of the current density distribution on the flow-field of a PEMFC during its 

operation. Furthermore, the use of PCB in fuel cells has been mostly to study 

the current density distribution at the flow-field level and correlate with the 

PEMFC performance and other characterisations [63,108,109].  

Other PCB-based fuel cell applications include water management in fuel cells 

with neutron imaging [65,110], understanding water management in capillaries-

based PEMFC [66], cold start operation analysis on PCB PEMFC [63], use of 

PCB as current collector [111] and analysing the localised current density 

distribution [112,113].  
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2.3. PEMFC Metrology 

Polarisation 

A polarisation curve is considered to be a measure of fuel cell health. It is a plot 

between the voltage and current density developed in a PEMFC. Polarisation is 

a standard electrochemical technique to analyse the performance of a PEMFC.  

A typical polarisation curve for a PEMFC is shown in Fig. 15 [114,115] and Fig. 

16 [116]. The initial decrease in voltage from the equilibrium potential 

corresponds to losses occurring from activation polarisation. Furthermore, a 

linear region of voltage decrease is observed corresponding to the Ohmic 

losses, and, finally, the steep decrease in voltage following the Ohmic region 

corresponds to concentration polarisation losses.  

Activation voltage losses occur to let the electrochemical reactions depart from 

the equilibrium conditions (OCV). The activation voltage losses correspond to 

both anode and cathode; however, a major contribution occurs from the 

cathode region, due to its sluggish kinetics of oxygen reduction reaction (ORR). 

Furthermore, Ohmic voltage losses arise due to the resistances developed from 

proton conductivity in electrolyte and electron conductivity through the electrode 

and other fuel cell components. Concentration voltage losses occur due to the 

mass transport limitations occurring from a high current density condition.  

A polarisation curve provides the necessary information on the overall 

performance of a PEMFC. However, it cannot identify the performance 

contribution occurring from individual components within the cell. Furthermore, it 

is difficult to deduce the different dynamic mechanisms occurring inside the fuel 

cell and their influence on its performance.  



 Page 68 
 

 

Figure 15: Polarisation curve of PEMFC with voltage losses. Figure adapted 

from [99,100]. 

 

Figure 16: Polarisation curve with voltage fall analysis. Figure adapted from 

[101]. 

Polarisation is the most common electrochemical measurement method for 

analysing PEMFC performance. However, it is limited in terms of analysing the 
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underlying mechanisms, due to the overlap of different processes. 

Electrochemical impedance spectroscopy (EIS) is instrumental in overcoming 

the shortcomings in polarisation. EIS is a powerful characterisation technique to 

analyse the performance of PEMFCs [117] by understanding and analysing the 

inner workings for a PEMFC in steady-state and transient operating conditions.  

Electrochemical impedance spectroscopy (EIS) 

EIS involves the application of a small AC voltage or current perturbation. The 

resulting amplitude and phase of the signal is measured as a function of 

frequency. EIS for fuel cells is a non-invasive and effective performance 

characterisation and diagnostic tool [118,119]. EIS is instrumental in 

characterising diffusion losses [120], evaluating Ohmic resistances [121], 

evaluating MEA resistances [122,123] and studying ORR kinetics [124] in fuel 

cells.  

Impedance data are conventionally presented either as Bode plots or as 

Nyquist plots. A Bode plot involves amplitude and phase of the impedance 

plotted as a function of frequency. The Nyquist plot involves the imaginary part 

and the real part of impedance plotted against each other. A typical Nyquist 

curve of the impedance spectra is shown in Fig. 17 [89,116] and the arc 

identified has the frequency increasing from right to left. 

The equivalent circuit for the single arc in Fig. 17 is represented by the Randles 

circuit, a common fuel cell model used for electrochemical interfaces [125,126]. 

The Rel, Rct and Cdl correspond to the electrolytic resistance, charge transfer 

resistance and double-layer capacitance, respectively [89,116]. 
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Figure 17: Simulated Nyquist curve over a frequency range of 0.1 Hz and 100 

kHz with the Randles equivalent circuit. Figure adapted from [73]. 

Acoustic emission (AE) technique 

Acoustic emission (AE) involves the generation of spontaneous elastic waves, 

due to the release of energy from a material or system undergoing mechanical 

perturbation [127]. The elastic waves then propagate through the material to be 

generated into detectable AE signals. AE-based monitoring and analysis is a 

non-invasive and non-destructive testing (NDT) process that has been 

instrumental in the study and characterisation of a wide range of applications, 

from small to industrial scales, such as medical diagnostics and therapeutics 

[128], and fatigue of metal plates [129]. AE-based analysis of electrochemical 

processes has been applied in studying corrosion, like cracking of stainless 

steel [130] and the structure of steel-reinforced concrete beams [131], in battery 

technology for the study of electrodes [132,133], lifetime evaluation of Li-ion 

batteries [134] and safety assessment tests [135], and in electrolysers for 
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performance analysis and as in situ diagnostic tool [136]. However, 

discrepancies in AE analysis can occur from the interference of elastic waves 

generated from the surrounding material and ambient conditions. Hence, to 

avoid such external disturbances, careful isolation of the target measurement is 

necessary, especially with a set of threshold acoustic conditions that will 

subtract the AE generated from the surrounding conditions [137].   

In the field of fuel cells, AE has been utilised in understanding the 

thermophysical characteristics of a solid oxide fuel cell [138], the water uptake 

of Nafion® membrane and the impact of water content on the dimensional 

changes occurring in a membrane [139,140], and the performance diagnosis of 

a PEMFC under different operating conditions [137]. Legros et al. [137] 

performed AE-based characterisation of a PEMFC under different cell 

configurations and operating conditions. They identified that AE from a PEMFC 

is sensitive to the hydrodynamics of gas flow in the flow-field channels.  

Electro-thermal mapping technique 

Electro-thermal mapping involves the measurement of current and temperature 

distribution on the surface of fuel cells using a localised, segment-based 

measurement approach, as shown in Fig. 18. The electrochemical reactions 

occurring inside the cell result in the generation of electrical energy and by-

product heat and water, whose quantity is dependent on the level of 

electrochemical reaction occurring inside the cell.    

Current and temperature mapping have been instrumental for the in situ 

diagnosis and analysis of water management [141–143], reactant concentration 

and distribution [30,142,144], reactant physical conditions [145,146], flow  
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channel configurations [147], thermal management [148,149] and cell 

compression [150] on the performance of the cell.  

 

Figure 18: A photograph of the fuel cell bipolar plate: a) anode serpentine flow-

field plate and b) segmented (1- 10) current distribution board anode serpentine 

flow-field plate. Figure adapted from [151]. 

Some of the current distribution measurement techniques include indirect 

correlations based on local values [152], use of magnetic effects and Hall 

sensors [153,154], a measure of local potential at the GDL and catalyst layer 

and segmented measurement [155]. The temperature distribution measurement 

techniques include thermocouple insertions [156], infrared imaging [149,157] 

and segmented measurement.  Segmented measurements are identified as a 

popular technique, especially for combined current and temperature 

measurements, due to their ability to directly analyse a localised phenomenon, 

like reactant starvation and flooding inside the fuel cell [141,157,158]. 

Furthermore, PCB-based segment current collectors are widely used in the 

combined measurements of current and temperatures, due to their low-cost 

operation, usage flexibility during assembly and disassembly, easy 

implementation, and in situ measurement within the cell [144,148,159,160]. 
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3.1. NICE approach for the development of lung-inspired PEMFCs 

Lung has the unique ability to bridge length scales, irrespective of size, while 

providing uniform distribution of oxygen into the blood cells with minimal 

thermodynamic losses. This is achieved through the narrowing fractal tree like 

bronchi structure transitioning into a more uniform channel architecture called 

acni.  

Hierarchical transport networks and the unique structural characteristics of the 

lungs are utilised in the development of lung-inspired fractal flow-fields for 

PEMFCs in this study. The corresponding flow-field development methodology 

overview is summarised in Fig. 19.  

 

Figure 19: Schematic of the step-wise employment of NICE approach for the 

development of lung-inspired flow-fields for PEMFCs [161].  
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3.2. Design and conceptualisation of lung-inspired, fractal flow field 

This thesis aims to develop a reactant supply system (cathode flow-field) for a 

PEMFC that can deliver the reactant gases to all regions of the MEA and 

remove the water uniformly, while keeping the PEMFC performance under 

optimal operating conditions. Furthermore, the flow-field should ensure optimal 

thermodynamic efficiency during operation.  

The air transport mechanism in human lungs has a hierarchically organised, 

fractal structure, which has the ability to bridge length scales over 3-5 orders of 

magnitude. The fractal structure ensures a uniform distribution of oxygen 

throughout the volume of the lung. The human lung operates in two transport 

regimes: convection-dominated flow and diffusion-dominated transport. The 

upper part of the lungs consists of bronchi, with 14-16 self-similar generations of 

branches, which slow down the convection-dominated airflow to be compatible 

with the flow-through acinar airways, at the terminal bronchioles[162]. The acini 

contain 7-9 lower generations of more uniformly sized branches, which support 

diffusion dominated transport. In addition, the proportioning of the airways in the 

branching structure allows for the same entropy production in each branch, 

within both these regions, which minimises the overall entropy generation 

throughout its structure and leads to exceptional thermodynamic efficiency[163]. 

Furthermore, the transport of air inside the lungs through the fractal architecture 

obeys Murray’s law, which states that the sum of the cubes of the diameter of 

the daughter branches is equal to the cube of the diameter of the parent branch: 

 𝐷𝑝
3 = ∑ 𝐷𝑖

3𝑛
𝑖=1                                                                                                      (4) 
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Where Dp is the diameter of the parent branch, and Di is the diameter of a 

daughter branch. By obeying Murray’s law, the overall global entropy generation 

in the flow structure is minimised. 

The lung-inspired fractal flow field in this study comprises a tree with several 

generations of self-similarly repeated branches, inspired from the bronchial tree 

in lungs, spanning multiple length scales. In this study, the fractal geometry 

comprises of H-shaped, repeated units, as shown in Fig. 2, over 4 generations. 

The area-filling H-shaped units ensure uniform distribution of the reactants on 

the MEA region in a PEMFC, as will now be discussed.  

The “H” shape from generation 1 develops into 4 smaller, similar “H’s” at the 

ends of the initial H; this division is repeated from one generation to the next. 

The scale of each daughter H is half that of its parent H, implying that with each 

generation the distance between adjacent gas outlets in halved. With this, the 

fractal (similarity) dimension D [164] is evaluated by: 

𝐷 =  
log (𝑛)

log (
1

𝑠𝑓
)

=
log (4)

log (
1

2
)

= 2                                                                                      (5) 

where n is the number of daughter shapes for a single parent shape, and sf is 

the reciprocal of the size factor between daughter and parent. A fractal 

dimension D = 2 indicates that, for an infinite number of generations, the fractal 

structure is plane-filling. Thus, it can be concluded that the branching leads to 

4n outlets at the nth generation, with equal flow path length, and the structure 

remains planar in nature. This uniform, planar structure allows for uniform 

distribution of gases, due to the uniformity in the hydraulic path lengths from the 

gas inlet to the multiple outlets. Furthermore, the scaling of channel diameters 
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between the parent and daughter branches in the fractal structure is based on 

Murray’s law, as given in equation (4) [165].  

In addition, the fractal branching reduces the flow velocity, due to the net 

increase in total cross-sectional area over all the daughter branches at each 

generation. The gas transport thus transcends from a convective dominated 

flow at the entrance to include increasing contributions of diffusion at higher 

generations. In this study, the last generation meets the GDL of the fuel cell, 

where diffusion-dominated flow improves gas transport in this region [57,166].  

The relationship between convective and diffusive flux is characterised by the 

Péclet (𝑃𝑒𝐿
) number [167,168], which is defined by:  

𝑃𝑒𝐿
= 𝐿𝑈/𝐷𝑓                                                                                                       (6) 

where L is the characteristic length (m), 𝑈 is the flow velocity (m s-1), and Df is 

the diffusivity (m2 s-1). The flow velocity at the gas distributor and GDL interface 

is given by: 

𝑈 =  
𝑄𝑖

𝐴𝑁4𝑁
                                                                                                         (7) 

𝐴𝑁 =
𝝅𝐷𝑖

2

4
                    (8) 

Where, Qi is the volumetric flow rate through the gas inlet, N is the number of 

generations, and AN the cross-sectional area at the end of the Nth generation 

as given in equation (8). It can be observed from equation (7) that the increase 

in cross-sectional area at the end of each generation results in a decrease in 

velocity 𝑈 at that generation.  
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3.3. Experimental realisation and prototype development 

The specialised manufacturing process methodology, using printed circuit board 

(PCB) technology, for realising the mathematical and conceptual designs in the 

development of lung-inspired flow-fields in Section 3.1 is discussed in this 

section.   

3.3.1. Prepreg for multi-layer PCB bonding 

Prepregs (pre-impregnated reinforcing fabrics) are used for the multi-layer PCB 

bonding in a hot press. A schematic of the hot press mechanism used for the 

assembly of planar PCB layers into flow-fields is given in Fig. 20. 

 

Figure 20: Schematic outline of layer-wise PCB based PEMFC flow-field 

assembly. The example presented here is of a 25 cm2 cathode single-

serpentine flow-field.    

A hot press methodology is followed to achieve high-quality bonding between 

the PCB layers. It involves prepreg heating and melting, resin curing and a 

cooling-down cycle, as shown in Fig. 21 [89].    

In the resin heating, melting and flowing region, the resin in the prepreg is 

heated initially to around 60 °C; then, compression is applied to allow the 
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prepreg to adjust between the PCB layers. The PCB plates with prepregs 

inserted between them are heated at a rate of 10 °C min-1 until a temperature of 

140 °C is reached. During this heating phase, the resin becomes less viscous 

and reaches a minimum melt viscosity at which the resin flows between the 

PCB plates and sets at 140 °C. 

 

Figure 21: An example of press cycle for multi-layer PCB bonding. Figure 

adapted from [89] 

Once the resin is well set, it continues to be heated for another 60 min. Finally, 

cooling of the pressed PCB plates is carried out at a rate equal to or larger than 

the heating rate. This cooling allows for the uniform bonding of the individual 

PCB layers into a fuel cell flow field [89].   

3.3.2. Electroplating of PCB plates 

Printed circuit board (PCB) plates used for fabricating the fractal and other 

relevant flow-fields in this thesis have a layer of copper coating on them. To 

avoid oxidation of Cu and further metallic degradation of the electrode materials 

due to Cu the PCB plates developed in this thesis are Ni and Au coated. 
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The Ni and Au coating mechanisms are as follows. The copper layer on the 

PCB plates is initially cleaned with a fine mesh paper to remove any sediments 

and dust on its surface. Later, large fragments on the surface of the copper 

PCB plate are removed through ultrasonic cleaning. Ultrasonication is followed 

by acidified peroxide cleaning for the removal of fine fragments. The peroxide 

solution retains the Cu, while removing the Cu+/ Cu2+ species from the PCB 

surface.  

Peroxide cleaning of the Cu PCB plate is based on Fenton’s mechanism, as 

given below [169]: 

𝐶𝑢+ + 𝐻2𝑂 → 𝐶𝑢2+ + 𝑂𝐻− + 𝑂𝐻.                                                                       (9) 

𝐶𝑢2+ + 𝐻2𝑂2 → 𝐶𝑢+ + 𝐻+ + 𝑂𝑂𝐻.                                                                    (10) 

𝑂𝐻. + 𝐻2𝑂2 → 𝐻2𝑂 + 𝑂𝑂𝐻.                                                                              (11) 

𝑂𝐻. + 𝐶𝑢+ → 𝐶𝑢2+ + 𝑂𝐻−                                                                                (12) 

Fenton oxidation is capable of self-generating oxidants, as seen in the 

equations (9) – (12). Hydrogen peroxide acts as an reductant first and later as 

oxidant.  

After the cleaning of the Cu layer on the PCB, Ni coating is performed before a 

Au layer is deposited on the Cu surface. Ni ensures that the solid-state diffusion 

of Au into the Cu layer is averted, especially at higher temperatures. It also 

prevents the exposure of less noble Cu to the MEA [97].  

Ni electroplating is performed using 0.13 M Ni(SO3NH2)2 solution at 4.3 mA cm-2 

current density and between 3.0 – 3.5 V for 3 min. It is followed by Au 
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electroplating using 0.02 M KAu(CN)2 solution at a current density of 2.4 mA 

cm-2 and between 3.5 – 3.7 V for 60 min, respectively. 

3.3.3. Layer wise fractal flow field(s)  

The fractal flow-field features are developed using the Rhinoceros 3D computer 

graphics and computer-aided design application software tool, version 6 (UCL 

educational license).  

Rhinoceros software can be utilised on any existing system hardware, 

irrespective of the complexity, degree or size of the model. In addition, the 

software allows for several advanced features, like edit, analyse, model, render, 

animate, surfaces, curves, extrusions, solids, etc.  

The working panel of Rhinoceros simulation software, as shown in Fig. 22, 

illustrates different views of the design (top, right, front and perspective) and 

individual layers (a - x) of the fractal flow-field, and others. The developed virtual 

designs in Rhinoceros software are converted into stereolithographic (.stl) files, 

which are used as input files for a computer connected to a computer numeric 

control (CNC) machine, which is used for converting the virtual designs into real 

objects through different fabrication methods.  
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Figure 22: Simulation working panel of Rhinoceros software - Version 6.0. UCL 

educational license. 

The following section illustrates the manufacturing methodology using the CNC 

technique in detail.  
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3.4. Manufacturing 

Computer numeric control (CNC) machining 

Computer numeric control (CNC) is a programmed manufacturing process, 

where a virtual design of an object is converted into a real one. A CNC 

fabrication process involves cutting or drilling of material into the desired object 

with the help of cylindrical tools and spindle holders. The milling process 

converts the computer program or design into Cartesian coordinates for precise 

manufacturing of objects from materials.  A Roland MDX-40A CNC [170] 

machine is used to cut and drill the flow-field channel features of each PCB 

layer. A built-in software program for the CNC machine allows for the 

conversion of virtual designs to fit into the corresponding Cartesian coordinates 

for milling.  The cutting tools used for the machining are 0.4 mm and 0.8 mm 

diameter tools having a flute length of 2.0 mm (DIXI Polytool, Switzerland) 

[171]. The schematic of a milling tool is given in Fig. 23. The corresponding 

cutting parameters for the tools used here are given in Table 1.  

 

 

Figure 23: Schematic of the milling tool. Figure adapted from Dixi tools [171]. 
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Table 1: CNC cutting parameters and milling tool choice for PCB layers 

development  

 
XY speed 

(mm/s) 

Z speed 

(mm/s) 

Spindle 

rotation 

Cutting in 

amount 

(mm) 

Path 

interval 

0.4 mm Ф 

tool 
1 1 15000 0.01 0.01 

0.8 mm Ф 

tool 
5 7 10800 0.1 0.05 
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3.5. Metrology 

3.5.1. X-ray computed tomography (CT) 

X-ray CT scan imaging is an imaging technique that operates non-destructively 

to construct the interior images of an object using a sufficient number of X-ray 

projections [172]. The CT scans generate 2D images of an object, called 

radiographs, and sequential 2D scan images that are utilised to develop a 3D 

volumetric representation of the sample, called tomograph. The 2D images are 

often referred to as “slices” composed of “voxels” or “volume elements”, similar 

to the pixels of a digital image. X-rays passing through a slice of the material get 

attenuated either by absorption or by scattering. The attenuation depends on 

the material type of object imaged and the energy of the X-rays used. The scan 

generates gray images of the object (radiograph and tomograph), and the 

observed gray levels in a scanned image depend on the level of X-ray 

attenuation offered by the material of the object being imaged. The intensity of 

attenuations for a monochromatic X-ray beam is based on Beer’s law, as given 

in equation (13): 

𝐼 = 𝐼𝑜𝑒−µ𝑥                                                                                              (13) 

where I and I0 are the final and initial X-ray intensities, µ is the material’s linear 

attenuation coefficient, and x is the X-ray path length.  

The most common method of obtaining a CT scan image, especially for 

industrial applications, involves an X-ray beam source and a detector, with the 

sample for imaging placed between them on a rotating platform, as shown in 

Fig. 24. 
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Figure 24: Schematic of cone beam scanner based X-ray CT scanning. Figure 

adapted from [173] 

A cone beam is utilised for the tomographic imaging that allows for faster data 

acquisition in a single rotation. As the sample rotates (the rotation occurs on 

different angular orientations), the X-ray beam penetrates the sample and 

projects the 2D radiographs of the object on to the detector, as shown in Fig. 

24. Several 2D radiographs are captured during the rotation of the sample and 

are processed through a software comprising of algorithms to generate a 

complete 3D reconstruction of the sample, called tomograph. A schematic 

example of the overall process of generating the tomograph of an object is 

shown in Fig. 25. 
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Figure 25: Schematic of X-ray CT reconstruction of an object. Figure adapted 

from [173]. 

3.5.2. Electrochemical impedance spectroscopy (EIS) (equivalent circuit) 

Electrochemical impedance spectroscopy (EIS) is an effective and well-

established technique for diagnosing the electrochemical performance of a fuel 

cell. In the EIS technique, first, a harmonic perturbation is imposed on the 

electrochemical system, and later the corresponding impedance from the 

system at a range of frequencies is measured. A frequency response analyser 

(FRA) and an electrical load are necessary for the EIS measurements, where a 

sinusoidal input generated from the FRA is fed via the load to the fuel cell. The 

response from the fuel cell is captured by the FRA, resulting in an impedance 
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spectrum. Furthermore, perturbations can be either by voltage/potentiostatic 

mode or by current/galvanostatic mode [174]. 

PEM fuel cells have complex mechanisms occurring inside them, and it is 

difficult to isolate and analyse these mechanisms based on the polarisation 

analysis alone. However, EIS has the capability to distinguish and identify the 

different processes, to a large extent, occurring inside a PEMFC. A typical EIS 

characterisation can identify, for instance, the reduction in cell performance and 

attribute that to membrane, charge transfer and mass transfer resistances 

developed in the cell, as shown in Fig. 26 [118].  

