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Abstract 

Polymer electrolyte membrane electrolyzers (PEMEs) are the key to integrating renewable energy 

generation with energy storage to reduce greenhouse gas emissions that contribute to global 

climate change. The commercialization of large PEME systems, however, requires improvements 

to electrode design, performance, and reduction of material costs. In particular, reducing the 

precious metal loading at the oxygen producing electrode (anode) is critical to making PEME 

commercially competitive.  

Measuring the electrode potentials separately is imperative to understanding and improving cell 

performance. A reliable reference electrode (RE) can provide much more precise information 

about the anode performance. A RE was developed for PEME application. The efficacy of the RE 

was confirmed by two parametric studies. The first parametric study served to demonstrate that 

the combined individual electrode potentials measured with the RE were exactly consistent with 

the overall potential difference of the cell. A second parametric study confirmed sufficient 

hydrogen polarization of the RE for operating conditions at low current density, low temperature, 

and low water feed rates.  

Application of the RE was successfully demonstrated through investigation of the oxygen 

evolution and hydrogen evolution reaction mechanisms occurring at the anode and cathode, 

respectively. Tafel slopes were calculated and the rate determining steps were determined that 

support specific proposed reaction mechanisms reported in literature. This investigation revealed 

important characteristics of each electrode. In particular, it was shown that the cathode overvoltage 

should not be assumed negligible for the ohmic controlled operating region and more precise 
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information can be observed for the anode performance. These results demonstrate the necessity 

of the in-situ RE to improving PEME performance.  
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Chapter 1. An Introduction to Addressing Climate Change by Harnessing 

Renewable Energy through Energy Storage 

1.1. The Renewable Energy Political Landscape  

Global energy consumption is increasing, but the need to shift away from fossil fuels has not yet 

been seriously addressed. The Intergovernmental Panel on Climate Change has reported that 

greenhouse gas emissions from human activity and consumption of fossil fuels are primarily 

responsible for the climate change and are already resulting in detrimental impacts on people and 

global ecosystems [1]. One solution to reduce greenhouse gas emissions is to switch from fossil 

fuel to renewable energy generation. Renewable energy offers an immediate and inexhaustible 

energy supply, but is often restricted by geographical location. Catalyzed by increasing support 

from energy policies and the 21st Conference of the Parties to the United Nations Framework 

Convention on Climate Change (COP 21) [1], consumer demand for renewable energy is seeking 

to retroactively combat the negative effects of climate change, environmental pollution, and offset 

greenhouse gas emissions [2, 3]. The opportunity to decrease greenhouse gas emissions and 

exploit renewable energy policies is well overdue [4].  

Unfortunately, renewable energy production has a limited market penetration. Renewable 

electricity must be consumed, transported, or discharged, and cannot be stockpiled once generated. 

Adding to this inconvenience is the fact that renewable energy supply is intermittent and 

fluctuating because of its dependence on climate, location, and weather patterns [1, 5, 6]. 

Renewable energy production is also seasonally limited, since peak production does not align with 

peak consumer demand during the winter months [1, 4]. This demonstrates a fundamental concern 

for renewable energy; it is subject to power disruptions, restricted supply capacity, and a lack of 



   

 2  

storage infrastructure that impedes its reliability [1, 4, 5, 6, 7]. Chapter 1 will discuss the 

application of energy storage systems (ESSs) as a means to address these concerns.  

1.2. Integrating Energy Storage with Renewable Energy to Address 

Climate Changes Goals 

Renewable energy consumption is restricted by the inability to store and transport the energy to 

the consumer as needed. Stored renewable energy can address fluctuating consumer demand and 

intermittent weather patterns, allowing renewable energy sources to have increased market 

penetration and decrease consumer dependence on fossil fuels [5, 6, 7]. The integration of ESSs 

with renewable energy is a solution to enable storage of renewable energy produced during periods 

of excess power production, which decouples production from time-of-generation.  

ESSs can be employed for commercial, transportation, industrial, and residential applications and 

offer additional benefits for the electricity production infrastructure through diversification of the 

energy supply mix [5]. Increasing the flexibility of energy supply methods minimizes extreme 

fluctuations in power consumption from a singular electricity grid, thereby decreasing 

maintenance requirements of the infrastructure [7, 8, 9]. Additionally, ESSs allow for the 

management of bulk power services, power failures, load demand, power quality, grid 

stabilization, load shifting, and operational support [1, 4, 5, 6, 7]. 