 

Figure 26: Percentage reduction in fuel cell performance (voltage) with respect 

to the mass transfer, charge transfer and membrane resistance. Figure adapted 

from [118]   

EIS has several applications to PEM fuel cells and the most important of them 

include differentiating impedance contributions from different parameters in the 

fuel cell operation, like the membrane, electrode/catalyst, reactant distribution, 
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operating conditions and flow-field plates. It also has the ability to evaluate the 

individual contributions of the parameters to the overall cell performance.  

Common EIS spectra, represented as Nyquist curves, for hydrogen and 

oxygen/air fuelled PEMFCs are shown in Fig. 27 [118]. Usually, two pronounced 

arcs appear in the EIS spectra, accounting for the charge transfer and the mass 

transfer processes in a PEMFC. The first arc to the left corresponds to the 

charge transfer process occurring at high frequencies and the second arc to the 

right corresponds to the mass transport process, occurring at low frequencies of 

the EIS measurement frequency range. The common frequency range for a 

PEMFC EIS measurement is between 10 mHz and 100 kHz [118].  

 

Figure 27: Nyquist curves for EIS measurements of a typical PEMFC with two 

distinctive arcs. EIS plot figure adapted from [175] [176] 

The EIS spectra can be analysed with the help of measurement models, for 

instance, using equivalent circuits to identify the different resistances and 

capacitances developed in the cell. For a conventional EIS spectrum, as given 

in Fig. 27, the corresponding equivalent circuit is given in Fig. 28 [174].   
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Figure 28: Equivalent circuit model for the EIS spectrum with two 

distinguishable arcs. Figure adapted from [174]. 

Each semicircle arc in Fig. 27 is modelled as a parallel combination of 

resistance and capacitor or constant phase element C1 (CPE), as shown in Fig. 

28. Typically, R1, R2 and R3 in Fig. 28 correspond to charge transfer, mass 

transfer and Ohmic resistances, respectively.  

A more detailed equivalent circuit model comprising of several resistance 

elements and a component-wise contribution to the overall resistance 

measurements is given in Fig. 29. It allows for detailed diagnostics and 

identification of the main degradation behaviours and their associated causes 

inside a PEMFC, as shown in Fig. 29 [177]. 

 

Figure 29: Detailed component-wise impedance contributions in a PEMFC. 

Figure adapted from [177]. 
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Furthermore, the high frequency intercept of the first arc on the real axis of a 

Nyquist plot shown in Fig. 27 corresponds to the high frequency resistance 

(HFR) [178]. The HFR is a measure of the Ohmic resistance in the fuel cell that 

includes the membrane resistance together with the GDL, the bi-polar plate and 

the contact resistances. The HFR primarily reflects the membrane ionic 

resistivity levels, resulting from membrane hydration. In addition, the diameter of 

the first arc corresponds to the charge transfer resistances developed in the 

cell.  

Under certain fuel cell operating conditions, a second arc appears in the Nyquist 

plots, as shown in Fig. 27 [118,179]. This arc corresponds to the low frequency 

arc and represents the impedance developed due to mass transport limitations. 

The mass transport limitations can occur from high current density operation, 

low reactant supply or flooding at the cathode [180]. The diameter of this arc 

corresponds to the resistances developed due to mass transport limitations.  

3.5.3. Acoustic emission (AE) 

Any material or system undergoing a mechanical perturbation releases energy 

that generates spontaneous elastic waves, which are called acoustic emissions 

(AE) [127]. The elastic waves then propagate through the material to be 

generated into detectable AE signals. A typical AE signal is given in Fig. 30. 

AE-based monitoring and analysis is a non-invasive and non-destructive testing 

(NDT) process that has been instrumental in the study and characterisation of a 

wide range of applications. 
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Figure 30: Five major parameters developing in any AE burst. Figure adapted 

from [120]. 

The five major AE parameters, having a universal character in any AE burst, as 

shown in Fig. 30, are: rise time – the time interval between first threshold 

crossing and the signal peak, counts – number of acoustic signals detected that 

have an amplitude greater than a threshold, duration – the period between first 

and last threshold crossings, and peak amplitude – highest voltage measured in 

a signal [137]. However, in this thesis, the peak amplitude of the AE signal burst 

is considered as the primary parameter for analysing the AE activity 

[137,139,140]. In addition, the number of acoustic hits over time, the average 

frequency of hits and the average amplitude of hits are recorded as 

supplementary information [136]. The sensitivity of the acoustic system is 

dependent on the background noise and undesired disturbances. Unwanted 

noise can interfere with acoustic recording and produce erroneous AE data. 
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Thus, a threshold amplitude, considering the experimental background noise, is 

identified in each of the cases studied and the AE events only beyond that 

threshold are recorded. A schematic outline of the AE generation mechanism 

from a PEMFC is shown in Fig. 31.  

 

Figure 31: Schematic outline of acoustic emission (AE) generation mechanism 

inside a PEMFC 

The measured AE is primarily presented as cumulated absolute AE energy, 

similar to that shown in Fig. 32 [137], developed during the PEMFC operation 

(AE energy recorded from the continuous AE events over time).  
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Figure 32: Cumulated acoustic emission (AE) energy developed from a PEMFC 

(a) with respect to reactant humidity and (b) with respect to the cell operating 

current. Figure adapted from [120]. 

Furthermore, in this thesis, a new technique called acoustic emission as a 

function of polarisation (AEfP) is developed for analysing the AE from a 

PEMFC. In the AEfP method, the AE activity from the PEMFC is measured in 

terms of simultaneous cumulative absolute AE energy (CAEE) hits generated, 

during operation, at discrete points on the polarisation curve. AEfP can identify 

the presence of liquid water in the flow channels and correlate its formation and 

removal with the level of cell polarisation, and consequent reactant humidities 

and internal temperatures [181].  

3.5.4. Current - temperature mapping 

An electro-thermal mapping and distribution device developed by S++ 

simulation services (Germany) is utilised in this thesis for electro-thermal 

performance evaluation of the developed PEMFCs. The mapping device is 

based on segmented PCB technology, as shown in Fig. 33.  
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Figure 33: Segmented current and temperature distribution mapping plate from 

S++ 

The temperature distribution measurements are made using 5 x 5 “copper 

meanders” that have a temperature resistance coefficient of 3.9 x 10-3 K-1. The 

meander is supplied with a small current and the corresponding voltage drop is 

measured, which is proportional to the temperature changes occurring.  

The corresponding current distribution measurements are made using 10 x 10 

shunt resistors, as shown in Fig. 33. The shunt resistors are made using an 

alloy that has a temperature coefficient less than copper that makes the 

resistors insensitive to changes occurring in temperatures. To avoid corrosion, 

the PCB plates in Fig. 33 are gold plated. 

The current distribution measurement uses a low Ohmic shunt resistor. The 

shunt resistors are connected to a multiplexer that switches the signals to an 
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amplifier and to an analog-digital converter, as shown in Fig. 34. The output 

from the converter is fed via USB to a computer running CurrentView software. 

The fuel cells are run in galvanostatic mode with the mapping plates and any 

current applied to the cell is assumed to deliver constant voltage across the 

plate generating a distribution of local current density [148]. 

 

 Figure 34: Schematic outline of current and temperature measurements using 

shunt resistors. Figure inspired from [148].  
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4. Development of layer-wise lung-inspired 

PEMFCs using planar PCB plates 
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4.1. Introduction 

This chapter presents the design, development and fabrication of layer-wise, 

planar printed circuit board (PCB) based lung-inspired fractal cathode flow-fields 

studied in this thesis. Layer-wise PCB based assembly is identified as an easy 

to handle and cost-effective manufacturing approach to produce a lightweight 

and durable fractal flow-fields [182]. Here, the design of 3D hierarchical lung-

inspired cathode fractal flow-fields using Rhinoceros computer graphics and 

computer-aided design application software models is discussed. A detailed 

methodology and approach for assembling the layers of PCB plates into their 

respective fractal flow-fields is presented. Furthermore, fabrication methods for 

realising the fractal flow-field features on layers of PCB plates using computer 

numeric control (CNC) technique are discussed. Besides, this chapter outlines 

the design, development and fabrication of other relevant PCB based flow-field 

plates tested in this thesis like cathode single-serpentine, anode single-

serpentine, and graphite-based anode single-serpentine flow-fields, 

respectively. In addition, this chapter presents the X-ray CT scanning 

methodology and technique utilised for the characterisation and the structural 

analysis of the developed flow-fields. X-ray scans have been instrumental in 

observing the uniformity and alignment between individual PCB layers 

producing the fractal hierarchy of flow channels.   
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4.2. Materials and experimental 

4.2.1. Cathode flow-fields 

One-way, lung-inspired cathode fractal flow-field  

A 2D planar layer-wise approach was adopted for the development of a 

hierarchically structured 3D lung-inspired cathode fractal flow-field plate (or 1-

way fractal), as shown in Fig 35 (a).  

 

 

Figure 35: (a) PCB plates a-h comprising 2D planar individual layers of 

hierarchical fractal flow-field geometry. (b) Rhino model depicting the assembly 

of individual PCB layers, resulting in fractal flow-field geometry. Shown are the 

single air inlet, multiple air outlets to MEA level, and the surface flow paths for 

the cathode air and water outlets from the fuel cell. 
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Rhinoceros software, detailed in section 3.2.3 (UCL educational license) was 

used for the design and development of flow-field plates, as shown in Fig. 35. 

Here, “a” is a PCB plate coated with 38 µm of copper, which adjoins the 

membrane electrode assembly (MEA). Each of the plates “a-h” corresponds to 

a specific generation within the fractal geometry. Fig 35 (b) shows four 

generations of fractal flow, with airflow from a single inlet to 256 outlets (end of 

the 4th generation) at the interface with the MEA. The total MEA active area 

covered by these 256 outlets is 6.25 cm2.  

Each of the 4th generation outlets has a dimension of 400 µm × 800 µm with 

1.18 mm spacing between adjacent outlets. Surface flow paths (0.5 mm wide 

and 1 mm deep) between these outlets, as seen in Fig. 36 (a), removed 

cathode air and excess water within the fuel cell (the previous study with laser 

sintered stainless steel lung-inspired plates adopted a dead-ended removal 

mechanism [36]).  

A Roland-40 CNC machine (ROLAND, USA) was used to cut the channel 

features for each layer (fabrication methodology as in section 3.3). Fig. 36 (a) 

shows the fabricated individual PCB plates with channel features. Plate “a” was 

electroplated with Ni, followed by Au, and acted as the cathode current 

collector. The detailed methodology for the electroplating of Cu coated PCB 

plates has been given in section 3.2.2. 
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Figure 36: (a) Fabricated PCB plates with plate "a" Cu coated; (b) PCB plates 

assembled into a flow field with the first plate Au coated; this plate is also the 

current collecting plate. Cathode fractal flow-field plate dimensions – 80 mm x 

80 mm x 9.6 mm (120 g in weight and a manufacturing cost of ₤30 per plate) 

and anode flow-field plate dimensions – 80 mm x 80 mm x 3.5 mm. 

Plates “a-h” were assembled in a hot press at 140 C under 400 psig 

compression for 1 hour. The corresponding hot press methodology has been 

given in section 3.2.1. Layers of prepreg (pre-impregnated polymer composite) 

thermosetting polymer sheets acted as adhesive between the PCB plates. The 

final assembled cathode fractal flow-field plate, having an overall thickness of 

9.6 mm, is shown in Fig. 36 (b).   

Two-way lung-inspired cathode fractal flow-field  

A 2-way fractal flow-field was developed, as shown in Fig. 37, which has 

increased conductive contact area with convoluted and fractal means of water 

egress compared to the 1-way fractal flow-field or lung-inspired cathode fractal 

flow-field, which has less conductive contact area with direct means of water 

egress through the surface air outlets, as shown in Fig. 37.  
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Figure 37: Design schematic of (a) 1-way fractal flow-field representing airflow 

inlet path (green) and (b) 2-way fractal flow-field representing airflow inlet path 

(green) and airflow outlet path (blue) at the cathode. 

Similar to the 1-way fractal flow-field, as discussed above, the 2-way fractal 

flow-field was fabricated using 2D planar PCB plates and a layer-wise 

approach. Fig. 37 (a) presents the design schematic of a 1-way fractal flow-

field; design and development of the 1-way fractal flow-field are already outlined 

above. Fig. 37 (b) presents the design schematic of the 2-way fractal flow-field, 

where the air distribution to the MEA (green) occurs via a four-generation fractal 

flow path, similar to that in the 1-way fractal flow-field (Fig. 37 (a)). However, the 

air removal from the MEA (blue) occurs via a three-generation fractal flow path, 

as shown in Fig. 37 (b). Here a fractal flow path to collect air from the MEA is 

used to increase the overall conductive flow-field area in contact with the MEA, 

compared to the 1-way fractal system, as seen in Fig. 37. Void spaces created 

by the air inlet flow path to the MEA (green), as shown in Fig. 37 (a), were 

utilised to develop the air removal path from the MEA (blue), as shown in Fig. 

37 (b). For every four outlets at the end of the 4th generation of air inlet points 

(green), it was possible to accommodate one entry point for the air outlet flow 
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path (blue), viz. a total of 43 = 64 inlets for the air outlet flow path (blue) from the 

MEA (Fig. 38). 

 

 

Figure 38: Final assembled cathode fractal flow-fields. Conductive flow-field 

area in contact with MEA (6.25 cm2 in area) for 1-way fractal flow-field ≈ 3.375 

mm2 and for 2-way fractal flow-field ≈ 5.5 mm2. 

From 64 inlets to a single outlet, the air outlet flow path merges through three 

fractal generations, as shown in Fig. 37 (b). Furthermore, developing the air 

outlet flow path (blue) for the 2-way fractal within the hierarchical structure of 

the air inlet flow path (green) made it possible to maintain the same number of 

PCB plates to include both fractal flow-field concepts within a single design.  

The fabrication of 2-way fractal flow-field features on the PCB plates was 

carried out according to the CNC methodology outlined in section 3.3.  For the 

2-way cathode fractal flow-fields, eight individual PCB plates (similar to the 

plates a-h in Figs. 35 (a) and 36 (a) of section 4.2.1) were machined that, 
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together, produced the branching flow paths when assembled. Five plates (a, b, 

d, f, h) were utilised to realise the four individual fractal generation features of 

the air inlet to the MEA flow path (green in Fig. 37 (a) and 37 (b)), and three 

plates (c, e and g) were utilised to create the interconnecting pathways between 

those four fractal generations. Furthermore, the fractal generations for the 

removal of air from the MEA in the 2-way fractal (blue in Fig. 37 (b)) were 

created in those plates (c, e, and g) that also include the three interconnecting 

pathways to introduce air to the cathode.  

Similar to the 1-way fractal flow-field, the PCB plate adjoining the MEA for the 2-

way cathode fractal flow-field has a 35 µm thick Cu-coated layer (all other seven 

PCB plates have no Cu coating) that was electroplated first with Ni and, 

subsequently, with Au; electroplating process is outlined in section 3.2.2. After 

electroplating, this Au coated PCB plate acted as the current collector for the 

respective cathode electrode of the 2-way fractal PEMFC. 

The PCB plates, with prepreg thermosetting polymer sheets between them 

providing the necessary adhesion, were assembled into 2-way fractal flow-field 

using a hot press. The PCB plates were compressed under a pressure of 400 

psig at 150 ˚C for 60 min (hot press methodology in section 3.2.1). After hot 

pressing, the overall dimensions of the 2-way cathode fractal flow-field plate 

was 80 mm × 80 mm × 9.6 mm. The final, assembled 1-way and 2-way fractal 

cathode flow-fields are shown in Fig. 38.  

 

 



 Page 106 
 

25 cm2 cathode fractal flow-field  

Similar to the 6.25 cm2 cathode fractal flow-field, as discussed above in section 

4.2.1, a 25 cm2 cathode fractal flow-field was developed using 2D planar PCB 

plates and layer-wise assembly technique. Furthermore, the 25 cm2 cathode 

fractal flow-field configuration was designed to accommodate the current and 

temperature mapping measurement setup (chapter 6), which had a predefined 

mapping sensor surface area. 

The cathode fractal flow-field developed here has a 5-generation fractal 

structure. The airflow through this fractal flow-field structure occurs from a 

single inlet to 1024 outlets at electrode interface and covers an active MEA area 

of 25 cm2. Each 5th generation outlet has dimensions of 400 µm x 800 µm, with 

a spacing of 1.18 mm between adjacent outlets. Furthermore, a surface vertical 

flow path of 0.5 mm each in width and depth runs through this spacing. These 

vertical surface paths acted as the flow outlet paths for excess reactant air and 

water generated in the cathode region, making this flow-field an open-ended 

cathode fractal flow-field.  

A total of 10 PCB plates were used to develop the 25 cm2 fractal flow-field, as 

shown in Fig. 39. Six plates (1, 2, 4, 6, 8 and 10) accommodated the five fractal 

generations, and four plates (3, 5, 7, 9) acted as the interconnecting plates 

between generations (Fig. 39). Plate 1, which adjoins the MEA, was surface Au 

coated and acted as the cathode current collector for this flow-field, while the 

other plates (2-10) were plain PCB plates.  
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Figure 39: Schematic outline and order of 2D planar PCB plates (generations 

and interconnecting) used for the development of a 5th generation cathode 

fractal flow-field plate. Plate 1: Au coated; plate(s) 2 – 10: plain PCB plates. 

The different flow-field features discussed above were fabricated using a 

Roland-40 CNC setup (ROLAND, USA). The fabrication methodology is 

outlined in section 3.3. In the 25 cm2 cathode fractal flow-field, plate 1 had a 35 

µm thick Cu coating that was Ni and Au electroplated. The corresponding 

electroplating methodology is outlined in section 3.2.2. Au electroplated plate 1 

and plain plates 2 -10 were hot-press assembled under a pressure of 400 psig 

and 150 ⁰C for 80 min, followed by a cooling phase of 120 min. Prepreg 

polymer materials were used for adhesion between the PCB plates. The final 

assembled dimensions of the cathode fractal flow-field, as shown in Fig. 40, 

after the hot press, were 80 mm x 80 mm x 7.25 mm.  
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Figure 40: Final assembled cathode fractal flow-field with 25 cm2 active MEA 

area – dimensions: 80 mm x 80 mm x 7.25 mm. 

Cathode single-serpentine flow-field 

A 6.25 cm2 cathode single-serpentine flow-field was developed as the 

conventional flow-field for testing and performance comparison along with the 

6.25 cm2 cathode fractal flow-field PEMFCs developed in this study. A single-

serpentine design was chosen over the forced-diffusion interdigitated design 

due to the overall better performance (stable output and better water regulation) 

identified with the serpentine flow channel PEMFC operation compared to other 

conventional (including interdigitated) designs [183]. The cathode single-

serpentine flow-field presented here acted as the cathode current collector of 

the single-serpentine PEMFC and was developed using similar materials, 

dimensions and fabrication process to that of the cathode fractal flow-field 

plates, including Ni and Au electroplating.  
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The serpentine flow-field features of 1 mm2 square channels with a depth of 

1mm and covering an active MEA area of 6.25 cm2 were cut on a PCB plate 

that had a thickness similar to plate “a” given in Figs. 35 and 36. In addition, a 

backing PCB plate was used as support to the cathode flow-field plate. The hot 

press methodology and conditions applied for the assembly of cathode single-

serpentine flow-field were similar to those used for developing 1-way and 2-way 

fractal flow-fields. The overall dimension of the cathode single-serpentine flow-

field after hot press assembly was 80 mm x 80 mm x 3.5 mm.  However, the 

flow outlet from the cathode single-serpentine flow-field was from the surface 

via vertical channels of 0.5 mm width and 1 mm depth and with a spacing of 

1.18 mm between adjacent channels, as shown in Fig. 41.  

 

Figure 41: Cathode single-serpentine flow field with open-ended flow outlet 

arrangement. Cathode single-serpentine flow-field plate – dimensions: 80 mm x 

80 mm x 3.5 mm. 

Similar to the 6.25 cm2 flow-field, a cathode single-serpentine flow-field covering 

an active MEA area of 25 cm2 was developed using PCB plates, which was 

utilised for the conventional electrochemical performance evaluations (chapter 
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5) and the electro-thermal mapping/distribution measurements (chapter 6). The 

25 cm2 cathode flow-field, shown in Fig, 42, has a 1 mm2 single-serpentine 

square channel with a depth of 1 mm and acted as the corresponding cathodic 

current collector. Furthermore, surface vertical flow paths of 0.5 mm in width 

and 1 mm in depth were provided, with a spacing of 1.18 mm between them, for 

the removal of excess reactant air and water generated in the cell. Similar to the 

6.25 cm2 plate, the 25 cm2 cathode flow-field plate was Ni and Au coated and 

was hot pressed, along with a backing PCB plate (hot press methodology and 

conditions are outlined in sections 3.2.1 and 3.2.2, respectively). The final 

assembled cathode single-serpentine flow-field plate with 25 cm2 active MEA 

area is given in Fig. 43, which has dimensions of 80 mm x 80 mm x 3.2 mm and 

weighs ~150 g.  

 

Figure 42: Final assembled cathode single-serpentine flow-field with 25 cm2 

active MEA area – dimensions: 80 mm x 80 mm x 3.2 mm. 
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4.2.2. Anode flow-fields 

6.25 cm2 anode single-serpentine flow-field 

The corresponding anode flow-field plate used for testing with the 6.25 cm2 

based 1-way cathode fractal flow-field, 2-way cathode fractal flow-fields, and 

single-serpentine cathode flow-field, contained a single serpentine square 

channel, with a width, spacing and depth of 1 mm each; it had a single inlet and 

a single outlet. It also functioned as the respective anode current collector for 

the three PEMFCs tested. It was fabricated from a PCB plate of thickness 

similar to plate “a” in Figs. 35 and 36, with a backing plate as support to the 

anode flow-field plate. Ni and Au layers were electrodeposited on the anode 

flow-field plate. The electroplating process is described in section 3.2.2. The 

final assembled anode flow-field plate after hot-pressing (hot-press conditions 

similar to those outlined for the single-serpentine cathode in section 4.2.1) is 

shown in Fig. 43.  

 

Figure 43: (a) Final assembled anode single-serpentine flow-field with 6.25 cm2 

effective MEA area – dimensions: 80 mm x 80 mm x 3.5 mm.  
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The overall dimensions of this cathode single-serpentine flow-field plate are 80 

mm x 80 mm x 3.5 mm. 

25 cm2 anode single-serpentine flow-field 

A 25 cm2 anode single-serpentine flow-field, used for testing with the 25 cm2 

cathode fractal and cathode single-serpentine flow-fields was developed from a 

graphite plate of 3 mm in thickness, as shown in Fig. 44 (a). Here, graphite 

material was used as the anode flow-field material due to its conductive 

properties (electrical and thermal), which allowed for the current and 

temperature distribution measurements in the cells (chapter 5). The anode flow-

field had a single-serpentine square channel with an area of 1 mm2 and a depth 

of 1 mm. The dimensions of the final fabricated graphite-based anode single-

serpentine flow-field were 80 mm x 80 mm x 3 mm and it weighed ~60 g.   

The anodic current collector was developed from a 35 µm thick Cu coated PCB 

plate, having similar dimensions to the anode flow-field plate shown in Fig. 44 

(a), is presented in Fig 44 (b). The Cu coated PCB plate was coated with Ni and 

Au layers, according to the electroplating process and methodology outlined in 

section 3.2.2. 
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Figure 44: (a) Graphite anode single-serpentine flow-field – dimensions: 80 mm 

x 80 mm x 3 mm and (b) current collector Au coated PCB plate for graphite 

anode single-serpentine flow-field.  
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4.2.3. X-Ray Computed Tomography (X-ray CT)  

An X-ray CT scan was performed on the cathode fractal flow-field plates 

developed, which are presented in section 4.2.1, using a Nikon 225 XT (Nikon 

Metrology, UK). The experimental setup used for the scan is shown in Fig. 45 

(a).  

 

Figure 45: (a) Experimental setup for X-ray CT scanning, (b) radiograph of the 

region of interest (ROI) of the scanned lung-inspired flow-field. 

The X-ray scan was performed using a beam voltage of 170 kV, a beam current 

of 240 µA and a scan rate of 1 frame per second. The region of interest (ROI) 

was chosen to be the lung-inspired flow-field, as shown in Fig. 45 (b), with a 

sample distance from the detector selected to ensure that the entire flow-field 

remained within the field-of-view (FOV) through the 360° of scanning (Fig. 45 

(a)). The total acquisition time was 53 min with a collection of 3176 radiographs. 

A filtered back projection (FBP) reconstruction algorithm (using Nikon CT Pro 

3D software – built-in software with Nikon 225 XT) was applied to the images to 

result in a three-dimensional dataset with a voxel size of 17 μm. Image analysis 

was done using Avizo (Thermo-Fischer Scientific, USA), by importing the 
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dataset into the software and analysing individual orthoslices in the three planes 

(xz, yz and xy). 
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4.3. Structural analysis 

4.3.1. X-ray CT scan analysis of lung-inspired cathode fractal flow-field (1-

way) 

An X-ray CT scan of the lung-inspired flow-field (1-way), as shown in Fig. 46, 

visualises the internal channel arrangement of the flow-field and the alignment 

of individual layers, as well as the quality of the cell assembly. Fig. 46 (a) shows 

a volume rendering of the region scanned. This is a 3D representation of the 

entire sample. Fig. 46 (b) shows a virtual slice in the yz plane, displaying four 

fractal generations.  

 

Figure 46: (a) Volume rendering of the scanned area of the lung-inspired flow-

field and 3D track through video, (b) virtual slice in the yz plane showing the 

hierarchical fractal flow structure with four generations and (c) virtual slice in the 

xy plane showing the layout of channels at the 3rd generation outlets. 

The layers are clearly visible and there is proper alignment between layers of 

the PCB without any overlapping channels. The dark grey regions, where the 
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attenuation is lower, correspond to the flow channels (voids) in the fractal 

geometry. In addition, Fig. 46 (c) shows the virtual slice of the 3rd generation 

fractal outlets from the front face, i.e. showing the entire flow-field. This further 

highlights that the outlet channels are unobscured with no misalignment. 

4.3.2. X-ray CT scan analysis of lung-inspired cathode fractal flow-field (2-

way) 

In order to inspect the alignment of the hierarchical 2-way fractal flow-field 

designs and the integrity of each flow channel, X-ray CT was performed. Virtual 

slices from each dataset in the xy-plane for scans of the 1-way and 2-way 

fractal flow-fields are shown in Fig. 47 (a) and 47 (b), respectively. The X-ray 

attenuation in the flow channels (inlet and outlet) was lower, because they are 

empty, hence, these were observed as dark regions, while zones containing 

PCB material provided higher attenuation and were observed as bright regions.  

Each H-shaped, dark region in Fig. 47 (a) is a segment of the flow inlet path on 

a PCB plate, corresponding to a specific generation in the 1-way fractal flow-

field (schematically shown in Fig. 37 (a)) and the holes correspond to the 

interconnecting pathways on a PCB plate, between generations. Fig. 47 (a) also 

illustrates the order in which the individual PCB plates appear in the final 

assembly.  It can be observed from the scans that all flow inlet path segments 

and holes, across four generations of the 1-way fractal flow-field, are clear of 

any distortion and misalignment. Further analysis on the 1-way fractal x-ray CT 

scans is given in section 4.3.1. 
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Figure 47: Virtual slices from the X-ray CT datasets in the xy-plane, showing (a) 

1-way fractal and (b) 2-way fractal flow-fields. In the 2-way fractal flow-field the 

green box represents H-shaped fractal flow inlet paths and the blue box 

represents H-shaped fractal flow outlet paths.  
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The scan for the 2-way fractal flow-field, shown in Fig. 47 (b), represents H-

shaped fractal inlet (green box) and fractal outlet (blue box) flow path segments 

(schematically shown in Fig. 37 (b)). The inlet flow paths for the 2-way fractal 

were similar to those in the 1-way fractal flow-field (Fig. 47 (a)). Furthermore, 

the fractal outlet flow paths were developed within the plates used for 

developing interconnecting flow paths for the 1-way fractal. This method of 

fabrication allowed for maintaining the same flow-field plate thickness for both 

1-way fractal and 2-way fractal flow-fields (differences in flow-field thickness can 

alter the AE measured). Also, Fig. 47 (b) illustrates the order in which the inlet 

and the outlet flow paths of the 2-way fractal flow-field appear in the final 

assembly. The four generations of the fractal inlet (green) and three generations 

of the fractal outlet (blue box) can be clearly identified and are well aligned and 

unobstructed. 

 

 

 

 

 

 

 

 

  



 Page 120 
 

4.4. Conclusions 

In this chapter, a first of its kind method of developing hierarchical, lung-inspired 

cathode fractal flow-fields has been presented. Layered 2D planar PCB plates 

are successfully utilised in realising the 3D hierarchical structures of lung-

inspired cathode fractal flow-fields. This method of fabrication also reduces the 

cost, time, complexity, and weight of fractal flow-fields considerably, compared 

to the previous laser sintering of stainless-steel fractal flow-fields. Furthermore, 

fractal flow-fields having a greater conductive area (2-way), scaled-up electrode 

area (25 cm2), and other relevant flow-fields (single-serpentine cathode and 

anode flow-fields) have been successfully developed using the layer-wise PCB 

approach.  

X-ray CT scans of the flow-fields indicate well-aligned and properly assembled 

PCB layers, confirming the precision of the adopted method of manufacturing. 

The scans provide an unobtruded view of the complex flow path structures of 

the fractal flow-fields, especially the 2-way flow-field. Furthermore, features that 

are indicative of the quality of fabrication, like individual fractal generations and 

flow path continuity, are demonstrated via the scans.  

In the following chapter, electrochemical performance testing of the different 

flow-field configurations developed in this chapter is presented. The 

performance evaluation and durability testing of the PEMFCs is achieved 

through polarisations, cell temperature analysis, impedance measurements and 

performance degradation tests.  
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5. Performance analysis of PCB lung-inspired 

PEMFCs using conventional metrology 
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5.1. Introduction 

In this chapter, the electrochemical performance of lung-inspired flow-fields is 

measured in an operating PEMFC of 6.25 cm2 (also called 1-way fractal) and 25 

cm2 effective electrode areas, respectively, over a range of reactant relative 

humidities. In addition, the fractal flow-field PEMFC performances are 

compared with those of the conventional flow-field PEMFC. Besides, 

electrochemical characterisations like polarisation, temperature profiles, 

degradation tests, and EIS are performed to diagnose the cell’s operating 

performance.  

In addition, this chapter presents the design, development and testing of a new 

6.25 cm2 fractal flow-field (also called 2-way fractal), for the first time, which has 

an increased contact area compared to the previous one [182]. The fractal flow-

field with increased contact area has a convoluted water egress from the 

system, while the previous one with less contact area allows for a more direct 

means of water egress. Impacts of contact area and water removal mechanism, 

together and individually, on the performance of fractal PEMFCS are evaluated 

through polarisation measurements and other conventional characterisation 

techniques.  

Further performance characterisation of the fuel cells developed in this chapter 

is carried out electro-thermally in chapter 6, for the 25 cm2 case, and electro-

acoustically in chapter 7, for the 6.25 cm2 case, respectively.  
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5.2. Materials and experiments 

5.2.1. Membrane electrode assembly (MEA) preparation  

The MEAs with active areas of 6.25 cm2 and  25 cm2 were prepared by hot 

pressing of a Nafion 212® (DuPont, USA) membrane and HyPlat Pt catalyst 

(HyPlat, South Africa) coated gas diffusion electrodes at 150 C for 3 min under 

an applied pressure of 400 psig. Both electrodes had a catalyst loading of 0.4 

mgPt cm-2. The Gas Diffusion Layer (GDL) used was Freudenberg H23C9, 

which is a carbon fibre paper with a total thickness of 210 μm, including a PTFE 

treated microporous layer (MPL). The overall thickness of the MEA after hot 

pressing was ~500 µm.  

5.2.2. Fuel cell assembly and testing 

6.25 cm2 fractal PEMFC  

The overall fuel cell assembly and the individual components involved in the 

testing of 6.25 cm2 fuel cells, fractal (1-way and 2-way in Fig. 37 and 38) and 

conventional single-serpentine (Fig. 41) configurations, are shown in Fig. 48. 

The MEA was assembled between a pair of Tygaflor gaskets having a thickness 

of 250 µm each. The cell was heated at startup to 45 C using cylindrical 75 W 

heating cartridges of 6.5 mm × 60 mm in dimensions (RS Components, UK). 
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Figure 48: PEMFC components and assembly diagram for 6.25 cm2 cell 

configurations. Cathode flow-fields tested: lung-inspired (1-way and 2-way) and 

single-serpentine. 

A self-adhesive K-type thermocouple (OMEGA, UK) was attached to the anode 

flow-field to measure the cell surface temperature. The different thickness of 

single-serpentine and lung-inspired cathode flow fields may not provide an 

accurate representation of the local cell temperature for comparison. Hence, the 

surface temperature from the anode catalyst layer region was used as a 

representation of the local cell temperature, since identical anode flow fields 

(single-serpentine) were used for both the cathode flow fields tested, namely 

single-serpentine and lung-inspired. An insulating gasket was provided between 

the heating plate and flow-field plate to avoid electrical short-circuiting within the 

cell. Aluminium end-plates were used to provide overall compression to the 

assembly, with a torque of 1.2 Nm provided to the bolts running through them. 

Air inlet, hydrogen inlet and hydrogen outlet were provided from the manifolds 

on the anode end-plate. In contrast, air outlet was provided from the surface of 
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the cathode flow-field for 1-way fractal (Fig. 37 and 38) and single-serpentine 

(Fig. 41), and through fractal path way (Fig. 37 and 38 in and out of the manifold 

for the 2-way fractal, as in Fig. 48. The fuel cells were operated under ambient 

cooling, and no additional cooling channels or devices were present.  

The fuel cell testing was carried out using a Scribner 850e fuel cell test station 

(Scribner Associates NC, USA). The test station could supply reactants at 

desired conditions, using temperature, humidity and mass flow controllers. The 

test station provided hydrogen at 99.995% purity under ambient temperature 

conditions. Hydrogen flow was maintained at 100 mL min-1 throughout, while 

the cathode airflow was fixed at a stoichiometry of 3.0 as defined at 0.6 A cm-2 

[184]. The fuel cells were tested at three different cathode and anode reactant 

relative humidity (RH) levels: 40%, 70% and 100%.  

25 cm2 fractal PEMFC  

For the 25 cm2 PEMFC, the reactants, air and H2, were supplied from the 

cathode region of the cell, as shown in Fig. 49. The air outlet for both the fractal 

cathode and the single-serpentine cathode containing cells occurred from the 

surface vertical flow paths into the ambient, as shown in Figs. 40 and 42, while 

the H2 outlet occurred from a manifold, as shown in Fig. 49. The corresponding 

air and H2 flows are represented by blue and red lines, respectively, as shown 

in Fig. 49. Necessary compression for the cell components, which was 1.4 Nm 

in this case, was provided using aluminium end plates (cathode and anode). 

The anodic end plate also acted as a heating device, which consisted of 

cylindrical 100 W heating cartridges of 10 mm × 40 mm in dimensions (RS 

Components, UK), providing the necessary startup temperature to the cells, 

which was 45 °C. The cell temperatures were measured using a K-type 
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thermocouple from the anode flow-field plate of the cells. Again, the anode 

region was chosen for cell surface temperature measurements, due to different 

cathode flow-field configurations used in the fuel cells tested. Like for the 6.25 

cm2 PEMFC, surface temperature measurements for flow-fields of varying 

thickness may not give an accurate representation of the local cell temperatures 

for comparison. The cells tested here were operated under ambient cooling 

conditions.   

 

Figure 49: PEMFC components and assembly diagram for 25 cm2 cell 

configuration 

Similar to the 6.25 cm2 active area fuel cell testing, a Scribner 850e fuel cell 

testing station (Scribner Associates NC, USA) was used for the testing of the 25 

cm2 active area fuel cells. The testing station supplied the reactants at desired 

conditions like temperature, humidity and flowrates. The fuel cells were supplied 
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with hydrogen of 99.995% purity at a constant flow rate of 200 mL min-1, while 

the cathode airflow was maintained at a constant flow rate of 1500 mL min-1.  

5.2.3. Electrochemical impedance spectroscopy  

Electrochemical impedance spectroscopy (EIS) measurements were performed 

using a Gamry Reference 3000 and Gamry Reference 30k Booster (Gamry 

Instruments, USA). EIS measurements on the fuel cells were performed in 

galvanostatic mode. The frequency range for analysis was 100 kHz to 0.1 Hz, 

with 10 points per decade, and AC modulation amplitude of 5% of the DC input 

signal. The electrochemical conditions discussed above were the same for all 

PEMFCs tested in this thesis.  
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5.3.  Results, analysis and discussions 

5.3.1. Performance analysis  

6.25 cm2 fractal PEMFC (1-way) 

Polarisation curves were measured between open-circuit voltage (OCV) and 0.3 

V, where each data point was recorded at 0.05 V intervals with 30 s hold [185] 

at each interval. Measurements were carried out at three different RH levels - 

40% RH, 70% RH and 100% RH - for the single-serpentine and lung-inspired 

cathode flow-fields, as shown in Fig. 50. 

 

Figure 50: Polarisation curves at (a) 40% RH, (b) 70% RH and (c) 100% RH. 

(Legend: VF – cell voltage with fractal flow-field; VS – cell voltage with 

serpentine flow-field; PF – power density with fractal flow-field; PS – power 

density with serpentine flow-field).  
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The lung-inspired fuel cell shows better performance compared to the single-

serpentine fuel cell under all conditions. The optimal performance current 

density, which was measured at 0.6 V [186] cell voltage and taken to be a 

trade-off between efficiency and power, at 40% RH, 70% RH and 100% RH with 

the single-serpentine cathode flow-field was: 510 mA cm-2, 680 mA cm-2 and 

700 mA cm-2, respectively; with the lung-inspired flow-field it was appreciably 

higher, namely, 705 mA cm-2, 760 mA cm-2 and 800 mA cm-2, respectively. This 

corresponds to an increase in performance of 41%, 12% and 14% of the lung-

inspired design over the single-serpentine fuel cell, at 40% RH, 70% RH and 

100% RH, respectively. 

The higher performance of the lung-inspired flow-field is attributed to its fractal 

geometry, with equal hydraulic path lengths between the inlet and all the 

outlets. This results in a transition from convective to diffusive airflow at the 

outlets, which distributes the reactants uniformly over the surface of the MEA 

[36]. The difference in performance between the lung-inspired and single-

serpentine flow-fields decreases with increasing RH, particularly in the 

activation and Ohmic regions, which is attributed to the improved conductivity of 

the membrane [187,188]. It is likely that the higher velocity of air in the 

serpentine flow-field channels leads to excessive drying of the membrane at low 

RH, leading to reduced membrane conductivity and cell performance. However, 

the performance of the lung-inspired design in the mass transport limited regime 

is much better compared to the single-serpentine flow-field, irrespective of 

reactant RH. 

It is clear that the lung-inspired flow-field performs better than the conventional 

serpentine flow-field at higher current density and is less subject to mass 
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transport issues, such as water flooding and reactant starvation [189,190]. 

Furthermore, the presence of vertical flow paths, as shown in Fig. 36 and Fig. 

38, results in more effective water management compared to the previous 

dead-ended design [36], which flooded during operation at higher RH [36]. 

Severe mass transport limitations are evident in the cell with a single-serpentine 

flow-field compared to a lung-inspired flow-field at higher current density, 

between 900 mA cm-2 and 1100 mA cm-2, where its performance reduces 

drastically [191], as seen in Figs. 50 (b) and 50 (c).  

The increase in cell temperature with respect to current density, which was 

monitored during polarisation measurements, is shown in Fig. 51. 

 

Figure 51: Cell temperature during polarisation curve measurements for (a) 

single-serpentine flow-field and (b) lung-inspired flow-field at 40% RH, 70% RH 

and 100% RH. (Legend: VS – cell voltage with serpentine flow-field; VF – cell 

voltage with fractal flow-field; TS – serpentine flow-field temperature; TF – fractal 

flow-field temperature). 

 

At higher current density, there are mass transport limitations, and the cell 

temperature has a significant influence on the degree of liquid water saturation. 

Lower cell temperatures result in higher water retention at MEA level and a 
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corresponding decrease in current density, and vice versa [192,193]. From Fig. 

51 it can be observed that, at a given current density, higher cell temperatures 

are reached for the single-serpentine flow-field at low reactant RH (40%), which 

can be attributed to membrane dehydration, while lower cell temperatures are 

reached for the single-serpentine flow-field (despite operating at lower 

potentials compared to the lung-inspired flow-field) at higher reactant RH (70% 

and 100%), which can be attributed to the occurrence of flooding in the cell.  

Furthermore, it can be observed that the increase in cell temperature for the 

single-serpentine flow-field is initially slow and later rises rapidly beyond 500 

mA cm-2 at 40% RH and beyond 800 mA cm-2 for 70% RH and 100% RH, 

whereas for the lung-inspired design it increases much more gradually 

throughout the accessible current density range. This may be due to a more 

uniform hydration of the MEA, arising from the use of the lung-inspired flow-

field, compared to that using the single-serpentine flow-field, where a non-

uniform temperature increase is caused by the presence of localised dry 

regions [194,195]. Furthermore, membrane resistance plays a crucial role in 

fuel cell performance, especially at low RH, and, hence, its effect is 

demonstrated in the next section. 

Overall, the lung-inspired flow-field allows higher operating temperatures that 

result in superior performance compared to the single-serpentine flow-field. 
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25 cm2 fractal PEMFC 

Polarisation curves were measured between open-circuit voltage (OCV) and 0.3 

V, where each data point was recorded at 0.05 V intervals with 30 s hold [185] 

at each interval. Measurements were carried out at three different RH levels - 

40% RH, 70% RH and 100% RH - for the single-serpentine and lung-inspired 

cathode flow-fields, as shown in Fig. 52. 

 

Figure 52: Polarisation curved for the fractal and single-serpentine cells at (a) 

40% reactant RH conditions, (b) 70% reactant RH conditions and (c) 100% 

reactant RH conditions. Legend: Vf – voltage of fractal cell, Vs – voltage of 

single-serpentine cell, Pf – power density of fractal cell and Ps – power density 

of single-serpentine cell.  
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Polarisation performance of the fractal cell was better than that of the single-

serpentine cell at different reactant conditions tested. For instance, at 0.6 V cell 

potential, which was considered to be a trade-off between efficiency and power 

[182],  the corresponding current density output at 40%, 70% and 100% RH for 

the fractal cell was: 0.65 A cm-2, 0.68 A cm-2 and 0.72 A cm-2, respectively; for 

the single-serpentine cell, it was: 0.58 A cm-2, 0.60 A cm-2, and 0.64 A cm-2, 

respectively. Furthermore, the limiting current densities at 40%, 70% and 100% 

RH for the fractal were 1.52 A cm-2, 1.59 A cm-2 and 1.66 A cm-2 compared to 

1.44 A cm-2, 1.43 A cm-2 and 1.42 A cm-2 for the single-serpentine flow-field.  

The overall enhanced performance of the fractal cell can be attributed to its 

fractal geometry based cathode flow-field structure, where a hierarchically 

structured flow channel with equal hydraulic path lengths, between inlet and 

outlet, allows for the transition of air flow from a convection dominated state at 

the inlet to a more diffusion dominated state at the outlets, resulting in uniform 

distribution of reactants on the MEA surface [36,58,182,196]. The effects of 

uniform reactant distribution at the cathode region of the MEA of the fractal cell 

can be identified from its better performance over the single-serpentine cell, 

especially in the high current density region between 1.2 A cm-2 and 1.6 A cm-2, 

where mass transport limitations occurring from reduced oxygen concentration 

in the cell are predominant [197]. In addition to uniform reactant distribution, the 

presence of vertical flow paths in the fractal cell regulates the excess water 

away from the MEA more effectively, avoiding excess stagnation of liquid water 

within the system throughout [182]. In contrast, the single-serpentine cell 

delivers much lower performance in the mass transport region, particularly the 

performance degradation in this region increases with an increase in the 
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reactant RH, which can be attributed to the presence of mass transport issues 

like flooding and reactant (oxygen) starvation in the cell [182,191].   