Examples of common-used ESSs include pumped hydro storage, batteries, and polymer 

electrolyzer membrane electrolyzers (PEMEs), each of which offer advantages and disadvantages. 

Pumped hydro storage can be used to store electricity by pumping water to a higher elevation using 

excess renewable energy. Pumped hydro facilities are designed to switch between energy storage 

and energy generational multiple times a day. This design is advantageous because it minimizes 
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greenhouse gas emissions and assists in the cost-stabilization of the electricity grid, which is 

referred to as load balancing [1, 10]. However, the disadvantages of pumped hydro storage include 

the large capital investment and restrictive site selection criteria to implement the facility [5].  

Another competitive type of ESS includes batteries, which are employed for commercial 

applications such as hybrid electric vehicles and portable electronics. Like pumped hydro, batteries 

can also be employed to store excess renewable energy and serve to load balance the electricity 

grid when renewable energy is not available. Batteries are advantageous for energy storage 

because of their long life cycles and high energy density for often minimal maintenance 

requirements [5], but their commercialization is associated with higher production costs [11]. 

These advantages are also marred by restricted energy capacity to size and self-discharge limiting 

the battery lifespan [5], A thorough review of these ESSs and others examples are discussed in 

Suberu et. al. [5]. The focus of the work in this thesis will be the investigation of Polymer 

Electrolyte Membrane Electrolyzers (PEMEs) as device used to facilitate the storage of renewable 

energy.   

1.3. Using PEM Electrolyzers to Facilitate Energy Storage 

Polymer Electrolyte Membrane Electrolyzers (PEMEs) are devices that can utilize renewable 

electricity to convert water into highly pure hydrogen and oxygen [8, 12, 13, 14, 15, 16]. Hydrogen 

and oxygen can be stored until needed and then be used to generate electricity using polymer 

electrolyte membrane fuel cells (PEMFCs) [5, 6, 13]. A schematic diagram of a simplified 

hydrogen-to-energy cycle that uses PEMEs and PEMFCs is shown in Figure 1.1 [13].  
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Figure 1.1: A simplified hydrogen-to-energy cycle 

PEMEs are capable of dynamic operation and rapid response time to variable input power, which 

is important for their application with renewable energy, known to be intermittently and abruptly 

available [15, 16, 17]. PEMEs are capable of continuous operation and production of hydrogen 

with a continuous feed of water [5]. PEME system efficiencies can approach 68-77% (based on 

the higher heating value) [18]. The PEME can be also be continuously operated while the gas 

product is collected and, therefore, the size of the PEME dose not increase based on the quantity 

of hydrogen required for storage. The compact size of the PEME is also attributed to the solid 

polymer electrolyte (SPE) that is used to separate the two electrodes [14].  

A major challenge inhibiting PEMEs from achieving commercialization is the high cost of the 

noble metal catalyst required [12, 13, 14, 15]. The lifetime of a PEME is also restricted by 

membrane degradation [13] and the support material used for catalyst dispersion is subject to 

carbon corrosion [12]. This is further discussed in Section 2.1.  
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1.4. Using Hydrogen for Energy Storage  

The production of hydrogen by electrolysis and for energy storage in a hydrogen-to-energy cycle 

does not produce greenhouse gas emissions that contribute to climate change if the electricity is 

generated from a renewable source [3]. Hydrogen can be stored in pressurized cylinders for later 

use when renewable energy is not available. Hydrogen offers practical advantages such as ease of 

system scale-up, rapid and high-pressure discharge [2, 14]. It can be stored at high pressure to 

minimize the physical size of the storage system and it can be stored for extended periods of time, 

unlike batteries, flywheels, and capacitors which lose their energy potential over time [13].  

The advantages of developing hydrogen-to-energy cycles proliferate with integration into the 

electricity grid. Firstly, a hydrogen-to-energy cycle can capitalize on pre-existing infrastructure 

through injection into natural gas pipelines [14]. The development of these hydro-to-energy cycles 

can stimulate economic growth through innovation and technological advancement while 

encouraging the societal shift to a diversified energy mix, reduce dependence on fossil fuel 

consumption [5, 8] and result in increased market penetration of renewable power generation [1, 

3].  