The increase in cell temperatures, measured during polarisation measurements, 

is given in Fig. 53.  

 

Figure 53: Cell temperature distributions measured using thermocouple on the 

surface of anode flow-field plate for the fractal and single-serpentine cells at (a) 

40% reactant RH conditions, (b) 70% reactant RH conditions and (c) 100% 

reactant RH conditions. Legend: Vf – voltage of fractal cell, Vs – voltage of 

single-serpentine cell, Tf – temperature of fractal cell and Ts – temperature of 

single-serpentine cell. 

The maximum cell temperatures attained (limiting current density) by the fractal 

and single-serpentine cells, at 40%, 70% and 100% RH, were 70.3 ⁰C, 72.2 ⁰C 

and 74.6 ⁰C, and 64.9 ⁰C, 65.5 ⁰C and 67.1 ⁰C respectively. The fractal cell 
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attained higher operating temperatures, especially in the high current density 

region, compared to the single-serpentine cell. Higher cell temperatures in the 

fractal cell may have resulted in lower levels of water saturation inside it, 

especially in the mass transport region, and better current density generated 

and vice versa [30]. Corresponding lower cell temperatures developed in the 

single-serpentine cell, despite operating at lower cell voltages, can be attributed 

to the presence of excess water saturation (flooding) inside the cell, which 

reduced its performance and vice versa [198].  

Overall, the uniform reactant and water distribution occurring in the fractal cells 

allowed for the development of higher operating temperatures and better 

current densities compared to the single-serpentine cell[182]. 

6.25 cm2 1-way and 2-way fractal PEMFC 

Polarisation curves for the tested 1-way and 2-way fractal flow-field PEMFCs 

are presented in Fig. 54. At 70% RH conditions (Fig. 54 (a)), the polarisation 

performance of the 2-way fractal PEMFC was slightly better than that of the 1-

way fractal PEMFC in the region between OCV and ~700 mA cm-2. This can be 

attributed to the greater conductive contact area available between the MEA 

and the flow-field for the 2-way fractal flow-field (as seen in Figs. 37 and 38 of 

section 4.2.1). At current densities >700 mA cm-2 the performance of the 2-way 

fractal PEMFC decreased considerably with respect to the 1-way fractal flow-

field, reaching a limiting current density of ~1200 mA cm-2. In contrast, the 

performance of the 1-way fractal PEMFC remained stable throughout its 

operation and attained a higher limiting current density of ~1500 mA cm-2. The 

performance reduction for the 2-way fractal PEMFC at higher current densities 
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can be attributed to flooding within the cell, due to inefficient water removal, 

impeding effective reactant (oxygen) transport to the electrode [20,31,199].  

 

Figure 54:  Polarisation curves at (a) 70% reactant RH and (b) 100% reactant 

RH; AEfP curves at (c) 70% reactant RH and (d) 100% reactant RH. 

By controlling the air supply’s RH, it is possible to control the amount of water 

within the system, for any given current density. For the 100% RH case, the 

corresponding polarisation performance is shown in Fig. 54 (b). As for the 70% 

RH case, the 2-way design performs slightly better at low current density, due to 

the greater contact surface area with the electrode. With increasing current 

density, a more significant decrease in cell performance is observed for the 2-

way fractal PEMFC, compared to the 1-way fractal PEMFC, than for the 70% 

RH case. In addition, the limiting current density attained with the 2-way fractal 

design is ~1000 mA cm-2, ~200 mA cm-2 less than that achieved for the 70% RH 

case. The marked decrease in the overall performance of the 2-way fractal 

PEMFC using highly humidified reactants (100% RH) can be attributed to 

exacerbated flooding in the cell. This is consistent with a higher rate of water 

condensation from the highly humid reactants, in addition to the water 
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generated from the electrochemical reaction with increasing current density 

[200,201]. 

In contrast, the performance of the 1-way fractal PEMFC increased with 

reactant RH [202], as a result of optimal rise in its membrane hydration, which 

increased the limiting current density attained from ~1400 mA cm-2 (70% RH) to 

~1600 mA cm-2 (100% RH) [203].   

Overall, the polarisation measurements confirm that the 2-way fractal PEMFC 

was significantly limited by flooding, whilst the 1-way fractal PEMFC was closer 

to optimal with respect to hydration. The surface flow channels (blue arrows in 

Fig. 37 (a)) of the cathode air outlet in the 1-way fractal flow-field allow effective 

water removal via a straight path, compared with the more tortuous cathode air 

outlet flow channels (blue arrows in Fig. 37 (b)) in the 2-way fractal flow-field, 

which are not effectively flushed and result in more liquid water stagnation and 

electrode flooding.     

Cell temperatures measured simultaneously during polarisation for the fractal 

PEMFCs are presented in Fig.55.  It can be observed that, at 70% RH (Fig. 55 

(a)) and 100% RH (Fig. 55 (b)), the cell temperature profile for the 2-way fractal 

PEMFC is much less pronounced than that for the 1-way fractal PEMFC. Lower 

cell temperatures in the 2-way fractal PEMFC are a result of the cell flooding 

occurring during operation, where higher amounts of water retained by the flow-

field reduce the cell temperature and lead to a corresponding decrease in 

current density, and vice versa [193]. For instance, the maximum temperature 

attained by the 2-way fractal PEMFC reduced from ~51.5 ⁰C at 70% RH to 

~50.3 ⁰C at 100% RH; this drop in maximum cell temperature parallels a 
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reduction in limiting current density attained from ~1200 mA cm-2 (70% RH 

case) to ~1000 mA cm-2 (100% RH case).  

 

Figure 55: Temperature distribution for fractal PEMFCs measured 

simultaneously with polarisations at (a) 70% reactant RH and (b) 100% reactant 

RH. Legend: POL – Polarisation and TEMP – Temperature. 

However, for the 1-way fractal PEMFC, the maximum cell temperatures attained 

at 70% RH and 100% RH were ~54 ⁰C and ~55.5 ⁰C, respectively. These 

temperatures were higher than those developed in the 2-way fractal PEMFC by   

~2.5 ⁰C at 70% RH and ~5.2 ⁰C at 100% RH; an influence of the higher cell 

operating temperatures developed in the 1-way fractal PEMFC was reflected in 

the limiting current densities attained, which were ~1400 mA cm-2 at 70% RH 

and   ~1600 mA cm-2 at 100% RH, respectively. Overall, higher operating 

temperatures, supported by an increase in hydration levels, enhanced the 

membrane conductivity of the 1-way fractal PEMFC and resulted in superior 

performance and vice versa, compared to the flooded lower-temperature 

operation of the 2-way fractal PEMFC [32,204]. 
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5.3.2. Electrochemical characterisations 

Electrochemical impedance spectroscopy (EIS) measurements for the PEMFCs 

tested here are based on the methodology discussed in section 3.5.2. The 

corresponding equivalent circuit used for modelling the EIS spectrum is given in 

Fig. 28 (refer section 3.5.2, pg.90). 

6.25 cm2 fractal PEMFC 

EIS was performed between 0.1 Hz and 100 kHz for the single-serpentine and 

lung-inspired flow-fields over a range of current densities [125,205]. To obtain a 

stable measurement, the cells were held at the respective current density and 

reactant conditions constantly for 2 min before the corresponding EIS was 

performed. This hold ensured a uniform voltage development as a result of the 

equilibrium achieved between the reactant conditions, like temperature and 

humidity, and the cell operating conditions. The EIS spectra at 300 mA cm-2, 

600 mA cm-2 and 900 mA cm-2 are shown in Figs. 56 (a), (b) and (c).  

At the lowest current density of 300 mA cm-2
, the charge transfer resistance 

observed for the lung-inspired and single-serpentine cells is almost identical 

under all humidity conditions tested (the corresponding equivalent circuit is 

given in the methodology section 3.5.2, Fig. 28). Corresponding charge transfer 

values are given in Table 2. Increasing the current density to 600 mA cm-2, the 

charge transfer and mass transport resistances (Rmt) (equivalent circuit is 

depicted in Fig. 28 [206]) for the cell with lung-inspired flow-field (Rmt is 0.025 

Ω.cm2 and 0.03 Ω.cm2 at 70% RH and 100% RH, respectively) are lower than 

those with the single-serpentine flow-field (Rmt is 0.042 Ω.cm2 and 0.044 Ω.cm2 

at 70% RH  
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Figure 56: Electrochemical impedance spectra for single-serpentine and fractal 

flow-fields at (a) 300 mA cm-2, (b) 600 mA cm-2 and (c) 900 mA cm-2, at 40% 

RH, 70% RH and 100% RH. (d) HFR for single-serpentine and lung-inspired 

flow-fields at 40% RH, 70% RH and 100% RH. 
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and 100% RH, respectively). Finally, at 900 mA cm-2, the cell with the single-

serpentine flow-field has significantly higher charge transfer and mass transfer 

resistances (Rmt is 0.16 Ω.cm2 and 0.9 Ω.cm2 at 70% RH and 100% RH, 

respectively) compared to the lung-inspired flow-field (Rmt is 0.03 Ω.cm2 and 

0.04 Ω.cm2 at 70% RH and 100% RH, respectively), implying that it is subject to 

excessive flow channel flooding (from water released out of the catalyst/gas 

diffusion layers) that results in much lower levels of oxygen concentration at the 

cathode [207]. 

Table 2: Charge transfer resistances measured based on equivalent circuit in 

reference [58] from electrochemical impedance spectroscopy for single-

serpentine and lung-inspired flow fields at 300 mA cm-2 current density.  

Charge transfer resistance 

Single-serpentine flow field 

Charge transfer resistance 

Lung-inspired flow field 

40% RH 70% RH 100% RH 40% RH 70% RH 100% RH 

0.283 

Ω.cm2 

0.275 

Ω.cm2 

0.281 

Ω.cm2 

0.285 

Ω.cm2 

0.278 

Ω.cm2 

0.283  

Ω.cm2 

 

In contrast, the cell with the lung-inspired flow-field shows a well-defined, stable 

and lower charge transport resistance with minimal or no mass 

transport/diffusive impedance. This demonstrates the ability of the lung-inspired 

design to distribute reactant gases and water uniformly over the MEA surface, 

maintaining a well-hydrated system, clear of any flooding in the flow path under 

a wider range of operating conditions. This is consistent with the improved 

performance in the mass transport region of the cell with the lung-inspired flow-

field, as seen in Fig. 50.  
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The high frequency resistance (HFR), which is determined from the high-

frequency intercept with the real axis of the Nyquist plots (obtained from the EIS 

measurements, as outlined in section 5.3.2) in Fig. 56, provides a measure of 

the Ohmic resistance and is predominantly attributed to the membrane 

hydration and its associated conductivity [177,208]. Fig. 56 (d) shows that at 

70% RH and 100% RH the membrane resistance initially decreases, as water is 

produced in the electrochemical reaction, goes through a minimum, and then 

increases as the cell temperature increases, leading to membrane dehydration. 

This is well established behaviour [209] and common to both flow-field designs.  

The generally higher resistance at low RH (40%) indicates a less uniformly 

hydrated membrane. Even so, the resistance of the cell with the lung-inspired 

flow-field design remains relatively stable over the operational range, while the 

membrane resistance of the serpentine flow-field is significantly higher and 

increases rapidly for current densities above 500 mA cm-2. This steep increase 

can be attributed to the decrease of membrane conductivity as a result of 

membrane dehydration [64,180,210]. This suggests that the superior 

performance of the lung-inspired flow-field system at low RH can be attributed 

to the diffusion dominated, uniformly distributed and low velocity reactant flow 

occurring through the fractal structure [57,196] that minimises membrane 

dehydration while enabling higher temperature operation (Fig. 51 (b)).  

25 cm2 fractal PEMFC 

EIS measurements were performed to understand the resistances developed 

within the tested 25 cm2 cells. Fig. 57 (a) illustrates the high frequency 

resistance (HFR) or Ohmic resistance developed in the cells over a range of 
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operating conditions. The HFR was measured from the high frequency intercept 

of the Nyquist curves, obtained from the EIS measurements, with the real axis 

[121]. Corresponding Nyquist curves for the EIS measurements are given in 

Fig. 58.  

 

Figure 57: (a) High frequency resistance (HFR or Ohmic) for fractal and single-

serpentine cells at 40%, 70% and 100% RH reactant conditions and (b) Low 

frequency resistance (LFR) or total resistance for fractal and single-serpentine 

cells at 40%, 70% and 100% RH reactant conditions. Legend - HFRs – HFR of 

single-serpentine cell, HFRF – HFR of fractal cell, LFRs – LFR of single-

serpentine cell, LFRF – LFR of fractal cell.  

From Fig. 57 (a), it can be observed that the HFR for the cells decreased with 

an increase in the reactant RH from 40% to 100%. Furthermore, the influence of 

reactant RH on HFR is predominantly evident in the low current density region 

(e.g. 0.2 A cm-2), where the water contribution from electrochemical reactions is 

considerable less, with highly humid reactant RH resulting in lower HFR 

compared to the low reactant RH. However, the individual HFR and the 

difference between HFRs of the cells reduced gradually with an increase in the 

current density, irrespective of the reactant RH, as a result of improved 

membrane hydration occurring from water generated from improved 
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electrochemical reactions (current density). Overall, HFR analysis suggests that 

both the cells tested were sufficiently hydrated, especially in the high current 

density regions, resulting in uniform membrane conductivity. 

 

Figure 58: Electrochemical impedance spectroscopy (EIS) curves for single-

serpentine and fractal cells at 40%, 70% and 100% reactant RH and 0.2 A cm-2, 

0.4 A cm-2, 0.6 A cm-2, 0.8 A cm-2 and 1 A cm-2 current density.  

Low frequency resistance (LFR), as shown in Fig. 57 (b), was measured from 

the low frequency real axis intercept of the EIS measurements and corresponds 

to the total resistance developed in a cell [64]. An initial decrease in LFR, as 

seen in Fig. 57 (b), can be attributed to the transition of the cell from the 

activation to the Ohmic region of operation [206]; a gradual reduction in LFR for 

both cells was observed between 0.2 A cm-2 and 0.6 A cm-2. The LFR, at 40%, 
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70% and 100% RH, for the single-serpentine and fractal cells, were almost 

similar, with 0.63 Ω.cm2, 0.57 Ω.cm2, 0.51 Ω.cm2 and 0.65 Ω.cm2, 0.55 Ω.cm2, 

0.49 Ω.cm2 respectively at  0.2 A cm-2, and with 0.39 Ω.cm2, 0.37 Ω.cm2, 0.36 

Ω.cm2 and 0.36 Ω.cm2, 0.33 Ω.cm2, 0.32 Ω.cm2 respectively at 0.6 A cm-2. It can 

be observed that, between 0.2 A cm-2 and 0.6 A cm-2, the reduction in LFR was 

consistent with the reduction in HFR, as observed in Fig. 57 (a). However, with 

an increase in current density to 0.8 A cm-2 and further to 1 A cm-2, a sudden 

rise in LFR for the single-serpentine cell was observed. This sudden growth in 

LFR for the single-serpentine cell, especially at higher operating currents, can 

be attributed to the increased charge and mass transport related resistances as 

a result of cell flooding and reactant starvation [211]. The corresponding charge 

transfer resistances (Rct) and mass transfer resistances (Rmt) for the single-

serpentine and fractal cells at 0.8 A cm-2 and 1 A cm-2 current densities are 

given in Table 3. In contrast, the LFR for the fractal cell continued to decrease 

throughout its operation, especially in the high current density region, where Rct 

and Rmt of the fractal are lower than that of the single-serpentine, which can be 

attributed to the flooding-free, diffusion-dominated oxygen mass transport at its 

MEA surface [60]. 
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Table 3: Charge transfer resistances and mass transfer resistances for single-

serpentine cell and fractal cell at 0.8 A cm-2 and 1 A cm-2 for 40%, 70% and 

100% RH reactant conditions.  

  Single-serpentine Fractal 

40% 

RH 

70% 

RH 

100% 

RH 

40% 

RH 

70% 

RH 

100% 

RH 

Rct(Ω.cm2) 

@ 0.8 A cm-2 
0.207 

 

0.175 

 

0.221 

 

0.189 

 

0.147 

 

0.138 

 

@ 1 A cm-2 
0.194 

 

0.172 

 

0.225 0.188 

 

0.136 

 

0.123 

 

Rmt(Ω.cm2) 

@ 0.8 A cm-2 
0.015 

 

0.024 

 

0.041 

 

0.006 

 

0.012 

 

0.015 

 

@ 1 A cm-2 
0.016 

 

0.024 

 

0.046 0.008 

 

0.015 0.016 

 

 

6.25 cm2 “1-way and 2-way” fractal PEMFC 

High frequency resistance (HFR) values, presented in Fig. 60, were measured 

from the high-frequency, real-axis intercept of the Nyquist plot of the EIS 

measurements. For the fractal PEMFCs, the HFR was identified to be uniform, 

within 5-10% variation, between 200 mA cm-2 and 1000 mA cm-2, as shown in 

Fig. 59. The relatively small difference in HFR for the fractal PEMFCs, over this 

current density range, indicates that the membrane was sufficiently hydrated 

throughout its operation, especially in the high current density region, where 

higher cell temperatures tend to dehydrate the membrane.  
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Figure 59: High frequency resistance (HFR) for the fractal PEMFCs tested at 

different reactant RH and current density conditions, all at T = 45 ˚C. 

Furthermore, at a given experimental condition (reactant RH), the Ohmic 

resistance for the 2-way fractal PEMFC is observed to be lower than that of the 

1-way fractal PEMFC. This may be attributed to the increased contact area 

between the flow-field and MEA in the 2-way fractal (section 4.2.1, Fig. 37), 

especially when all the other factors affecting the bulk resistance, like cell 

temperature, assembly torque, current density, reactant RH, etc., were constant 

[206]. Furthermore, the impact of reduced Ohmic resistance in the 2-way fractal 

PEMFC can be observed from its better performance at low current density 

(Figs.54 (a) and 54 (b)). Thus, the deterioration in cell performance observed for 

the 2-way fractal PEMFC can be ascribed to the reduced oxygen concentrations 

at the membrane surface, caused by excessive hydration or flooding in the 

electrode region [212]. 
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The Nyquist curves for EIS measurements of 1-way and 2-way fractal PEMFCs 

at 70% and 100% reactant RH are presented in Figs. 61 (a) and 61 (b), 

respectively. The corresponding charge transfer (Rct) and mass transfer (Rmt) 

resistances are given in Table 4 (the equivalent circuit used for modelling is 

given in Fig. 28).  

At 70% RH, the corresponding Rct for the 1-way and 2-way fractal PEMFCs are 

very similar at ~0.03 Ω cm2, within a range of 10%, at 800 mA cm-2 and 1000 

mA cm-2 current density conditions, as observed from Table 4. However, the 

mass transport resistances developed in the 2-way fractal PEMFC are much 

larger than those developed in the 1-way fractal PEMFC, which can be 

attributed to mass transfer related issues in the 2-way fractal flow-field 

[201,206,213].  

Furthermore, at higher reactant humidity (100% RH), Rct for the 1-way fractal 

PEMFC, at 800 mA cm-2 and 1000 mA cm-2, was similar to that at 70% RH, 

while a slight increase in the Rmt was observed. However, in the 2-way fractal 

PEMFC, Rct increased by 29% and 36% at 800 mA cm-2 and 1000 mA cm-2, 

respectively. Such an increase in Rct with reactant RH can be attributed to the 

presence of some unresolved mass transport component contained in the 

charge transfer resistance [206,213]. In addition, the corresponding Rmt for the 

2-way fractal PEMFC at 800 mA cm-2 and 1000 mA cm-2 was 0.89 Ω cm2 and 

1.07 Ω cm2, respectively. Such large Rmt values were developed at 100% RH 

due to the excessive water flooding of the cell, which was already evident at 

70% RH at higher current densities [214,215]. This reflects the inability of the 2-

way fractal flow field design to regulate excess water away from the flow-field 

region. However, throughout its operation, the 1-way fractal PEMFC maintained 
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uniform water distribution in the cell, which is reflected in lower resistance 

values.  

Overall, the observations from the EIS measurements provide further support 

for the deductions made on the state of water distribution in the fractal flow-

fields.   

 

Figure 60: Nyquist curves for electrochemical impedance spectroscopy (EIS) 

measurements for 1-way and 2-way fractal PEMFCs at 800 mA cm-2 and 1000 

mA cm-2 and at (a) 70% reactant RH and (b) 100% reactant RH, respectively.  
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Table 4: Charge transfer Rct and mass transfer Rmt resistances for 1-way and 2-

way fractal PEMFCs at 70% and 100% reactant RH and at 800 mA cm-2 and 

1000 mA cm-2.  

Experimental 

condition 

Current density 

(mA cm-2) 

Charge transfer (Rct) 

(Ω cm2) 

Mass transfer (Rmt) 

(Ω cm2) 

70% RH                   

1-way 

800 0.03 0.15 

1000 0.03 0.16 

100% RH 

1-way 

800 0.033 0.18 

1000 0.035 0.19 

70% RH 

2-way 

800 0.031 0.55 

1000 0.033 0.62 

100% RH 

2-way 

800 0.040 0.89 

1000 0.045 1.07 

 

5.3.3. Operating stability 

A galvanostatic test was performed to evaluate performance stability of the 6.25 

cm2 fractal PEMFC under both relatively dry and relatively humid conditions. 

Fig. 61 shows galvanostatic measurements at 40% RH (dry) and 70% RH 

(humid) conditions, where the current density is maintained at 700 mA cm-2 and 

750 mA cm-2, respectively. At 40% RH, the performance of the lung-inspired 

flow-field is more stable compared to that of the single-serpentine flow-field over 

the entire duration of the test; the cell voltage variation for the lung-inspired and 

single-serpentine flow-fields ranged within 4% and 8%, respectively, of their 

initial values. Furthermore, at 70% RH the cell voltage variation range for the 

lung-inspired flow-field decreased to 2%, while for the single-serpentine flow-

field it was much higher at 12%.  
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Figure 61: Cell voltage fluctuation over 6 h during galvanostatic tests at (a) 40% 

RH and 700 mA cm-2 and (b) 70% RH and 750 mA cm-2. 

Cell voltage fluctuations and erratic behaviour are related to liquid water 

accumulation in the gas distribution channels and its uneven removal [216,217]. 

Increase in water accumulation decreases the voltage, and vice versa [218]. 

The results in Fig. 61 provide further evidence of a more uniform water 

distribution and cell performance in the lung-inspired design, compared to the 

conventional single-serpentine design. The convection-dominated gas flow in 

the single-serpentine flow-field may have resulted in uneven levels of water 

saturation, creating regions of high and low water retention (flooding and drying) 

[35]. In addition, the single-serpentine flow-field could be subject to periodic 

localised flooding [126], suggested by the cell voltage fluctuations [219,220]. In 

previous work, the extent of the cell voltage fluctuations (peaks in Fig. 61 (a) 

and 60(b)) has been linked to the degree of flooding in a fuel cell [197], the 

degree of hydration of the membrane and its level of swelling [221]. Increasing 

RH from 40% to 70% increases the level of cell voltage fluctuations for the 

single-serpentine flow-field, indicative of greater flooding in channels at higher 

RH. However, the lung-inspired system remains stable when humidity 
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increases, which is consistent with more uniformity in water distribution. This is 

in line with the improved transport of reactants via lung-inspired flow-fields. 

Furthermore, galvanostatic testing was performed on the 1-way and 2-way 

fractal PEMFCs, to compare the relative performance, by operating them at a 

constant current density of 1000 mA cm-2 and 70% reactant RH for a little over 

3 h. The corresponding cell voltage fluctuation are presented in Fig. 62.  

 

 

Figure 62: Cell voltage fluctuation over 3 h during galvanostatic tests at 70% RH 

and 600 mA cm-2 for 1-way and 2-way fractal PEMFCs.  

As observed in the single-serpentine case previously, intermittent voltage 

fluctuations observed in the 2-way fractal PEMFC can be attributed to the 

flooding events occurring inside the cell  [221]. In contrast, the cell voltage for 

the 1-way fractal PEMFC remains almost constant compared to the fluctuating 

cell voltage observed for the 2-way fractal PEMFC. This is due to more effective 
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water removal from the cell, resulting in less water retention at the flow-fields 

[181].  
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5.4. Conclusions 

This chapter presented a study that is the first to combine a fractal, lung-

inspired cathode flow-field with a low cost PCB-based manufacturing technique, 

via a layer-wise assembly approach. The PCB-based approach offers a cost-

effective alternative to previously reported fabrication methods for such flow-

fields, which employed selective laser sintering. This also opens up the 

possibility of easily scalable manufacturing of fractal flow structures for a range 

of other applications.  

Initially, a 6.25 cm2 lung-inspired flow-field (1-way) delivered enhanced 

performance compared to a conventional single-serpentine flow-field. 

Polarisation curves indicated a performance enhancement in lung-inspired flow-

fields by 41%, 12% and 14% at 0.6V cell potential for 40%, 70% and 100% 

reactant humidity (RH) conditions, respectively. Higher operating temperatures 

by 2-3 ⁰C were observed in the lung-inspired flow-field that resulted in its 

superior performance over the single-serpentine flow-field.  

In addition, the performance enhancement in the lung-inspired flow-field was 

particularly observed at high RH and high current density. Electrochemical 

impedance spectroscopy established that this is due to more uniform 

distribution of reactants and water management in the cell; the mass transfer 

resistances developed at 100% RH and higher current density (~900 mA cm-2) 

were 0.04 Ω.cm2 for a lung-inspired flow-field and 0.9 Ω.cm2 for a single-

serpentine flow-field. Galvanostatic tests on the flow-fields indicated a much 

more stable operation of lung-inspired PEMFC; voltage fluctuations at constant 

current hold for lung-inspired and single-serpentine flow-fields were observed to 
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be within, respectively, 2% and 12% of their initial values at relatively humid 

reactant conditions.  

Similar to the 6.25 cm2, a 25 cm2 fractal fuel cell with 5 fractal generations 

delivered better performance, especially in high current density region of 

polarisation, compared to the conventional single-serpentine cell, at different 

reactant and operating conditions. The enhanced performance of the fractal cell 

was a result of higher cell temperatures of around 5 – 7 ⁰C developed in the 

fractal cell compared to the single-serpentine cell. Uniform and stable Ohmic 

resistances were measured for both cells, indicating a uniformly hydrated 

membrane condition throughout the operation. In addition, electrochemical 

impedance spectroscopy measurements showed stable and flooded operating 

conditions in the fractal and the single-serpentine cells, respectively.  

This chapter also presented, for the first time, the design, development and 

testing of a new 2-way fractal flow-field that has an increased contact area, but 

a more convoluted water removal path, compared to the previously reported 

fractal 1-way flow-field. The influence of contact area and water removal 

mechanism on the performance delivered by the fractal PEMFCs was 

investigated. The acoustic emission technique was utilised to understand and 

diagnose water management inside both fractal PEMFCs.  

The 2-way fractal PEMFC delivered better performance in the Ohmic region of 

operation: 0 - 700 mA cm-2 at 70% RH and 0 - 400 mA cm-2 at 100% RH. 

Beyond this, its performance degraded drastically, compared to the 1-way 

fractal PEMFC, as a result of severe cell flooding. Good correlation was 
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observed between complementary measurements of cell polarisation curves, 

cell temperature and cell voltage fluctuation during galvanostatic testing. 

Further efforts are ongoing to address the design of the reactant flow outlet path 

in the 2-way fractal system by making it less convoluted, which should result in 

better overall performance, particularly in the mass transport limited region. 
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6. Performance diagnostics of lung-inspired 

PEMFCs using current and temperature 

mapping metrology 
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6.1. Introduction  

Current and temperature mapping have been instrumental for the in situ 

diagnosis and analysis of various factors that affect the performance of fuel 

cells, such as water management [141–143], reactant concentration and 

distribution [30,142,144], reactant physical conditions [145,146], flow channel 

configurations [147], thermal management [148,149] and cell compression 

[150]. Some of the current distribution measurement techniques include indirect 

correlations based on local values [152], use of magnetic effects and Hall 

sensors [153,154], measurements of the local potential at the GDL and catalyst 

layers, and segmented measurement [155]. Temperature distribution 

measurement techniques include thermocouple insertions [156], infrared 

imaging [149,157] and segmented measurement.  Segmented measurements 

are a popular technique, especially for combined current and temperature 

measurements, due to their ability to directly measure localised phenomena, 

like reactant starvation and flooding inside the fuel cell [141,157,158]. 

Furthermore, PCB-based segmented current collectors are widely used in the 

combined measurements of current and temperatures, due to their low cost 

operation, usage flexibility during assembly and disassembly, and easy 

implementation and in situ measurement within the cell [144,148,159,160]. 

Studies reported in section 5.3 on a 25 cm2 fractal PEMFC saw a fractal cell 

performing better than a single-serpentine cell, as a result of improved reactant 

distribution and water management inside the cell, which influences the overall 

current and temperature generated in the cells; this was observed via a range of 

electrochemical characterisation techniques [36,56,182]. In this chapter, current 

and temperature mapping metrology are utilised, for the first time, to provide 
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crucial additional information that allows understanding the better performance 

of the fractal fuel cell compared to a conventional single-serpentine fuel cell. 

The mapping primarily investigates the role of reactant RH and operating 

conditions on the surface current and temperature distributions. Furthermore, 

localised conditions, like segment currents are investigated to analyse the 

influence of flow-field structure on the cell’s overall performance.  
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6.2. Materials and experiments 

6.2.1. Fuel cell assembly 

The fuel cell components and their order of assembly are shown in Fig. 63. A 

current and temperature mapping plate (S++ Simulation Services, Germany), 

was sandwiched between the anode flow-field and anode current collector.  

 

Figure 63: Assembly outline and primary components used in the PEMFCs 

tested. 

The S++ plate consisted of an array of 10 x 10 integrated shunt resistors, with 

each resistor having an area of 5 x 5 mm2 covering a total electrode area of 25 

cm2. The current measurements occurred in through plane mode. The voltage 

measurements occurred from the anode current collector that included the 

Ohmic resistance contribution from the mapping plate (S++). The surface 

temperature distribution measurement utilised an array of 5 x 5 temperature 

sensors. Current and temperature measurements were performed 

 



 Page 163 
 

simultaneously and their respective sensors were provisioned on the same 

sensor plate – a PCB-plate with gold coated contact segments. The S++ plate 

was connected to a computer via a USB interface that provided live displays of 

current and temperature contours, and data recording. The reactants, air and 

H2, were supplied from the cathode region of the cell. The air outlets for both 

cells (fractal and single-serpentine cathode) occurred via surface vertical flow 

paths into the ambient, as in Figs. 49 and 64, while the H2 outlet occurred from 

a manifold, as shown in Fig. 49. The corresponding air and H2 flows are 

represented, respectively, by blue and red lines in Fig. 49. Necessary 

compression for the cell components, which was 1.4 Nm in this case, was 

provided using aluminium end plates at the cathode and anode. 

 

 

Figure 64: Final assembled (a) cathode fractal flow-field – 7.25 mm x 80 mm x 

80 mm and (b) cathode single-serpentine flow-field – 3.2 mm x 80 mm x 80 mm. 

The anodic end plate also acted as a heating device, providing the necessary 

start-up temperature to the cells, which was 45 °C. The cell temperatures were 

measured using a K-type thermocouple from the anode flow-field plate of the 
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cells. The anode region was chosen for cell temperature measurements, due to 

different cathode flow-fields used in the fuel cells tested, whose temperature 

measurements may not give an accurate representation of the local cell 

temperatures for comparison due to varying flow-field thicknesses. The cells 

operated under ambient cooling conditions.   
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6.3. Results, analysis and discussion 

6.3.1. Current distribution analysis 

The current and temperature mapping results presented in this section were 

obtained during polarisation experiments on the 25 cm2 cell, as discussed in 

section 5.3.1, with the results shown in Figs. 52 and 53. Current distribution 

maps, in the anode region of the cells, at 40%, 70% and 100% reactant RH are 

presented in Figs. 65 – 67, where (a, d), (b, e) and (c, f) represent the current 

distribution maps at 0.8 V, 0.6 V and 0.4 V cell potentials, respectively.  

 

 

Figure 65: Current distribution for fractal (top) and single-serpentine (bottom) 

cells under 40% reactant RH and at (a, d) 0.8 V, (b, e) 0.6 V and (c, f) 0.4 V 

respectively.  
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Figure 66: Current distribution for fractal (top) and single-serpentine (bottom) 

cells under 70% reactant RH and at (a, d) 0.8 V, (b, e) 0.6 V and (c, f) 0.4 V, 

respectively.  

 

 

Figure 67: Current distribution for fractal (top) and single-serpentine (bottom) 

cells under 100% reactant RH and at (a, d) 0.8 V, (b, e) 0.6 V and (c, f) 0.4 V, 

respectively.  
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The maps are indexed through x-segments (1 – 10) and y-segments (1 – 10), 

as shown in Figs. 65 – 67, according to the 10 x 10 shunt resistors on the S++ 

plate.  

A schematic representation of the cathode flow-fields, as covered under the 

current mapping segments, is given in Fig. 68. Furthermore, the mean of 

segment currents (MSC) and the corresponding standard deviation (STDEV) 

representing variations in segment currents from the MSC are given in Fig. 69. 

 

Figure 68: Schematic representation of the fractal and single-serpentine 

cathode flow-fields, covered under the current mapping segments. Could not 

depict flow-in for the fractal as it occurs from behind the plate.  
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Figure 69: Mean of segment currents (MSC) and their corresponding standard 

deviation (STDEV) for (a) single-serpentine fuel cell and (b) fractal fuel cell, at 

40%, 70% and 100% reactant RH respectively. Legend: S – single-serpentine, 

F – fractal.  

At 0.8 V cell potential, it can be observed from the maps in Figs. 65 – 67 that, 

irrespective of the reactant RH condition, a similar current distribution, segment-

wise and overall, is measured in single-serpentine and fractal cells. MSC and 

STDEV at 0.8 V for both cells are similar at ~0.025 A and ~0.003 A, 

respectively. This implies that the overall current distribution is uniform in both 

cells at low operating currents [146,222,223]. Such homogeneity in the current 

distribution, at higher cell voltages, can be attributed to negligible diffusion 

limitations, since the intrinsic rate of reaction and current are low as well, with 

minimal requirements on water management and reactant concentration 

[145,159]. Here, the observed similarities in current distribution between the 

cells corroborate with the polarisation performances observed in Fig. 52, where, 

at 0.8 V, each cell delivered an output of ~0.1 A cm-2 = (100 x 0.025 A)/25 cm2.   

At lower cell potentials of 0.6 V and 0.4 V, the MSC and STDEV for the fractal 

cell are observed to be larger and smaller, respectively, compared to those 
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observed for the single-serpentine cell, indicating higher currents (overall and 

segment-wise) with a more homogeneous distribution generated in the fractal 

cell. The specific influence of the cathode flow-field structure on the current 

distribution patterns observed in Figs. 65 – 67 can be evaluated in detail if the 

segment currents, which are a reflection of the electrochemical activity (and 

associated current) occurring in the cell regions covered by the segments, are 

analysed.  

At 0.6 V and 0.4 V cell potentials, the current maps in Figs. 65 – 67 show that 

each cell develops regions with low and high local currents. However, the 

number of such regions varies, depending on the cathode flow-field type used 

(note again that a single-serpentine anode flow-field was used in both cases). In 

particular, the number of low current segments developed in a fractal cell is 

much lower than those developed in a single-serpentine cell under any 

condition. For instance, in the 40% RH case (Fig. 65), comparing the areas 

surrounded by a dashed line-, especially segments between (X9, Y4) – (X9, Y8) 

of the fractal cell and segments between (X2, Y3) – (X2, Y7), (X4, Y7) – (X8, 

Y7) and (X6, Y5) – (X8, Y5) of the single-serpentine cell consist of particularly 

low current regions, which correspond to segments delivering currents lower 

than the MSC. Similar trends in the low current segments are observed at 70% 

RH (Fig. 66) and 100% RH (Fig. 67), respectively.  

It is widely observed in fuel cells that low currents result from either dehydrated 

or flooded conditions of the cell regions, while high cell currents occur only 

when the cell regions have balanced hydration [216,224,225]. Sufficient cell 

hydration, throughout the experimental conditions, was confirmed by the 

uniform and stable HFR measured, as shown in Fig. 57 (a) of section 5.3.2. 
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This rules out dehydration as a reason for the observed low currents [226]. 

Thus, the low current segments that developed should be attributed to reactant 

starvation, occurring due to the presence of localised flooding in the cell regions 

covered by these segments. Furthermore, the localised flooding in the cells is 

observed only at higher operating currents (corresponding to 0.6 V and 0.4 V 

cell potentials), irrespective of reactant RH, implying that the generation of 

water from electrochemical reactions contributes significantly to the observed 

flooding.  

The single-serpentine cell developed more extended regions of localised 

flooding, seen as a prominent horizontal blue patch covering the segments (X4, 

Y7) – (X8, Y7) and (X6, Y5) – (X6, Y8) [227]. This patch of localised flooding, 

occurring at preferential regions of the cell, can be attributed to the presence of 

water droplets on the hydrophobic surface of the cathode GDL and channel 

interface, which was wicked away through the GDL pores into the channels 

[20,228]. Furthermore, channel flooding in the single-serpentine cell can be 

confirmed by the horizontal distribution of the very low current regions, which is 

consistent with the horizontal cathode flow channel arrangement for reactant 

supply and removal in the cell, as seen in Figs. 64 and 68 [157]. Comparatively, 

in the fractal cell, only minimal localised flooding is observed, with the only 

prominent low current region between (X9, Y4) – (X9, Y8), appearing as a 

vertical blue patch. The observed vertical distribution of very low currents is 

consistent with the vertical flow paths in a fractal cell for the removal of 

reactants and water (Figs. 64 and 68), where localised channel flooding could 

be expected. Furthermore, all other segments in either cell, with the exception 

of those in the low current regions, result in improved performance with 
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increased reactant RH, asserting the observed low current regions as a result of 

localised flooding only, which may have resulted in the local blocking of reactant 

supply to the MEA [142,229].   
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6.3.2. Segment current analysis 

In the single-serpentine cell, more heterogeneous segment current distribution 

is observed. This is a typical current distribution pattern observed in serpentine 

based flow-fields, where non-uniform distribution of oxygen over the MEA 

region, due to flooding along the channel length, results in significant current 

distribution gradients [146,158,159,230]. However, relatively lower gradients 

with a more homogeneous current distribution between high (orange-red) and 

low (blue) current regions are observed in the fractal cell, as in Figs. 65 – 67, 

which may be attributed to the presence of more uniform concentration of 

oxygen at its MEA surface, as a result of diffusion controlled reactant (air) 

transport facilitated by a close spacing between the outlets, which are uniformly 

reached through a fractal branching hierarchy [36,58,182,196]. 

To evaluate the intensity of localised flooding in the cells, and their response to 

variations in reactant RH, based on the current distribution maps of the cells a 

sample low current (zone-α) and high current (zone-β) regions are identified 

and evaluated. In the fractal cell, low (zone α) and high (zone β) current regions 

are segments (X9, Y4) – (X9, Y8) and (X1, Y4) – (X1, Y8), respectively, as seen 

in Fig. 65 – 67. Fig. 70 depicts the local currents, segment-wise, in zones α and 

β.  
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Figure 70: Regions of representative low and high local currents in a fractal cell 

at: (a) 40% reactant RH, (b) 70% reactant RH, and (c) 100% reactant RH. Low 

current region (zone α) = segments between (X9, Y4) and (X9, Y8) and high 

current region (zone β) = segments between (X1, Y4) and (X1, Y8). 

The average difference between zone-β and zone-α segment currents at 0.6 V 

are 0.10 A at 40% RH, 0.10 A at 70% RH and 0.11 A at 100% RH; at 0.4 V, 

they are, respectively, 0.18 A at 40% RH, 0.17 A at 70% RH and 0.19 A at 

100% RH. In other words, there is no statistically significant effect of the RH on 

these differences; however the average difference is higher at the higher 

potential, corresponding to the lower current density. This difference between 
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zone segment currents can be attributed to increased localised flooding in the 

low current segments that reduces the corresponding zone currents further.  

Similarly, in the single-serpentine cell, zone-α and zone-β comprise of current 

segments in the (X4, Y7) – (X8, Y7) and (X4, Y9) – (X8, Y9) regions, 

respectively. The corresponding segment current distributions in these 

segments are given in Fig. 71. 

 

Figure 71: Regions of representative low and high local currents in a single-

serpentine cell at (a) 40% reactant RH, (b) 70% reactant RH and (c) 100% 

reactant RH. Low current region (zone α) = segments between (X4, Y7) and 

(X8, Y7) and high current region (zone β) = segments between (X4, Y9) and 

(X8, Y9). 
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The average differences between the zone segment currents at 0.6 V are 0.15 

A at 40% RH, 0.16 A at 70% RH and 0.18 A at 100% RH; at 0.4 V, these are, 

respectively, 0.25 A at 40% RH, 0.26 A at 70% RH and 0.27 A at 100% RH. 

Similar to the fractal cell, there is little variation with RH, but the difference 

between zone currents increases at lower cell voltages. However, it can be 

observed that, at any operating condition, the difference between zone currents 

for the single-serpentine cell is ~50% larger than that of the fractal cell. This can 

be attributed to ability of the fractal flow-field to uniformly distribute the reactants 

throughout the MEA region and flush the excess water out of the system, 

effectively maintaining better segment currents [182].   
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6.3.3. Surface temperature mapping  

The corresponding anode surface temperature distributions, indicative of the 

local cell temperatures, for the fractal and the single-serpentine cells are given 

in Figs. 72 – 74. The core surface temperatures, measured at the centre of the 

anode surface, for the fractal cell at 0.6 V are 53.4 ⁰C (40% RH), 55.0 ⁰C (70% 

RH) and 56.1 ⁰C (100% RH) and at 0.4V are 64.6 ⁰C (40% RH), 66.1 ⁰C (70% 

RH) and 71.9 ⁰C (100% RH), respectively. Corresponding core cell 

temperatures for the single-serpentine cell at 0.6 V are 51.4 ⁰C (40% RH), 52.8 

⁰C (70% RH) and 54.5 ⁰C (100% RH) and at 0.4 V are 62.4 ⁰C (40% RH), 63.6 

⁰C (70% RH) and 65.4 ⁰C (100% RH), respectively. 

Thus, the fractal cell develops much higher core temperatures compared to the 

single-serpentine cell, irrespective of reactant RH and cell operating voltage, 

corroborating the cell temperatures measured during polarisations, as in Fig. 

53. Furthermore, the difference between the core and edge surface 

temperatures, as seen in Figs. 72 – 74, for both cells are similar: ~0.4-0.6 ⁰C at 

0.8 V, ~1-2 ⁰C at 0.6 V and ~3-4 ⁰C at 0.4 V, irrespective of the reactant 

conditions, indicating overall higher surface temperature in the fractal cell. 

Furthermore, with continuous heat dissipation to the ambient along the edges, 

the temperature distributions developed as uniform gradients on the cell’s 

surface with higher temperatures at the core and lower temperatures at the 

edges, respectively [160,231,232].  
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Figure 72: Anode surface temperatures for fractal and single-serpentine cells at 

40% reactant RH and at (a, d) 0.8 V, (b, e) 0.6 V and (c, f) 0.4 V, respectively.  

 

 

Figure 73: Anode surface temperatures for fractal and single-serpentine cells at 

70% reactant RH and at (a, d) 0.8 V, (b, e) 0.6 V and (c, f) 0.4 V, respectively.  
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Figure 74: Anode surface temperatures for fractal and single-serpentine cells at 

100% reactant RH and at (a, d) 0.8 V, (b, e) 0.6 V and (c, f) 0.4 V, respectively.  