1.5. Thesis Motivation & Objectives 

Developing a means to enhance the understanding of PEME performance is integral for their 

commercialization success. Catalyst performance was identified as an opportunity to develop a 

multiuse diagnostic tool that could be applied to PEMES and PEMFCs alike. In-situ catalyst 

characterization techniques require the use of a reference electrode (RE) in an electrochemical cell 

to study electrodes separate from each other, and still maintain the simplicity of the cell design. 

Several motivating factors for application of an RE were identified.   
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Non-symmetrical and misaligned electrode uncertainties that occur during membrane electrode 

assembly (MEA) fabrication can result in potential profile variations associated with the electrode 

with faster reactions kinetics [19]. A RE can be installed to obtain accurate measurements of the 

overpotential of both electrodes, even if they are misaligned, while minimizing the measurement 

impedance compared to the measurement obtained against the counter electrode. 

The oxygen evolution reaction (OER) potential is often assumed to dominate the PEME 

electrochemical behaviour and the cathode hydrogen evolution reaction (HER) is often considered 

negligible because it has fast reaction kinetics [14, 20, 21]. The purpose of the RE described in 

this thesis is to identify conditions when this assumption is invalid so that accurate measurements 

of the performance for the anode are assured and enable the systematic optimization of the OER 

catalyst used at the PEME anode.  

An interesting possible secondary application of the RE proposed in this thesis relates to improving 

performance for PEMFCs. Operating conditions that cause fuel starvation are known to lead to 

cell reversal, where the fuel cell inadvertently oxidizes water to generate hydrogen at the hydrogen 

electrode and behaves similarly to a PEM electrolyzer. This leads to carbon support corrosion and 

catalyst loss. The RE design developed here could be extremely useful in the analysis of cell 

reversal behaviour in PEM fuel cells.  

The objectives of this work are to: (1) develop a RE to observe, individually, the anode and cathode 

potentials (2) and cultivate a better understanding of the anode OER in PEMEs, ultimately 

contributing to performance enhancements for both PEMEs.  
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1.6. Thesis Overview 

Chapter 1 presents an introduction to PEMEs and their application to generate hydrogen for energy 

storage of renewable electricity during peak power production. This stored hydrogen can be 

converted into electricity as needed during periods of high power demand using PEMFCs in a 

hydrogen-to-energy cycle.  

Chapter 2 provides a summary of the literature on reference electrode development for PEMFCs 

and PEMEs. This chapter also gives a summary of the four key criteria for designing a RE in terms 

of its placement, geometry, and potential to ensure accurate measurements and avoid bias. 

Electrochemical theory is also discussed using the Butler Volmer Equation, the Nernst Equation, 

and electric double layer theory to explain the thermodynamic and electrochemical behaviour of 

the PEME electrodes and the RE. Relevant methods of performance analysis are described 

including polarization curves and electrochemical impedance spectroscopy (EIS).  

Chapter 3 describes the PEME assembly, the RE design and how it is incorporated into the PEME. 

This chapter also describes how the design addresses the first two criteria for RE design and 

construction. The operating procedures used for testing are also described. Chapter 3 also explains 

the methodology used in designing the test station to control the operating conditions of the PEME. 

This included control of water feed rate, temperature, gas flow (when supplemental hydrogen was 

used) and potentiostatic power input to the cell. Outputs that were monitored included current and 

individual anode and cathode potentials. A data acquisition system was used to record all results.  

In Chapter 4, the results of two parametric studies are presented. The first parametric study 

investigated the RE performance over a potential range from 1.30V to 2.60V for three temperatures 

and three water feed rates. The second parametric study focussed on low current density 
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performance of the RE, where hydrogen supply for RE stability may be a concern. The results 

were used to verify the two remaining criteria for the RE design and also to conduct a Tafel slope 

analysis of the anode and cathode kinetics.
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Chapter 2. Background and Literature Review 

2.1. Polymer Electrolyte Membrane Electrolysis  

2.1.1. Components of PEM Electrolyzer 

A PEME is comprised of an anode, a cathode, the SPE, and diffusive layers forming the membrane 

electrode assembly (MEA) [17], seen in Figure 2.1. Constructing the MEA begins with applying 

anode catalyst to one side of the SPE and cathode catalyst to the opposite side of the SPE. SPE 

serves to separate the two electrodes and is a thin film of perfluorosulfonic acid that is chemically 

stable and ionically conductive [12]. SPE is often referred to by its trade name NafionTM [22, 23]. 