Overall, the higher surface temperatures measured in the fractal cell result in an 

increase in the ionic conductivity of the cell and its associated current density 

generated and vice versa. However, the lower temperatures measured in the 

single-serpentine cell, as a result of the localised flooding, decrease the current 

density generated from the cell [233]. 
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6.4. Conclusions  

This chapter has presented the first electro-thermal mapping metrology results 

to help analyse the performance of fractal flow-field based polymer electrolyte 

fuel cells. The study provides a relationship between the homogeneity the of 

reactant distribution and the surface distribution of the developed current and 

temperature. It also provides an understanding of localised flooding that occurs 

as a result of the flow-field configuration.    

A more homogeneous current distribution was observed in the fractal cell, as a 

result of a more uniform reactant and water distribution, while a non-uniform 

current distribution was developed in the single-serpentine cell, as a result of 

flooded conditions. Furthermore, the more uniform reactant distribution in a 

fractal cell was reflected in the relatively smaller segment current gradients 

developed in it, compared to those developed in the single-serpentine cell. 

Uniform surface temperature gradients of ~1-2 ⁰C at 0.6 V and ~3-4 ⁰C at 0.4 V 

were observed for both cells; however, the fractal cell developed around 5-6 ⁰C 

higher surface temperatures, as a result of 100-200 mA cm-2 higher limiting 

current densities, compared to the single-serpentine cell.  

Overall, the current and temperature mapping metrology ascertains the 

observed better performance of fractal cells, established by polarisation and 

other electrochemical characterisation techniques in section 5.3, because of a 

more homogeneous and uniformly distributed reactant and water distribution at 

the electrode surface. 
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7. Acoustic emission (AE) as a diagnostic and 

metrological tool for PEMFCs 
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7.1. Introduction 

In this chapter, acoustic emission (AE) based performance characterisation of 

PEMFCs, as a hydration diagnostic tool, is established over a range of 

operating, reactant and flow-field conditions. Firstly, a conventional single-

serpentine PEMFC was characterised under different operating conditions using 

AE measurements. The AE activity as a function of polarisation (AEfP) was 

determined across a range of humidities, temperatures and current densities. 

The electrochemical response was correlated with the acoustic response to 

deliver new insights into the water dynamics in an operational PEMFC and, 

importantly, provide a means of separating performance degradation due to 

dehydration from that of reactant starvation.  

Subsequently, AEfP is explored further by focusing on the dynamic relationship 

between cell performance and its corresponding generated acoustic activity. 

The cell performance and the acoustic activity are determined under a time 

dependent parametrisation, which directly elucidates the influence of the extent 

of electrochemical reaction (water generated) on the AE generated inside the 

cell. In addition, cells are acoustically tested through consecutive forward and 

reverse polarisation scans, which is a way to explore the dynamic relationship 

between polarisation and acoustic emission. Correlations between the 

electrochemical performance and the generated AE are studied during 

galvanostatic and potentiostatic tests to bring out the synchronous relation 

between water dynamics and its resulting acoustic activity. Furthermore, cell 

temperatures, which depend on the extent of the electrochemical activity, are 

utilised to establish the measured acoustic activity as a direct reflection of 
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dynamic electrochemical reactions occurring inside the cell. Conventional 

electrochemical characterisations are performed to confirm the observations 

made by acoustic activity analysis.  

Finally, the developed AEfP methodology is utilised in characterising the 

performance of the two fractal flow-fields introduced earlier (see section 4.2): 

one with increased contact area and convoluted water egress from the system 

(2-way), and the other one with less contact area and a more direct means of 

water egress from the system (1-way). Here, the impacts of contact area and 

water removal mechanism are evaluated, together and individually, on the 

performance of fractal PEMFCs, through the acoustic emission technique. The 

study primarily utilises the AEfP method to characterise the performance of the 

fractal PEMFCs, under different operating conditions, by diagnosing the 

hydration conditions inside the cells. The acoustic activity from the fractal 

PEMFCs during consecutive polarisation cycles and the quantification of the 

corresponding hydration levels developed inside the cell using amplitude 

analysis allow the relative water management characteristics of the two fractal 

flow-fields to be compared. Generic PEMFC performance characterisation, 

including polarisation measurements and galvanostatic tests, with simultaneous 

acoustic measurements are performed to further establish the correlations 

between cell design, performance and AE activity.  
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7.2. Materials and experiments 

Acoustic activity from a fuel cell was measured using a piezoelectric acoustic 

sensor (transducer S9208; Mistras NDT, UK) attached to the cathode flow-field 

plate, as shown in Fig. 75.  

 

Figure 75: Schematic representation of AE testing with the parametric 

representation of an acoustic event for a single-serpentine flow-field PEMFC 

(adapted from [181]). 

The sensor was connected to an in-line, low-power pre-amplifier, which filtered 

and pre-amplified the acoustic signal by 26 dB, followed by a single-channel AE 

digital signal processor. The signal processor was connected through a USB to 

a PC running AEwin™ (Physical Acoustics Corporation, USA) software, which 

performed data collection, processing and analysis. Furthermore, the software 

used for processing the acoustic signals measured an average of the acoustic 

hits generated over time and filtered out the hits below a threshold limit. The 

sensor had a resonant frequency of 500 kHz and an operating frequency range 
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of 200 kHz - 1000 kHz. The single-channel AE acquisition system had lower 

and upper analogue filters of 20 kHz and 1 MHz, respectively, and a fixed 

threshold value of 29 dB. This threshold was set, taking into account the 

background ‘noise’ during testing, and any signal beyond this threshold value 

was recorded as an ‘AE hit’ in terms of a voltage profile, as shown in Fig. 75.  

The AE hit dataset primarily consisted of amplitude (dB), counts, duration (µs), 

rise time (µs) and absolute energy (aJ) [137,181]. In this study, the acoustic 

activity was presented as cumulative absolute acoustic emission energy 

(CAEE) [181] and peak amplitude (PA) measured from individual acoustic hits, 

measured over a specified time interval. The acoustic sensor was fastened 

against the cathode flow-field, using silicone grease for coupling. 
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7.3. Results, analysis and discussions 

7.3.1. Acoustic emission as a function of polarisation (AEfP)   

Electrochemical performance  

Polarisation curves, Figs. 76 (a) and 76 (c), and the corresponding acoustic 

emission as a function of polarisation (AEfP) curves for a conventional single-

serpentine fuel cell (further cell details in section 4.2), Figs. 76 (b) and 76 (d), 

were measured at reactant relative humidity (RH) levels of 40% RH, 70% RH 

and 100% RH, and at cell temperatures of 45 °C and 60 °C.   

Considering points on the polarisation curves of equal current density as having 

the same rate of water generation (from the electrochemical reaction), RH as a 

measure of the water introduced to the cell from reactant flow, and temperature 

as a driving force for water to be removed from the cell, it is possible to analyse 

the AE results based on different cell hydration conditions. 

At 45 °C cell temperature, a reduced cell performance was observed at 40% RH 

(Fig. 76 (a)), which can be attributed to the decreased membrane conductivity 

arising from insufficient hydration [234]. Increasing the reactant humidity to 70% 

RH, and then 100% RH, resulted in continually improved cell performance, 

predominantly observed in the Ohmic region and attributed to the improved 

membrane hydration [235].  
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Figure 76: (a) Polarisation curve of PEMFC at 40%, 70% and 100% reactant 

RH – 45 °C cell temperature, (b) AEfP curve showing CAEE during polarisation 

– 45 °C cell temperature, (c) Polarisation curve of PEMFC at 40%, 70% and 

100% reactant RH – 60 °C cell temperature and (d) AEfP curve showing CAEE 

during polarisation – 60 °C cell temperature. The data presented here 

correspond to a single-serpentine flow-field PEMFC. 

Over the conventional activation region of the polarisation curve (low current 

density), the cumulative absolute AE energy (CAEE) for each RH was similar. 

However, at higher current densities, increased RH led to increased AE activity. 

At 40% RH the CAEE increase was gradual and steady over the entire current 

density range, whereas at the higher RH levels a significant increase in CAEE 

was observed in the Ohmic region, with the 100% case, which attained the 

highest current density, showing curtailment of AE activity above ~850 mA cm-2.  

Such incremental development in CAEE with current density is primarily 

attributed to increased water generation from the electrochemical reaction 

(reactant’s RH and velocity remained constant throughout the test in each 

case). It is well known, from the likes of neutron imaging studies [65,209], that, 
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as current density increases, water initially builds up within the gas diffusion 

layer (GDL), primarily under the land regions, and then inhabits the flow channel 

itself. Release of liquid water into the channels, and particularly its impingement 

on channel walls at corners and switchbacks, is a source of AE. Higher RH 

tends to promote liquid water accumulation in the channels, which is consistent 

with the increasing CAEE observed in the Ohmic region with increasing RH 

(Fig. 76 (b)).   

Although the cell was externally heated to 45 C, the local temperature of the 

cathode will increase based on reaction conditions. As current density 

increases, cell heating occurs and acts to drive off water, removing liquid water 

from channels and the GDL and potentially dehydrating the membrane 

[185,236]. The curtailment of CAEE (~0.45V) and the corresponding current 

density of ~850 mA cm-2 at ~0.45V for the 100% RH condition is consistent with 

removal of liquid water from channels due to the dehydrating action of a higher 

cell temperature and current.  

At a higher externally set temperature, 60 C, the cell will be more prone to 

dehydration. The cell performance (Fig. 76 (c)) and acoustic polarisation 

(CAEE) (Fig. 76 (d)) of the PEMFC at all operating conditions decreased 

substantially (compared to 45 C). At 40% RH, a very low level of CAEE was 

measured, as a result of the higher set temperature that dehydrated the cell 

considerably. This excessive dehydration reduced the membrane conductivity 

to a greater extent, such that the limiting current density delivered by the 

PEMFC dropped to 350 mA cm-2 at 60 C (from 743 mA cm-2 at 45 C). 
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Increasing the reactant RH to 70%, the cell performance improved, with an 

increase in CAEE observed over the entire polarisation range.  

At 60 C, the curtailment of CAEE is clearly observed for the 100% RH case 

during the transition from a ‘wet channel’ to ‘dry channel’ condition above ~400 

mA cm-2, as the local cathode temperature increases with current density. This 

transition is also evident for the 70% RH case from ~300 mA cm-2 on.   

To express the relative changes in membrane hydration under different 

conditions, measurements of high frequency resistance (HFR), as given in Figs. 

77 (a) and 77 (b), and EIS, as given in Fig. 77 (c), were carried out [64].  

At 45 C, there is a systematic difference in membrane resistance over the 

current range, with greater RH leading to lower membrane resistance, as 

expected. With increasing current density, there is a decrease in membrane 

resistance, as the membrane becomes increasingly hydrated, due to the 

generation of product water. However, for the poorly humidified 40% RH 

condition, the increase in cell temperature associated with higher current 

density leads to membrane dehydration. This results in a steep increase in 

resistance beyond 600 mA cm-2. At this cell temperature, the 70% and 100% 

RH flow conditions are sufficient to adequately hydrate the membrane. 

However, with an increase in set cell temperature to 60 C, there is a rise in the 

HFR under all conditions, indicating a significant drop in membrane hydration. 

In addition, a significant increase in charge transport resistance (Rct) is 

observed, as shown in Fig. 77 (c) (EIS performed at 400 mA cm-2 current 

density). The corresponding Rct measured indicated almost a 50% higher value 
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at 60 C compared to that measured at 45 C, as presented in Table 5, 

indicating considerable membrane dehydration [206].  

 

Figure 77: High frequency resistance, HFR (an average of 3 measurements and 

reproducible within 0.006 Ω.cm2) of the PEMFC tested at 40%, 70% and 100% 

RH at (a) 45 C cell temperature and (b) 60 C cell temperature, and (c) EIS 

measurements at 400 mA cm-2 at 45 C and 60 C cell temperatures. 
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Table 5: Charge transfer (Rct) resistances determined for PEMFC at 45 C and 

60 C cell temperature and 400 mA cm-2 current density. 

 

Overall, membrane resistance rapidly increases with current density (and local 

temperature) and limits the ability of the cell to deliver higher currents. These 

results, from the membrane hydration perspective, are consistent with reduction 

in the liquid water volume, derived from acoustic measurements, and 

collectively describe the cell hydration over the polarisation range.  

 

Figure 78: Average of the peak amplitude (PA) developed for the AE generated 

during cell polarisation, at (a) 45 C and (b) 60 C cell set temperatures. PA 

represents the intensity of AE generated as a result of water impacting the flow-

field. Legend: RH – relative humidity; Pol – polarisation; PA – peak amplitude.  

 45 C  

cell set temperature 

60 C  

cell set temperature 

Reactants RH 40%  70%  100%  70%  100%  

Rct (Ω.cm2) 0.39 0.35 0.34 0.53 0.5 
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It has been identified that acoustic activity from PEMFCs can be utilised to 

establish the hydration conditions inside the fuel cell, as reported in [181,237]. 

Physical impact events created by the release of water into flow-fields result in 

the generation of AE and the corresponding intensity of such impacts is 

measured by the amplitude (dB) of AE signals detected. Furthermore, peak 

amplitude (PA) corresponds to the largest of the amplitudes detected in an AE 

signal, above a threshold value, which defines the overall energy of the AE 

signal [137,181]. It can be observed from Fig. 78 that, irrespective of cell 

conditions, the average PA of the AE signals measured during the polarizations 

was between 28-35 dB, indicating a fixed impact range from liquid water release 

into flow-fields. Such a confined amplitude range is consistent with the 

measured AE signal being associated with water impacts occurring specifically 

in the flow-fields [137,181], which have a fixed physical dimension defining their 

magnitude. Furthermore, the amount of liquid water generated inside the cell 

can be evaluated from the peak counts in an AE signal, which reflects the 

number of times a PA associated with water impacts has been detected. It can 

be observed from Figs. 79 (a – c) and 78 (d – f) that the counts increased with 

an increase in the reactant RH, irrespective of cell temperature, which can be 

attributed to the greater amount of liquid water generated inside the cell from 

condensation [137,181]. In addition, it can be observed from Fig. 79 (a – c) that 

the counts tended to increase with current density, which is due to increased 

water generation from the electrochemical reaction. However, the counts 

decreased significantly when the cell set temperature was increased to 60 C, 

as shown in Fig. 79 (d – f), as a result of the lower amounts of liquid water  
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Figure 79: Peak counts – a measure of the number of peak amplitudes (PAs) 

generated – during cell polarisation for a cell set temperature of 45 C at (a) 

40% RH, (b) 70% RH, (c) 100% RH. Legend: Pol – polarisation. 
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released into the flow-field, due to the reduced rate of condensation at the 

higher temperature. Furthermore, the increase in counts with current density at 

60 C, as shown in Figs. 79 (d – f), was less marked than that at 45 C, which 

can be attributed to the lower rate of electrochemical reactions (current density 

and associated water generated) occurring at corresponding points of 

polarization at elevated temperatures. The observed increase in counts with 

reactant RH can be attributed to the increased humidity carried by reactants, 

similar to that seen in Fig. 79 (a – c).    

Besides, the corresponding cell temperature evolution during polarisation as a 

function of reactant RH and cell set temperature is shown in Fig. 80. 

 

 
Figure 80: Cell temperatures developed during polarisation at 40%, 70% and 

100% reactant RH conditions and at (a) 45 °C and (b) 60 °C cell set 

temperature. 

Higher cell set temperatures resulted in a decrease in OCV, as seen in Fig. 80 

(refer Figs. 76 and 79 for polarisation data), which may be due to the reduced 

mass fractions of hydrogen and oxygen or hydrogen crossover due to 

membrane dehydration occurring at elevated temperatures [238]. Furthermore, 
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it can be observed that at 45 C cell set temperature, the maximum cell 

temperatures attained at 40% RH, 70% RH and 100% RH conditions were ~51 

C, ~52 C and ~53 C, respectively, and the corresponding limiting current 

densities were ~740 mA cm-2, ~860 mA cm-2 and ~930 mA cm-2, respectively, 

while at 60 C set temperature the maximum cell temperatures attained at 40% 

RH, 70% RH and 100% RH conditions were ~61 C, ~62 C and ~63 C, 

respectively, and the corresponding limiting current densities were ~330 mA cm-

2, ~440 mA cm-2 and ~610 mA cm-2, respectively. The current density 

determines both the increase in cell temperature and the amount of water 

generated. A similar temperature rise was observed for cell set temperatures of 

45 C and 60 C, when comparing points at the same current density, as seen 

in Figs. 79 ( a – c) and 79 (d – f). However, the maximum rise in cell 

temperature of ~1 – 3 C at 60 C, as opposed to ~6 – 8 C at 45 C, can be 

attributed to the reduced performance (maximum current density) delivered by 

the cell at 60 C, which also resulted in lower amounts of water generated, as 

shown in Fig. 79 (d – f).  

Cell start-up and current hold 

A galvanostatic test was performed on the PEMFC at a current density of 600 

mA cm-2 and a cell temperature of 45 C to examine initial start-up of the cell 

and dynamic performance over time. The corresponding CAEE is given in Fig. 

81. Over the initial 0 – 25 s, the rate of CAEE increase for each of the RH 

conditions is similar and can be attributed to an equilibration phase, where flow, 

temperature and humidification factors stabilise, and the membrane hydrates 

(expands), as reported by Legros et al. [137].  
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Following the initial stabilisation period, the CAEE for the 40% RH case reaches 

a plateau, indicating dry-channel operation. On the other hand, the profiles for 

70% and 100% RH exhibit an extended initial stabilisation phase of ~50 s, 

corresponding to more extensive hydration of the gases compared to the 40% 

RH case. Then follow periods of relative inactivity (plateaus), which can last 

upwards of 100 s, with relatively short intermittent periods of significant acoustic 

activity. This observation is consistent with the ‘flushing’ events commonly seen 

in PEMFC operation [221,239]. 

 

Figure 81: CAEE response during galvanostatic test at 600 mA cm-2, at 45 C. 

As observed by the likes of dimensional change and neutron imaging 

measurements [65,221], as well as those generally experienced in fuel cell 

testing, water is typically expelled from a fuel cell sporadically during ‘flushing’ 

events. As water builds in the channels of a fuel cell, it will typically initially exist 

as sessile droplets [209,236]. Periodically, droplets detach as they grow and 

eventually become entrained in the reactant gas flow. These droplets can then 

act to dislodge other droplets, resulting in an ‘avalanche’ effect with resulting 
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emission of sudden spurts of water from the cell. Neutron imaging has also 

identified the ‘snaking’ effect of water that becomes dislodged and coalesces 

into a ‘long train’ water droplet that makes its way through a cell with a similar 

sudden ejection of water [209]. 

The corresponding PA and peak counts as a function of time during the current 

hold are shown in Figs. 82 (a) and 82 (b), respectively. Fig. 82 (a) shows that, at 

each tested reactant RH, the PA between 0–25 s reached peaks up to 50 dB, 

which is higher than the aforementioned steady-state range of about 28-35 dB. 

This can be attributed to the cell stabilisation period before a steady-state 

develops that is determined by the reactant flowrate, temperature and humidity 

[137]. 

 

Figure 82: (a) Peak amplitude (PA) of acoustic emission (AE) and (b) peak 

counts developed during galvanostatic tests on the PEMFC at 45 C set cell 

temperature and 600 mA cm-2 for ~300 s. 

Beyond 50 s, the observed PA for all conditions again ranged between 28 – 35 

dB, confirming the impact generation occurring from water release into the flow-

fields, similar to that shown in Fig. 78. However, under 100% RH conditions, 

intermittent large PA values were detected, which can be attributed to excess 
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hydration and its associated water condensation and release into the cell, 

resulting in flushing events. Flushing events occur when water droplets 

generated inside a PEMFC and released into the flow-fields coalesce as large 

droplets and are eventually expelled from the fuel cell, resulting in large AE 

[181]. Furthermore, the peak counts during current hold, as shown in Fig. 82 

(b), indicate an initial spike in the initial, 0 – 25 s period, which can be attributed 

to stabilisation, similar to what was observed in Fig. 82 (a) for the PA values. In 

addition, the counts measured increased with an increase in the reactant RH. 

However, at 40% RH, the number of peak counts was considerably lower, 

which can be attributed to less water generation inside the cell at this low RH. 

At higher reactant RH, the hydration levels improved inside the cell, which was 

reflected in better cell performance and increased water generation from 

electrochemical reaction, as in Fig. 78 (a), resulting in more counts.  
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7.3.2. Time based AE analysis  

In this section, acoustic activity from a PEMFC as a dynamic response to the 

electrochemical activity occurring inside the cell is studied based on a time-

dependent performance evaluation. A range of dynamic electrochemical 

measurement conditions are performed to probe the synchronous relationship 

between the measured acoustic emission (AE) and the electrochemical 

performance.  

Polarisation stabilisation based AE analysis  

The influence of the polarisation voltage stabilisation time on the performance of 

a PEMFC and its associated AE generated at three different stabilisation 

conditions – 10 s, 60 s and 120 s per voltage point (Vpt) – is shown in Fig. 83. 

 

Figure 83: (a) Polarisation curves and (b) simultaneous acoustic emission as a 

function of polarisation (AEfP) curves, at 10 s, 60 s and 120 s voltage 

stabilisation durations, respectively. 

It can be observed from Fig. 83 (a) that, with increased current density and 

especially between OCV and 0.6 V (Ohmic region of operation), the 

performance of the cell remained similar, irrespective of the stabilisation 
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conditions. However, decreasing the voltage further resulted in a continuous 

decrease of the cell performance for 60 s/Vpt and 120 s/Vpt compared to 10 

s/Vpt. The longer the voltage hold, the longer the electrochemical reaction can 

occur, with associated water generation [197]. Thus, the observed decrease in 

cell performance at lower cell voltages for longer durations of 60 s and 120 s 

can be attributed to mass transport limitations that could be induced by flooding 

occurring inside the cell, as a result of excess water generation and retention 

with time [240,241]. Furthermore, the overall cell polarisation at 60 s and 120 s 

conditions remained similar, as seen in Fig. 83 (a), indicating that the impact of 

the level of cell flooding on the cell performance did not become worse between 

60 s and 120 s.  