A gas diffusion layer (GDL) is pressed onto the anode to encourage gas transport from the 

electrode surface. Carbon paper with a microporous layer (MPL) is placed onto the cathode to 

manage diffusion of water products and protect the SPE from perforation.  

 

Figure 2.1: Expanded view of PEME and MEA sub-components 
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PEMEs use electricity to decompose water into hydrogen and oxygen, Equation 2.1 [12, 14]. 

𝐻2𝑂(𝑙)
𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦
→       𝐻2(𝑔)    +

1

2
𝑂2(𝑔)  | Cell   E = -1.23V   Equation 2.1 

The anode catalyst facilitates the OER where water is split into oxygen, two protons, and two 

electrons, shown in Equation 2.2.  

𝐻2𝑂 (𝑙) → 2𝐻
+ +

1

2
𝑂2
(𝑔)
+ 2𝑒−  | Anode  E = -1.23V    Equation 2.2 

Two protons from the OER are conducted across the SPE and used at the cathode to produce 

hydrogen gas by the hydrogen evolution reaction (HER), Equation 2.3 [14].  

2𝐻+ + 2𝑒− → 𝐻2(𝑔)    | Cathode E = 0.00V    Equation 2.3 

Figure 2.2 shows the OER and HER in an assembled PEME.   

Titanium Flow Field Plate

Titanium Felt Anode GDL 

Anode IrOx Catalyst Layer on SPE

SPE, Nafion Membrane

Cathode Pt/C Layer on SPE

Carbon Paper Cathode GDL

Graphite Flow Field Plate

H
+½ O2  

 H2O H2  + H2O

H2O

Power Supply

Anode Cathode

e
-

 

Figure 2.2: PEME schematic showing construction materials, anode OER, proton conduction across the SPE, and cathode HER. 

This figure shows water fed into the cathode feed inlet, but is not necessary to facilitate the HER.  
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Catalyst selection and design is integral to PEME performance because it dictates the required 

activation energy for the reaction to proceed, the reaction rate, and system efficiency. An ideal 

catalyst should be selected to maximize catalytic activity with the adsorbent. Catalyst activity that 

results in strong binding strength between the catalyst and the adsorbent causes a rapid adsorption 

step, but at risk of a slow desorption step and restriction of available active catalyst sites. 

Conversely, a weak binding strength between the adsorbent and the catalyst favours a rapid 

desorption step at the expense of a slow adsorption step and even no adsorption step, resulting in 

inefficient catalyst utilization [24]. Therefore, an intermediate bond strength between the 

adsorbent and the catalyst is favourable to maximize active site availability, catalyst utilization, 

and the reaction rate [17, 24, 25]. OER and HER catalyst design will be discussed in Section 2.1.4 

and Section 2.1.5, respectively. 

2.1.2. Performance Analysis using Polarization Curves  

A polarization curve is a diagnostic graph of the applied cell voltage [V], against the current 

density, i, [A.cm-2] and normalized with respect to the PEME active area. Polarization curves have 

three distinct regions: activation, ohmic, and mass transport region, marked by dashed vertical 

lines in Figure 2.3. The activation region denotes the operating conditions when the cell is 

kinetically-controlled by the catalyst’s ability to drive the reaction and occurs at low potentials and 

low current densities. The ohmic region occurs at midrange operating current densities and 

potentials when the reaction rate is dictated by the SPE ohmic resistance [23]. The mass transport 

controlled region occurs at high current densities and potentials where the diffusion of products 

away from the catalyst interface can be hindered by the abundance of products near the interface. 

This results in mass transport resistances which require more potential to drive the impeded 
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reaction rate. The mass transport region is not often observed in PEMEs if the current collector 

porosity is adequate or and the size of the cell is small [23]. Assessing the polarization curve can 

give insight to cell and electrode properties and kinetic behaviour for improving performance 

based on these operating regions.  
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Figure 2.3: Schematic of PEME polarization curve showing measured voltages of the anode, cathode, and cell voltage. The 

contributions of cell internal resistance, SPE internal resistance, activation, ohmic, mass transport regions are labeled [23].  

A Tafel slope is a metric calculated from a graph of the potential vs. log 𝑖 during activation 

controlled operating conditions and can be constructed using the data obtained from a polarization 

curve. The Tafel slope is often used to assess catalyst activity for an electrode [26]. The Tafel 

Equation is shown in Equation 2.4 and is derived from the Butler Volmer Equation in Equation 

2.17.   
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𝜂 =
𝑅𝑇

∝𝐹
𝑙𝑛(𝑖0) −

𝑅𝑇

∝𝐹
𝑙𝑛(𝑖)      Equation 2.4 

The Tafel equation is usually simplified to Equation 2.5.  

𝜂 = 𝐴 − 𝐵 𝑙𝑜𝑔( 𝑖)       Equation 2.5 

where B is the Tafel slope [mV.dec-1], A is the intercept of the graph of potential vs. log 𝑖, used to 

calculate the exchange current density, i0, [A.cm-2]. The Tafel slope can be used to determine the 

rate determining step (RDS) linked with the highest kinetic activation barrier [26]. An 

electrochemical cell with a small Tafel slope suggests an active catalyst with fast reaction kinetics, 

compared to a catalyst with a large Tafel Slope [27, 28]. The Tafel slope can only be used to 

suggest the RDS, since it represents the average Tafel pathway [27, 29]. The exchange current 

density can be used to determine the minimum potential required for the reaction.  

2.1.3. Performance Analysis by Electrochemical Impedance Spectroscopy  

Electrochemical Impedance Spectroscopy (EIS) is another diagnostic tool used to understand an 

electrochemical cell’s response to an excitation potential. A sinusoidal potential perturbation is 

applied to the cell and the current response is measured. A Fourier series, the sum of sinusoidal 

functions, is used to interpret the phase shift of the current response compared to the original 

excitation potential, at a designated frequency. This calculation can be used to model the cell’s 

impedance on a Nyquist plot, Figure 2.4 [30].  
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Figure 2.4: Features of a Nyquist plot (a) and its corresponding simple equivalent circuit mode (b)  

Features of the Nyquist plot can be used to quantify the properties of a cell. The charge transfer 

resistance, Rct (Ω.cm2), is calculated by the difference between the high frequency and low 

frequency intercepts, yielding a vector of length |Z|. Rct represents the resistance that impedes 

charge transference from reactants to products at the catalyst interface at low potentials [30] each 

electrode half reaction has its own associated charge transfer resistance. A PEME cathode Rct is 

occasionally reported or assumed as negligible in literature [23], but has also been reported as 

0.025Ω cm2 [31]. The anode Rct has been calculated to be 0.143Ω cm2 [31] for one 4cm2 active 

area cell and as 0.000516 Ω.cm2 for a cell operated in accelerated stress testing [32].  

Another feature of a Nyquist plot can be used to calculate the SPE resistance, Rmem, which is a 

measure of the membrane’s resistance to proton transport and is inversely proportional to proton 

conductivity. The high frequency point of interception with the real impedance axis is used to 

calculate Rmem [26, 33]. Reported literature values for Rmem include 0.001 Ω cm2
 for the PEME 

under accelerated stress testing [32] and 0.18 Ω cm2 for the 4cm2 active area PEME [33]. Both 

literature sources used a 1.50V perturbation DC signal for EIS at 80oC on IrO2 anode and Pt/C 
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cathode catalyst. EIS frequency ranges were 1MHz to 10mHz for the 4cm2 active area PEME and 

20kHz to 0.1Hz for the PEME under accelerated stress testing conditions.  