Cell flooding can be identified from the corresponding acoustic emission as a 

function of polarisation (AEfP) curves, which reflect the acoustic emission (AE) 

energy measured from the impacts of water generation and release into the 

flow-fields, as shown in Fig. 83 (b) [181]. It can be observed from Fig. 83 (b) 

that the cumulative absolute acoustic emission energy (CAEE) measured from 

the cells increased as the cell voltage decreased, which can be attributed to the 

increased extent of the electrochemical reactions and associated water 

generation inside the cell [137,140,181]. In addition, with rising voltage hold 

duration, the corresponding CAEE measured increased as well, as a result of 

additional water generation with voltage hold time [241]. The overall CAEE 

measured was the lowest at 10 s/Vpt, namely ~1500 aJ, which delivered optimal 

performance, compared to the 60 s and 120 s conditions; hydration levels 

generated inside the cell at 10 s/Vpt optimally hydrated the membrane, which 

resulted in its better performance. However, the overall CAEE generated for the 
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60 s and 120 s conditions was ~6500 aJ and ~14500 aJ, respectively, and such 

excessive acoustic activity can be attributed to water flooding occurring inside 

the cell, especially in the mass transport region of operation. Furthermore, the 

CAEE measured at each voltage point on the polarisations increased 

considerably when moving from 60 s/Vpt to and 120 s/Vpt. For instance, at 0.4 V, 

the corresponding CAEE was ~1150 aJ and ~1900 aJ, respectively. However, 

this difference did not further impact the polarisation performance of the cell, 

which and can be attributed to similar membrane hydration saturation, while the 

excess CAEE measured at 120 s/Vpt was a result of the excess AE from the 

greater amounts of water released into the flow-field [181,241].  

Electrochemical impedance spectroscopy measurements 

Electrochemical impedance spectroscopy (EIS) measurements on the same  

PEMFC were performed to diagnose the cell performance in the high current 

density operating region. Here, EIS was performed at 0.8 A cm-2 (20 A), 1 A cm-

2 (25 A) and 1.2 A cm-2 (30 A). The corresponding EIS spectra and resistances 

developed in the PEMFC are given in Fig. 84 and Table 6, respectively 

(corresponding equivalent circuit use for modelling the EIS data is given in 

section 3.5, Fig. 28). 
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Figure 84: Electrochemical impedance spectroscopy measurements at 20 A 

(0.8 A cm-2), 25 A (1 A cm-2) and 30 A (1.2 A cm-2) current conditions, 

respectively.  

Table 6: Resistances developed in the PEMFC at 0.8 A cm-2, 1 A cm-2 and 1.2 

A cm-2 current densities. 

 Resistance Ω.cm2 

Load HFR Rct Rmt 

20 A / 0.8 A cm-2 0.158 0.285 0.025 

20 A / 1 A cm-2 0.154 0.283 0.033 

20 A / 1.2 A cm-2 0.158 0.281 0.040 

 

It can be observed from Table 6 that with an increase in the current density from 

0.8 A cm-2 to 1 A cm-2 , Rmt increased by 32 %, and further increasing the 

current density to 1.2 A cm-2, Rmt increased by 60 % and 21 % over the Rmt at 

0.8 A cm-2 and 1 A cm-2, respectively. Furthermore, the change in Rct over the 

current density range was marginal and in the range of 0.7 % to 1.4 %. Such 

stable Rct and large increase in Rmt, in the high current density region, 
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establishes the susceptibility of the PEMFC to mass transport related issues like 

flooding at higher currents [207], and with an increase in voltage hold duration 

in this region the mass transfer issues further exacerbate, as confirmed by the 

polarisations and the AEfP results shown in Fig. 83.   

Forward and reverse polarisations  

To evaluate the dynamic relationship between electrochemical activity and 

acoustic activity generated in a PEMFC, forward and reverse polarisation scans 

were performed, as shown in Fig. 85 (a), at 60 s/Vpt. The corresponding 

acoustic activity during the scans is represented in Fig. 85 (b). 

 

Figure 85: (a) Forward (black solid square) and reverse (red open square) 

polarisation curves and (b) cumulative absolute acoustic emission energy 

(CAEE) measured during forward and reverse polarisation scans at 60 s per 

voltage point (Vpt) stabilisation duration.  

The forward scan was run between OCV and 0.3 V, while the reverse scan was 

run between 0.3 V and OCV, respectively. It can be observed from Fig. 85 (a) 

that the polarisation performance during forward and reverse scans was similar 

with only marginal differences observed in the high current density region. Such 
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similarity in forward and reverse polarisation curves indicates an optimal 

stabilisation condition for the PEMFC, to reach steady state operation, at each 

voltage point [242]. Furthermore, the similarity in polarisation performance was 

established by the near identical high frequency resistances (Ohmic resistance) 

generated, which establish the level of membrane hydration and its associated 

conductivity, as shown in Fig. 86 [243].  

 

Figure 86: High frequency resistance (HFR or Ohmic resistance) for forward 

and reverse polarisation scans, respectively.  

The corresponding CAAE measured during polarisations is shown in Fig. 85 (b). 

It can be observed that for both forward and reverse scans, there was similar 

acoustic activity measured between OCV and 0.6 V voltage points, which 

establish the measured AE as a dynamic response to the level of polarisation 

(electrochemical reaction) in the cell. In addition, the measured AE was minimal 

in this voltage region and can be attributed to the low levels of electrochemical 

reaction and corresponding water generated in the cell. However, between 0.6 

V and 0.3 V cell voltages, there was considerable acoustic activity measured 
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from the PEMFC, because of the increased electrochemical activity and 

associated water generation at higher current densities.  

It can be observed from Fig. 85 (b) that the net CAEE measured between 0.6 – 

0.3 V for the reverse scan was ~18 – 25 % less than that measured for the 

forward scan. During a reverse scan, the initially high currents require a greater 

uptake of water by the membrane to maintain sufficient hydration and its 

associated conductivity. With a further decrease in current density the level of 

water generated in the gas diffusion layer gradually reduces and this promotes 

re-absorption of existing water in the cell into the GDL [244,245]. This additional 

utilisation of water generated in the cell by the GDL during reverse scan may 

have resulted in comparatively lower levels of water released into the flow-field 

and associated AE measured compared to the forward scan, where the 

continuous electrochemical activity resulted in saturation of water in the GDL. 

Furthermore, the additional utilisation of water during the reverse scan can be 

established from the HFR, as given in Fig. 86 [239]. HFR is an index for the 

level of water uptake by a membrane and its associated conductivity [243]. The 

observed similar hydration conditions (HFR) for both scans imply that during the 

reverse scan the utilisation of generated water may have occurred to offset the 

additional hydration requirements, resulting in reduced water released into the 

flow-field and the associated AE measured.   

Potentiostatic tests 

The AE response to dynamic electrochemical conditions inside the PEMFC are 

studied under voltage hold conditions, as shown in Fig. 87. Voltage hold 

conditions under three regions of PEMFC operation, namely, activation (0.8 V), 
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Ohmic (0.6 V) and concentration polarisation (0.4 V) regions, were considered. 

Under each voltage condition, the cell was held for 900 s at a particular voltage 

(gradient profile) followed by an OCV hold for 300 s (flat profile).  

 

Figure 87: (a) Overall current density distribution and cumulative absolute 

acoustic emission energy (CAEE) at 0.8 V, 0.6 V and 0.4 V voltage hold 

conditions, respectively; specific current density distribution and CAEE at (b) 0.8 

V, (c) 0.6 V and (d) 0.4 V voltage hold conditions, respectively.   
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It can be observed from Fig. 87 (b) that, at 0.8 V hold, the current density 

decreased from 0.035 A cm-2 to 0.028 A cm-2 with periodic “spikes” observed in 

the current density profile, which are commonly referred to as “flushing events” 

in a PEMFC [181]. Flushing events occur when the water in a flow-field builds 

up continuously, reducing the apparent cell performance, and eventually 

resulting in sudden ejection of water through the flow-field out of the cell 

followed by a spontaneous increase in the cell performance [245]. Here, such 

sudden spurts of water inside the cell resulted in AE, as presented in Figs. 87 

(a) [137,181]. It can be observed from Fig. 87 (b) that the AE response is 

synchronous with the current density distribution, with step increase and plateau 

regions in AE corresponding to spikes and stable regions in current density 

distribution, respectively [137].  

Similarly, at 0.6 V hold conditions, as in Fig. 87 (c), the current density 

decreased from 0.55 A cm-2 to 0.44 A cm-2, which can be attributed to gradual 

water stagnation inside the cell that obstructed the active sites of the catalyst 

layer, resulting in performance degradation [246]. However, the current density 

profile is less synchronous with CAEE, which is no longer a discrete step-wise 

pattern, as shown in Fig. 87 (b). This is due to the continuous water generation 

as a result of increased electrochemical reactions (current density) over 0.8 V 

conditions that resulted in sustained AE generation. Further reducing the cell 

voltage to 0.4 V hold, as in Fig.  87 (d), the current density reduced from 1.25 A 

cm-2 to 1.15 A cm-2 and the corresponding increase in CAEE was much larger 

and sustained compared to the previous two voltage holds, which can be 

attributed to greater amounts of water generated as a result of a higher current 

density in the cell.  
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Figure 88: Cell temperatures and current density distribution measured during 

0.8 V, 0.6 V and 0.4 V voltage hold conditions.  

In addition to the water generated, the cell temperature developed is another 

variable that is dependent on the extent of the electrochemical reactions 

occurring inside a cell. The cell temperatures developed during potential hold 

conditions are given in Fig. 88. At lower current densities (corresponding to a 

potential of 0.8 V), the extent of electrochemical reaction is minimal, which 

results in lower cell temperatures, as shown in Fig. 88, similar to the CAEE in 

Fig. 87. With an increase in current density (corresponding to a lower potential 

of 0.6 V or 0.4 V), the level of electrochemical reaction occurring in the cell 

increases significantly and this impacts the cell temperature too. Furthermore, 

the decreasing and increasing trends in cell temperatures observed at 0.6 V 

and 0.4 V can be correlated with the corresponding current density 

(electrochemical reaction) trends, as seen in Fig. 88. Overall, the observed 

semblance between cell temperature and CAEE profiles confirms the measured 
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AE to be a dynamic response to the level of electrochemical reaction, similar to 

the cell temperature. 

Galvanostatic tests 

A current hold measurement is performed to probe the effect of cell 

performance on the generated CAEE, specifically at higher current densities, 

where mass transport limitations are prominent (Table 4). Constant current hold 

tests are presented in Fig. 89 for two different current densities, namely 1 A cm-

2 (25 A) and 1.2 A cm-2 (30 A).  

 

Figure 89: (a) Overall voltage evolution and cumulative absolute acoustic 

emission energy (CAEE) at 20 A (0.8 A cm-2), 25 A (1 A cm-2) and 30 A (1.2 A 

cm-2) current hold conditions, respectively; specific voltage evolution and CAEE 

at (b) 25 A (1 A cm-2) and (c) 30 A (1.2 A cm-2) current hold conditions, 

respectively.   
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At each current density, the cell was held for 600 s, followed by an OCV hold for 

300 s, respectively. It can be observed from Fig. 89 (a) that, at each current 

density, there is a stabilisation phase, identified by the initial spike(s) in cell 

voltage, where an equilibrium operation state is achieved among several 

factors, like reactant concentration, current density, cell temperature, reactant 

humidity, membrane water content and GDL properties [242].  

Fig. 89 (a) shows that, during OCV conditions, no acoustic activity (CAEE) 

(plateau regions) is detected, implying that the measured CAEE during the cell 

operation is primarily contributed by the water generated from electrochemical 

reactions. Under the current regions tested, there is a constant increase in the 

CAEE, which can be attributed to the continuous generation of water as a result 

of a greater extent of the electrochemical reactions occurring at large currents. 

For instance, at 25 A (Fig. 89 (b)) and 30 A (Fig. 89 (c)), a voltage peak is 

observed at 1500 s and 2550 s, respectively. Such peaks occur due to the 

sudden release of built-up water, as a flushing event, from inside the cell [221]. 

Such flushing events provide improved catalytic area for the electrochemical 

reactions, resulting in improved cell performance. Corroboratively, a peak in 

CAEE is observed after the onset of such voltage peaks, as seen in Figs. 89 (b) 

and 88 (c), and can be attributed to the sudden AE generated from the flushing 

events occurring inside the cell [181].  

Similar to the potentiostatic tests, the cell temperature profiles developed during 

the current hold conditions corroborate the generated CAEE, as shown in Fig. 

90; higher and lower cell temperature profiles correspond to increasing and flat 

plateau regions in CAEE profiles, during current hold and OCV conditions, 

respectively. In addition, increased currents (electrochemical reactions) result in 
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simultaneous increases in cell temperature and acoustic activity; the CAEE and 

cell temperature range developed during 20 A, 25 A and 30 A conditions were 

3622 aJ at 45 – 50 °C, 5061 aJ at 45 – 54 °C and 5839 aJ at 45 – 58 °C, 

respectively. Overall, the potentiostatic tests further establish the AE measured 

to be a dynamic response to electrochemical reactions occurring inside the cell.  

 

Figure 90: Cell temperatures and voltages measured during 20 A (0.8 A cm-2), 

25 A (1 A cm-2) and 30 A (1.2 A cm-2) current hold conditions. 
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7.3.3. AE based performance characterisation of fractal PEMFCs 

AEfP measurements on 1-way and 2-way fractal PEMFCs 

Polarisation and AEfP curves for the fractal flow-field (1-way and 2-way) 

PEMFCs tested are presented in Fig. 91. The corresponding polarisation and 

electrochemical performances in Fig. 91 (a) and 91 (b) were discussed in detail 

in section 5.3. Here, the performance of fractal (1-way and 2-way) PEMFCs is 

characterised utilising the AEfP methodology, discussed in section 3.4.  

 

Figure 91: Polarisation curves at (a) 70% reactant RH and (b) 100% reactant 

RH; AEfP curves at (c) 70% reactant RH and (d) 100% reactant RH. 
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Observing the acoustic activity for the 70% RH case, as shown in Fig. 91 (c), 

between OCV and  ~0.65 V (~700 mA cm-2) the increase in CAEE for both 

fractal PEMFCs is similar, implying similar amounts of liquid water in the flow-

fields [181]. Similar liquid water levels are maintained in the flow-field for each 

system; the superior performance of the 2-way fractal PEMFC at lower current 

density is attributed to the greater land-electrode surface area, which reduces 

the Ohmic resistance of the system (Fig. 91 (a)). However, above 800 mA cm-2 

(~0.6 V) the increase in CAEE for the 2-way fractal PEMFC is much larger than 

that for the 1-way fractal PEMFC, implying greater liquid water activity with the 

2-way design. This results in electrode flooding and degradation of cell 

performance, as seen in Fig. 91 (a). The lower CAEE observed for the 1-way 

fractal PEMFC, as seen in Fig. 91 (c), implies less extensive flooding and 

results in more sustained polarisation performance to higher current density. 

Note that the point in the AEfP profile at which the CAEE increases sharply is 

~0.6 V for the 1-way design and ~0.5 V for 2-way design, which corresponds 

with the ‘roll-off’ in polarisation for each. This, once again, confirms that the 

mass transport limitation effect is predominantly a liquid water based 

phenomenon for this system. 

Increasing the reactant RH to 100%, the polarisation performance of the 2-way 

fractal decreases significantly with an increase in the current density. It has 

been established by polarisation and electrochemical characterisations in 

section 5.3 that the observed decrease in performance of the 2-way fractal 

PEMFC can be attributed to the exacerbated flooding occurring within the cell. 

This is consistent with the higher rate of water generation as a result of 
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improved reactant humidity and water generation from electrochemical 

reactions.  

Corroborating evidence for exacerbated flooding inside the 2-way fractal flow-

field was provided by the AEfP measurements: Fig. 91 (d) indicates that at 

100% RH the abrupt increase in CAEE for the 2-way fractal PEMFC occurs at a 

much lower current density (~400 mA cm-2) compared to the 70% RH case 

(~800 mA cm-2). Furthermore, the magnitude of the CAEE observed with the 2-

way fractal PEMFC during polarisation increased significantly with RH, from 

~750 aJ at 70% RH to ~2250 aJ at 100% RH at the limiting current density. 

These observations are consistent with the increase in performance drop and 

the decrease in limiting current density indicated by the electrochemical 

measurements, as in section 5.3.2.  

In contrast, the performance of the 1-way fractal PEMFC increased with 

reactant RH [202]. The increase in CAEE (from ~600 aJ at 70% RH to ~1000 aJ 

at 100% RH) with humidity may reflect an optimal rise in the membrane 

hydration and its associated conductivity occurring due to improved generation 

and distribution of water at the electrodes, which increased the limiting current 

density attained from ~1400 mA cm-2 (70% RH) to ~1600 mA cm-2 (100% RH) 

[203].   

Overall, the polarisation and AEfP measurements confirm that the 2-way fractal 

PEMFC was significantly limited by flooding, whilst the 1-way fractal PEMFC 

was closer to optimal with respect to hydration. The surface flow channels (blue 

arrows in Fig. 37 (a)) of the cathode air outlet in the 1-way fractal flow-field allow 

effective water removal via a straight path, compared with the more tortuous 
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cathode air outlet flow channels (blue arrows in Fig. 37 (b)) in the 2-way fractal 

flow-field, which are not effectively flushed and result in more liquid water 

stagnation and associated acoustic activity generation resulting in electrode 

flooding.     

Current density cycling  

The influence of reactant RH and current density (electrochemical reaction) on 

the increase of CAEE over time for the fractal PEMFCs was evaluated under 

current density cycling (successive polarisation) and is presented in Fig. 92. 

Each cycle in Fig. 92 is a representation of the current density generated over 

time, which was 420 s per cycle, as measured during a single polarisation cycle. 

The current density was measured for the polarisation conditions outlined in 

section 5.2.2. In addition, a 30 s rest time was employed between consecutive 

cycles.  

At 70% RH, a stepwise increase in CAEE was observed in the fractal PEMFCs 

for each current density cycle, as shown in Fig. 92 (a). The CAEE increase in 

the 1-way fractal PEMFC happens in discrete steps, with no observed activity 

between cycles. The inter-cycle region is essentially an “OCV – low current” 

region between two consecutive cycles, with minimal electrochemical activity 

and its associated water generation, resulting in zero or insignificant acoustic 

activity. The presence of such discrete CAEE steps during operation of the 1-

way fractal PEMFC suggests the following: (i) water generation in the 1-way 

fractal flow-field is consistent with the electrochemical activity occurring inside 

the cell and (ii) the 1-way fractal flow-field is very efficient at flushing water out 

of the cell, as noted in section 5.3. However, the CAEE increase in the 2-way 
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fractal PEMFC occurred continuously, even between cycles, which can be 

attributed to the constant generation of acoustic activity resulting from liquid 

water stagnation and flooding in the flow-field, even when no electrochemical 

reaction is occurring.  

 

Figure 92:Successive cycling (five consecutive polarisations) of 1-way and 2-

way fractal PEMFCs between OCV and limiting current density with 

simultaneous acoustic emission (CAEE) measurements at (a) 70% reactant RH 

and (b) 100% reactant RH. 
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Overall, at the end of five consecutive current cycles, the 2-way fractal PEMFC 

delivered lower performance with a relatively higher CAEE generated (~4400 

aJ), as a result of flooding, compared to the 1-way fractal PEMFC, which 

delivered consistently better performance with lower CAEE generated (~3300 

aJ).  With an increase in reactant humidity to 100% RH, the CAEE for both 

fractal PEMFCs, as shown in Fig. 92 (b), grows continuously in relatively 

smaller and larger steps for the 1-way and 2-way fractal PEMFCs, respectively. 

This continuous increase in CAEE, including between cycles, can be attributed 

to the constant accumulation of water in the flow-fields due to condensation of 

water in the high-humidity cathode environment (100% RH), in addition to the 

water generated from electrochemical reaction. Condensation in a high-humidity 

environment at the cathode can be confirmed from the presence of CAEE in the 

inter-cycle region (Fig. 92 (b)) for the 1-way fractal PEMFC, which was absent 

at 70% RH (Fig. 92 (a)).  

The total CAEE generated after 5 cycles for the 1-way fractal and 2-way fractal 

PEMFCs at 100% RH was ~7000 aJ and ~16500 aJ, respectively. Thus, the 

total CAEE increased by 2.3 times and 4 times for 1-way and 2-way fractal 

PEMFCs, respectively, when the reactant RH increased from 70% RH to 100% 

RH. This further supports excessive flooding at 100% RH, consistent with a 

lower cell performance (Figs. 54) and temperature (Fig. 55).  

Cell voltage fluctuation 

Galvanostatic testing was performed on the fractal PEMFCs by operating them 

at a constant current density of 1000 mA cm-2 and 70% reactant RH for a little 

over three hours (~12000 s). The corresponding cell voltage fluctuation and 
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CAEE measured over time are presented in Fig. 93. Up until 2500 s, there is a 

continuous increase in CAEE for both fractal PEMFCs and the corresponding 

cell voltage remains almost constant in this region. This can be identified as the 

stabilisation phase in fractal PEMFC operation, where reactants, humidification 

and liquid water within the cell are developing into a steady state condition 

[137,181].   

In the ~2500 s to ~4000 s region, the CAEE increase for the 2-way fractal 

PEMFC is greater than that observed for the 1-way fractal PEMFC. Increased 

acoustic activity in the 2-way fractal PEMFC can be attributed to increased 

flooding events occuring inside the cell, which leads to intermittent fluctuations 

in the cell voltage, as shown in Fig. 93 [221]. The number and magnitude of 

fluctuations and spikes in the cell voltage is a measure of the non-uniformity of 

water distribution inside the cell [218,247]. Furthermore, the CAEE for the 2-way 

fractal PEMFC continues to steadily increase between ~4000 s and ~9000 s, 

with a corresponding increase in both the number and magnitude of the cell 

voltage fluctuations and spikes. After ~9000 s, the cell voltage starts to drop 

continuously, instead of fluctuating, in the 2-way fractal PEMFC, and the 

corresponding CAEE increases in larger steps. Such large-step increase in 

CAEE occurs due to the more significant water retention in the 2-way fractal 

PEMFC, which continuously floods the cell and reduces its voltage [35]. 