2.1.4. Oxygen Evolution Reaction of PEMEs 

The OER requires a highly active and stable catalyst because of the large activation energy 

required to oxidize water and the highly corrosive environment of the anode [15, 17]. Iridium 

Oxide and Ruthenium Oxide are common choices for the anode catalyst because of each catalyst’s 

activity [15, 16, 34]. RuO2 is known to exhibit better reactivity than IrO2, but it gradually dissolves 

from the electrode surface because it is less stable than IrO2 [15, 16]. Employing noble metal 

catalysts for the OER still results in slow reaction kinetics at the anode and the large potential to 

drive the reaction [15]. Two commonly proposed OER mechanisms from literature are the 

“Electrochemical Oxide Path” and “Krasil’shchikov Path”, summarized in Table 2.1 [25, 35, 36].   
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Table 2.1: Electrochemical Oxide Path and Krasil’shchikov Path are common mechanisms proposed for the OER anode of a 

PEME on IrO2 catalyst at the active site, S, [25]  

 Reaction Step Eq. # Tafel Slope  

[mV.dec-1], [Ref] 
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𝑆 + 𝐻2𝑂 ⇄ 𝑆 − 𝑂𝐻𝑎𝑑𝑠 + 𝑒
− + 𝐻+ Eq. 2.6 
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𝑆 + 𝐻2𝑂 ⇆ 𝑆 − 𝑂𝐻𝑎𝑑𝑠 + 𝑒
− + 𝐻+ Eq. 2.9 140 

130 

[38], [39] 

[23] 

𝑆 − 𝑂𝐻𝑎𝑑𝑠 ⇆ 𝑆 − 𝑂
− +𝐻+ Eq. 2.10 70 [38] 

𝑆 − 𝑂𝑎𝑑𝑠
− ⇆ 𝑆 − 𝑂𝑎𝑑𝑠 + 𝑒

− Eq. 2.11 47 

44 

[38] 

[36] 

2(𝑆 − 𝑂𝑎𝑑𝑠) ⇆ 𝑂2 +  2𝑆 Eq. 2.12 18 

15 

[38] 

[33] 

Equations 2.6 – 2.8 show the steps for the “Electrochemical Oxide Path”. Equation 2.6 is the 

primary charge transfer step that forms an electron, a proton, and an adsorbed hydronium on the 

catalyst active site, S. The hydronium is deprotonated from the active site in the second charge-

transfer step to produce a second proton and oxygen adsorbed to the catalyst. Two catalyst sites, 
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each with adsorbed oxygen, participate in the final reaction step to produce oxygen and two open 

catalyst sites [25]. 

The Krasil’shchikov Path is shown in the steps in Equations 2.9 – 2.12. A charge transfer step 

occurs similar to the “Electrochemical Oxide Path” in Equation 2.6. The second step in 

Krasil’shchikov Path is the deprotonation of the adsorbed hydronium on the active site to yield a 

proton and a negatively charged oxygen bonded to the catalyst site. The oxygen loses its electron 

while remaining attached to the catalyst, as shown in Equation 2.11. The final step yields oxygen 

and two open catalyst sites from the combination of two catalyst sites, each with adsorbed oxygen 

[36, 38].   

2.1.5. Hydrogen Evolution Reaction of PEMEs 

The HER is a well-understood two-step electron transfer reaction with one intermediate and rapid 

reaction kinetics [15, 24]. Platinum catalyst supported on carbon black is typically selected for the 

catalyst for its activity and surface area utilization [14, 24]. A summary of the HER steps and Tafel 

slopes are summarized Table 2.2. 

Table 2.2: Reaction Steps and Tafel slopes for cathode HER in a PEME on Pt/C at 80oC 

Reaction Step Reaction Tafel Slope (mV.dec-1) [Reference] 

Volmer Step – 

Adsorption  

𝐻+ + 𝑒− +  𝑆 → 𝑆 − 𝐻𝑎𝑑𝑠 120 

 

[26], [23] 

Heyrovsky Step – 

Desorption  

𝐻+ + 𝑆 − 𝐻𝑎𝑑𝑠 + 𝑒
− → 𝐻2 + 𝑆 40 

36-89 

[26] 

[37] 

Tafel Step – 

Desorption 

2(𝑆 − 𝐻𝑎𝑑𝑠) → 𝐻2 + 2𝑆 30 [33], [27], 

[26] 
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The first step of the HER is the Volmer Step and is dependent on hydrogen’s ability to adsorb to 

the active catalyst site. The desorption step of the HER mechanism can then proceed by either the 

Heyrovsky step, the Tafel step, or a combination of both [24, 42]. This desorption step is dictated 

by the hydrogen coverage of the cathode catalyst. Water layer formation at the cathode can also 

influence and inhibit the hydrogen coverage on the catalyst [27, 33].  