In contrast, the cell voltage for the 1-way fractal PEMFC remains almost 

constant, with minor increases in CAEE beyond 3000 s, compared to the 

fluctuating cell voltage observed for the 2-way fractal PEMFC. This is due to 
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more effective water removal from the cell, resulting in less water retention at 

the flow-fields and associated generated acoustic activity [181].  

 

Figure 93: Cell voltage fluctuations at current hold (1000 mA cm--2) for fractal 

PEMFCs with simultaneous CAEE measurements at 70% reactant RH. 

 

Acoustic peak amplitude analysis 

A detailed analysis of the peak amplitudes of the acoustic hits generated during 

current density cycling studies and quantification of the water generation in the 

cells is presented in this section. 

Peak amplitude (PA) analysis during current density cycling measurements was 

performed to help quantify the amount of water generated inside the fractal 

PEMFCs, as shown in Fig. 94.  
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Figure 94: Peak amplitude (PA) analysis for the acoustic peaks (AE events) 

developed during current density cycling measurements for (a) 1-way fractal 

PEMFC at 70% RH, (b) 1-way fractal PEMFC at 100% RH, (c) 2-way fractal 

PEMFC at 70% RH and (d) 2-way fractal PEMFC at 100% RH. 

PA is a measure of the maximum amplitude (dB) observed in a generated 

acoustic signal (an AE event is described in Fig. 75). In a PEMFC, an AE event 

is generated whenever liquid water impacts the flow-field, and the 

corresponding PA developed reflects the intensity with which such an impact 

occurs [181]. Fig. 94 illustrates the PAs measured, having an intensity of 30 dB 

and above (29 dB was the threshold amplitude for this study considering the 

background noise during measurement), over time for 1-way and 2-way fractal 

PEMFC operation during current density cycling (Fig. 92), at 70% and 100% 

reactant RH.  
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From Fig. 94 (a – d), it can be observed that the PA of signals developed during 

acoustic measurements on all the cells tested, at different operating conditions, 

ranged between 30 dB - 51 dB. However, the number of PAs developed 

(NPAD) varied with the kind of flow-field tested and the reactant conditions 

used. A fixed amplitude range for the PA generated, irrespective of flow-field 

configuration and testing conditions, indicates a fixed intensity range with which 

the water generation impacts the flow-field, while the overall NPAD corresponds 

to the number of such impacts (proportion) occurring inside the cells.  

For the 1-way fractal PEMFC, at 70% RH (Fig. 94 (a)), the NPAD develops in 

five discrete cycles, corresponding to the 5 cycles generated in current density 

cycling measurements (Fig. 92 (a)). Furthermore, the NPAD during each cycle 

is similar, with an average NPAD of ~30 per cycle (Fig. 95), implying similar 

levels of water generation in each cycle.  

Compared to the 70% RH case, at 100% RH the NPAD becomes less discrete 

(i.e., five individual cycles cannot be identified) and are greater in number (Fig. 

94 (b)), with an average NPAD of ~125 per cycle (Fig. 95). Such continuous 

and increased NPAD detected, occurring at similar intensity (amplitude), 

indicates increased levels of liquid water (hydration) at 100% RH (compared to 

the 70% RH case).  

For the 2-way fractal PEMFC, the NPAD are observed to be more continuous 

and larger in quantity compared to the 1-way fractal PEMFC, as seen in Figs. 

94 (c) and 94 (d), with an average NPAD of ~55 per cycle at 70% RH, and ~300 

per cycle at 100% RH, as seen in Fig. 95. Such a large number of impacts, at 

uniform intensity, occurring in the 2-way fractal PEMFC are a result of greater 
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amounts of liquid water generated and retained at the flow-field, resulting in 

flooding (70% RH) and exacerbated flooding (100% RH) in the cell. The PA 

analysis further establishes the inefficiency of the 2-way fractal design in 

removing excess water generated inside the cell.   

 

Figure 95: Average of the number of peak amplitudes developed (NPAD) for the 

1-way and 2-way fractal PEMFCs at 70% and 100% reactant RH.    
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7.4. Conclusions 

This chapter discussed the use of the acoustic emission technique as a 

hydration diagnostic tool to understand and diagnose water management inside 

conventional and fractal PEMFCs. The performance diagnosis of a conventional 

single-serpentine PEMFC under different experimental conditions, utilising the 

AE analysis, identified a strong correlation between PEMFC performance and 

the simultaneously generated acoustic activity. The measured AE activity was 

able to indicate the cumulative and discrete effects of reactant humidity and 

operating conditions on the performance of the PEMFC. Membrane dehydration 

was identified for PEMFC operation at 40% reactant RH by polarisation and 

electrochemical characterisations. Corroboratively, lower AE activity was 

measured during these operational conditions, indicating membrane 

dehydration under low reactant humidity conditions. However, under higher 

reactant humidity conditions the PEMFC performance improved with a 

simultaneous increase in the AE activity measured, confirming the influence of 

PEMFC operation on AE activity. Increasing the cell temperature by 15 °C 

exacerbated the membrane dehydration, which was reflected in a severe drop 

in cell performance and acoustic signal. Furthermore, the dependency of the AE 

activity on PEMFC operating performance was also confirmed by the high-

frequency and charge transfer resistance determined from EIS. 

Furthermore, the acoustic activity measured from a PEMFC as a dynamic 

response to the electrochemical activity occurring inside the cell under various 

operating and measurement conditions is established. The AE and 

electrochemical performance measured were identified to either corroborate 
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each other or be synchronous, depending on the type of measurement 

performed. The cell polarisation performance decreased by 16% in the limiting 

current density region with an increase in voltage stabilisation duration from 10 

s to 60 s, as a result of flooding. Corroboratively, flooding was established by 

the measured AE, which was ~1500 aJ, ~6500 aJ and ~14500 aJ of CAEE at 

10 s, 60 s and 120 s stabilisation durations, respectively. In addition, the 

robustness of PEMFC operation and the corresponding AE’s dynamic response 

were established by forward and reverse polarisation scans. Flushing events 

were observed in galvanostatic and potentiostatic tests and corroborated via the 

measured AE, as  spikes in current and voltage evolutions, synchronous with 

the peaks in CAEE. Furthermore, a correlation was observed between the 

generated cell temperatures, which reflect the extent of electrochemical activity, 

and the AE energy measured at different operating conditions.    

Finally, the established AEfP metrology was used to characterise the 

performance of fractal PEMFCs by evaluating the hydration conditions inside 

them. AEfP was performed by probing the water dynamics inside two different 

fractal flow-field based PEMFCs, namely, 1-way and 2-way fractal PMEFCs, 

and measuring the corresponding acoustic activity generated from them. AEfP 

was performed on the fractal PEMFCs under relatively humid (70% RH) and 

fully humidified (100% RH) reactant relative humidity (RH) conditions. Presence 

of flooding in the 2-way fractal PEMFC, compared to the 1-way fractal PEMFC, 

under different operating conditions, was established by the relatively greater 

acoustic activity generated from it. Corroborating and correlating evidence of 

flooding in the 2-way fractal flow-field operations, under the different conditions 
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tested, was provided by its polarisation curves, impedance measurements and 

galvanostatic (current hold) measurements.   
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8. Summary and recommendations 
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8.1. Summary of the thesis  

Recent work has shown that taking a nature-inspired approach in developing 

fuel cell flow-field plates can result in better performing PEMFCs. However, 

previous manufacturing methods and materials used for developing fractal, 

lung-inspired flow-fields are quite complex, and there are limitations to the cell 

performance under certain operating conditions. This thesis has aimed to 

address the limitations associated with the development of lung-inspired fuel 

cells, improving their operating performance under all testing conditions and 

providing a cost-effective and less complex fabrication method to realise the 

fractal flow-fields. Besides, advanced metrology has been utilised to evaluate 

the water management inside the fuel cell and its associated performance.  

The methodology of developing PEMFCs with a lung-inspired fractal cathode 

flow-field, inspired from the air transport mechanism inside the lungs, is 

discussed in detail in chapter 4. A layer-wise, PCB-based technique has been 

identified as an effective method in terms of cost, complexity, scalability and 

ease of manufacture for developing the fractal flow-field structures, compared to 

the previous approach, which used additive manufacturing, based on the 

selective laser sintering of stainless steel. Here, three different configurations of 

the fractal flow-field are presented, namely, a 6.25 cm2 1-way flow-field (having 

a 4-generation fractal air in-flow and an open-ended air out-flow), a 6.25 cm2 2-

way flow-field (having a 4 generation fractal air in-flow and 3-generation fractal 

air out-flow), and a 25 cm2 1-way flow-field (having a 5-generation fractal air in-

flow and open-ended air out-flow), respectively. The purpose of developing a 2-

way flow-field is to evaluate the performance a fractal flow-field that has a 

greater conductive area compared to the 1-way flow-field. X-ray CT scans are 
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utilised to evaluate the quality of alignment of individual layers and the overall 

hierarchical structure of the flow path. Besides, the CT scans have been 

instrumental in providing an unobtruded view of the fractal structures, especially 

for the more complex 2-way fractal flow-field, where the incoming and 

outcoming flow features of the 2-way fractal flow-field are cut on the same 

number of PCB plates used for cutting 1-way fractal flow-field features.  

Furthermore, the performance of PEMFCs with fractal cathode flow-fields is 

evaluated utilising different electrochemical methods and characterisations, 

which are reported in chapter 5. Polarisation studies establish that the fractal 

cell (1-way) performs better than the conventional single-serpentine cell at a 

range of operating and reactant conditions. This is attributed to the improved 

reactant air and water distribution at the electrode level as a result of diffusion-

dominated transport occurring from the outlets of the fractal flow structure (the 

convective flow has been reduced to a Péclet number close to 1). Similarly, the 

better performance of the fractal flow-field cells over the conventional cells is 

observed even for scaled-up electrode areas, using fractal scaling, which keeps 

the final feature sizes of the hierarchical structure constant. Besides, the 

observed performance enhancements in the fractal cell are ascertained by the 

findings from conventional electrochemical characterisations and degradation 

tests, respectively. In addition, the 2-way cell initially delivered better 

performance in the Ohmic region of operation, as a result of the improved 

conductive electrode area available. However, its performance degraded 

considerably in the mass transfer limited region, with respect to the 1-way cell, 

as a result of cell flooding occurring in the complex in-out fractal flow path. 

Overall, chapters 4 and 5 introduce the design and development of PEMFCs 
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with a fractal flow-field, having different configurations, using a PCB-based 

approach, and they test their respective performance utilising conventional 

electrochemical metrology.  

In chapter 6, electro-thermal mapping (local current density and temperature) is 

used for the first time to characterise the performance of a polymer electrolyte 

membrane fuel cell (PEMFC) having fractal cathode flow-fields, which are 

inspired by the air transport mechanism inside lungs. A comparison is made 

between fractal flow-field based PEMFCs, demonstrated previously to deliver 

enhanced mass transport performance, with conventional flow-field based 

PEMFC. The performance characterisation of fractal and single-serpentine flow-

field PEMFCs is carried out by analysing the surface distribution of currents and 

temperatures developed in the cells at different reactant relative humidity (RH) 

and cell potential conditions. A relationship is developed between segment 

currents and surface temperatures, and reactant and cell operating conditions, 

respectively. Fractal cells performed better and resulted in more homogeneous 

current distributions compared to a single-serpentine flow-field, which 

developed non-uniform current distributions due to cell flooding. Temperature 

distributions indicate higher and lower surface cell temperatures in fractal and 

single-serpentine cells, respectively, supporting the observed cell 

performances.  In addition, resistances measured from the electrochemical 

impedance spectroscopy characterisation of cells, as described in chapter 5, 

establish uniform and flooded operating conditions in the fractal and single-

serpentine cells, respectively. 
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Acoustic emission (AE) analysis, a non-invasive and non-destructive diagnostic 

tool, is utilised to probe water formation and removal inside an operating fuel 

cell. This is presented in chapter 7. In the acoustic emission as a function of 

polarisation (AEfP) method, AE activity from the PEMFC is measured in terms 

of cumulative absolute AE energy (CAEE) hits during operation at discrete 

points on the polarisation curve. AEfP can identify the presence of liquid water 

in flow channels and correlate its formation and removal with the level of cell 

polarisation, and consequent internal temperature. Correlation between 

acoustic activity and water generation, supply and removal, is achieved by 

varying the current (polarisation), cathode air feed relative humidity (RH) and 

cell temperature, respectively. Features such as initial membrane hydration, 

liquid water formation, ‘flushing’ and the transition from ‘wet-channel’ to ‘dry-

channel’ operation are identified using AE analysis, thereby providing a 

powerful and easy to implement diagnostic for PEFCs. Besides, AEfP is used to 

characterise the performance of fractal PEMFCs by evaluating the hydration 

conditions inside them. This is achieved by probing the water dynamics inside 

the fractal flow-field based PEMFCs discussed in chapters 4 and 5. AEfP is 

performed on the fractal PEMFCs under relatively humid (70% RH) and fully 

humidified (100% RH) reactant relative humidity (RH) conditions. Flooding in 

the 2-way fractal PEMFC, as opposed to the 1-way fractal PEMFC, is 

demonstrated under different operating conditions by the relatively higher 

acoustic activity it generates. Corroborating evidence of flooding in the 2-way 

fractal flow-field under different conditions is provided by its polarisation curves, 

impedance tests and galvanostatic (current hold) measurements. Overall, the 
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AE-based water management metrology has been instrumental in the direct 

hydration diagnostics inside the fuel cells.  

In summary, this thesis has outlined a cost-effective and easy fabrication 

method to develop lung-inspired fractal flow-fields, using PCB plates. Besides, 

the study demonstrates that the design considerations associated with PCB-

based fractal flow-field allows it to deliver better performance compared to the 

previous stainless steel fractal flow-field, and the conventional single-serpentine 

flow-field. Finally, advanced metrological studies, first-of-their-kind diagnostic 

approaches, like electro-thermal mapping and acoustic emission analysis, have 

been instrumental in the detailed understanding of the performance dynamics of 

fractal cells.  
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8.2. Further work and research scope 

Nature-inspired fuel cells  

The methodology presented in chapter 4 for developing cost-effective lung-

inspired flow-fields using PCB technology can be utilised to develop further 

fractal generations with higher resolutions (down to ~50 µm). This can be 

achieved by utilising advanced CNC machining tools or high-power laser 

systems. A 50 µm can accommodate a fuel cell electrode area 100 cm2 and 

have 6 generations of fractal flow path, which would bring the Pé →1.  Besides, 

scale-up through higher fractal generations can result in the development of 

better performing and larger electrode area nature-inspired fuel cells compared 

to the existing cells [36,60,182]. In addition, different conventional flow-field 

configurations, apart from those tested here, like multiple serpentine, parallel, 

interdigitated and others can be developed and tested along with the lung-

inspired cells. Such an exercise will provide greater data points that establish 

the performance of lung-inspired cells, as discussed in chapter 5, against a 

range of conventional fuel cell flow-fields.  

The 2-way fractal flow-field is discussed in chapters 4 and 5 on this thesis has 

an improved electrode contact area compared to the previously developed, 1-

way fractal flow-fields [36,182,237]. Operational limitations are observed in the 

2-way fractal cell due to its convoluted and complex water removal mechanism 

[237]. However, a direct water egress mechanism from the flow-field surface, 

similar to that present in 1-way fractal configuration, could be developed that will 

specifically enhance the 2-way fractal cell performance in the mass transport 

operating region.  
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A stand-alone fuel cell, without the metallic end plates for compression, can be 

developed by hot-pressing together the PCB-based, lung-inspired cathode and 

conventional anode flow-field plates, with an MEA sandwiched between them. 

This opens the possibility of developing a first-of-its-kind fractal fuel cell stack 

without the need for heavy and passive cell components that typically reduce 

the gravimetric energy density of the fuel cells. However, the cell compression 

conditions should be addressed with critical care, as the unit cell hot press 

assembly using PCB plates is an irreversible process.  

Nature-inspired surface modifications [66], which are identified to provide 

improved water management inside the fuel cells, can be integrated with the 

fractal flow-fields developed in chapter 5 that result in further improvements in 

reactant and water distribution inside the fuel cells and their associated 

performance.     

Advanced metrology for performance analysis of fuel cells 

The experiments outlined in chapter 5, which establish the electrochemical 

performance of the cells developed in chapter 4, could be expanded further by 

testing under different operating and testing conditions, like varying 

environmental conditions, electrode properties, and without GDL (electrode 

coated membranes). This will establish the reactant flow advantages occurring 

from the fractal flow-field structure and their associated impact on the cell 

performance.  

In this thesis, the EIS measurements are limited to a maximum 30 A cell 

current, owing to the limitations posed by the EIS experimental setups available 

in the laboratory for this study. However, use of impedance measurement 
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setups that can probe the cells at higher currents (>30 A) are critical to 

understand the cell behaviour in the mass transport region of operation, 

especially at limiting current conditions.  

The cells in this study are tested on automated testing facilities (Scribner fuel 

cell testing stations) that provide well calibrated reactant and operating 

conditions. However, it is necessary to also study the cells under manually 

varied operating parameters and conditions that are typical during high power 

fuel cells and stacks testing operation, especially during emergency shutdown 

conditions, which impacts the cell performances considerably due to sudden 

reduction in reactant supply/distribution.  

Degradation tests performed in this thesis are dependent on the reactant 

humidity, which acts as a prime parameter influencing the hydration distribution 

inside the cells. However, the scope of degradation tests performed in chapter 5 

can be further improved by testing the cells at different temperatures, which are 

also instrumental in influencing the hydration distribution inside the fuel cell.  

Electro-thermal mapping results discussed in chapter 6 have been performed 

on 25 cm2 effective electrode area fuel cells. The mapping studies could be 

expanded to a 100 cm2 effective electrode area; the corresponding mapping 

device is commercially available. A 100 cm2 electrode area fractal fuel cell can 

be developed by either using a 6th generation hierarchical flow-field structure or 

an array of four 5th generation hierarchical flow-field structures. The hydration 

distribution conditions and the associated cell performance established by the 

mapping studies should then be validated using visual characterisation 

techniques, like x-ray imaging and neutron imaging that provide direct hydration 



 Page 235 
 

diagnostics inside fuel cells. Besides, simultaneous imaging with mapping can 

be instrumental in quantifying the water generation inside the cells and its 

influence on the localised and overall current and temperature distribution.  

Acoustic emission based fuel cell diagnostics 

In chapter 7, acoustic emission (AE) based hydration diagnostics of fuel cells is 

presented. The AE based water management tool and its corresponding 

performance diagnostics is validated against the conventional electrochemical 

characterisations like polarisations, EIS measurements, and degradation tests. 

However, validation by utilising direct water diagnostic techniques like x-ray 

imaging and neutron imaging can be instrumental in establishing the AE based 

water management tool as an effective direct hydration tool. Besides, such an 

exercise can also establish the AE based water management tool as a cost-

effective, non-destructive and portable direct hydration metrology compared to 

the existing imaging techniques. In addition, the AE metrology in combination 

with the electro-thermal mapping, as discussed in chapter 6, can provide a 

much deeper understanding of the localised effects of hydration distribution on 

the overall cell performance. In chapter 6 it is identified that the water 

generation and removal in the flow-fields can influence the segment current 

development and distribution, and such hydration dynamics can influence the 

AE generated from the cells.  

Furthermore, in this study AE from the fuel cells is measured from a single point 

on the surface of the fuel cell; this highlighted the cell hydration conditions and 

its associated performance. A single-point AE measurement is identified to be 

effective for the small electrode area fuel cells, as reported in this thesis. 
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However, while measuring AE from larger electrode area fuel cells, single-point 

measurements result in significant signal attenuations and, subsequently, result 

in improper hydration diagnostics of the fuel cells. To overcome such 

attenuations, multiple AE sensors could be utilised to cover the overall effective 

surface area of larger fuel cells.     
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9. Nomenclature 
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English letters 

𝐴𝑁  Cross sectional area at Nth generation, m2  

Cdl  Double layer capacitance, F 

D  Fractal dimension, -  

𝐷  Diffusivity, m2 s-1  

Dp  Diameter of parent branch, m 

Di  Diameter of daughter branch, m  

I  Current, A  

𝐿  Characteristic length, m  

𝑁  Number of generations, -  

𝑃𝑒𝐿
  Péclet number, -  

𝑄𝑖  Volumetric flow rate, m3 s-1  

Rct  Charge transfer resistance, Ω 

Rmt  Mass transfer resistance, Ω 

Rel  Electrode resistance, Ω  

RΩ  Ohmic resistance, Ω 

Sf  Reciprocal of size factor between daughter and parent shapes, - 

𝑈  Flow velocity, m s-1  

V  Potential, V  

Ws  Warburg impedance, Ω.cm2  

Z′/Zre  Real part of impedance, Ω.cm2  

Z″/Zim  Imaginary part of impedance, Ω.cm2  
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Greek letters 

αair  Air stoichiometry  

∆  Enthalpy, kJ/kg 

n  Number of daughter shapes  

Ƭ  Torque, Nm  

ω  Angular frequency, Hz 

Ф  Diameter, m 

 

Superscripts/Subscripts/Acronyms 

AC  Alternating current  

AE  Acoustic emission  

CAEE  Cumulated absolute acoustic emission energy  

CPE  Constant phase element  

CHP  Combined heat and power 

CNC  Computer numeric control  

CT  Computed tomography  

DC  Direct current 

DI   Deionised  

EIS  Electrochemical impedance spectroscopy 

FBP  Filter back projection  

FF  Flow fields  

FOV  Field of view  

FPS  Frames per second 

GDL  Gas diffusion layer  

HFR  High frequency resistance  
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HOR  Hydrogen oxidation reaction  

LFR  Low frequency resistance  

MEA  Membrane electrode assembly 

MSC  Mean segment current 

OCV  Open circuit voltage  

ORR  Oxygen reduction reaction  

PAC  Physical acoustic corporation  

PC  Personal computer  

PCB  Printed circuit board 

PEMFC Polymer electrolyte Membrane fuel cell 

POL   Polarisation   

RH  Relative humidity  

ROI  Region of interest  

SHE  Standard hydrogen electrode  

STDEV Standard deviation  

USB  Universal serial bus  
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