2.2. Thermodynamics and Butler Volmer Kinetics  

The PEME half reactions in Equations 2.2 and 2.3 [43] are used to calculate the Standard Cell 

Potential, Ecell
o  [V], in Equation 2.13. This equation indicates the minimum electrical energy 

required to drive the reaction based on Gibbs Free Energy, ∆𝐺𝑜, [kJ.mol-1] at standard state: 

∆𝐺𝑜 = −𝑧𝐹𝐸𝑐𝑒𝑙𝑙
𝑜           Equation 2.13 

where 𝑧 the number of electrons involved in the half reactions process, and F is Faraday’s constant, 

[96,485 C.(mol e-)-1], the amount of charge transferred per mole of electrons. The standard cell 

potential at 298K is 1.23V [44]. The Nernst Equation gives an expression of the potential for non-

standard conditions in Equation 2.14 [45, 46]:  

𝐸𝑐𝑒𝑙𝑙 = 𝐸𝑐𝑒𝑙𝑙
0 +

𝑅𝑇

𝑧𝐹
𝑙𝑛 (

𝑎𝐻2∙𝑎𝑂2

1
2

𝑎𝐻2𝑂
)        Equation 2.14 

where 𝐸cell [V] is the measured potential between the anode and cathode at the corresponding 

temperature, T [K], and 𝑎𝑖 is the activity of the species. The definition of 𝐸cell also gives rise to 

Equation 2.15 [46]. Subscripts “AN” and “CA” denote the anode and cathode. 

𝐸cell = 𝐸𝐶𝐴 − (−𝐸𝐴𝑁)          Equation 2.15 



   

 

19  

Equation 2.14 and 2.15 do not take into consideration the internal cell inefficiencies including 

activation losses, 𝐸act, ohmic losses, 𝐸ohm, and mass transport losses, 𝐸MT. Equation 2.16 is used 

to calculate operating cell voltage, 𝐸cell, that considers losses and non-standard conditions to 

predict the potential compared to the voltage measured between the bipolar plates [45].  

𝐸𝑐𝑒𝑙𝑙 = 𝐸𝑐𝑒𝑙𝑙
𝑜 + 𝐸𝐴𝑁,𝑎𝑐𝑡 + 𝐸𝐶𝐴,𝑎𝑐𝑡 + 𝐸𝐴𝑁,𝑜ℎ𝑚  + 𝐸𝐶𝐴,𝑜ℎ𝑚 + 𝐸𝐴𝑁,𝑀𝑇 + 𝐸𝐶𝐴,𝑀𝑇 Equation 2.16 

The Butler Volmer Equation defines the relationship between net current flow of protons across 

the SPE based on the PEME half reactions and the Nernst Equation. Faraday’s law is used to 

express current or flow of protons, 𝑖 (A), as a product of the charge flow occurring for the half 

reactions and the net reaction rate as a combination of the forward oxidation reaction and the 

reverse reduction reaction. Combining Faraday’s law of electrolysis, the Arrhenius Equation, and 

Gibb’s Free Energy, yields the general Butler Volmer Equation 2.17. 

𝑖 = 𝑖0 [𝑒𝑥𝑝 (
−∝𝑧𝐹(𝐸−𝐸𝑒𝑞)

𝑅𝑇
) −  𝑒𝑥𝑝 (

(1−∝)𝑧𝐹(𝐸−𝐸𝑒𝑞)

𝑅𝑇
)]        

= 𝑖0 [𝑒𝑥𝑝 (
−∝𝑧𝐹𝜂

𝑅𝑇
) −  𝑒𝑥𝑝 (

(1−∝)𝑧𝐹𝜂

𝑅𝑇
)]       Equation 2.17 

The potential,𝜂 = 𝐸 − 𝐸𝑒𝑞, is the difference between the electrode potential, 𝐸,  and the 

equilibrium potential, 𝐸𝑒𝑞, and ∝ is the charge transfer coefficient (dimensionless). The cathode 

and anode reactions are equal and opposite, based on the half reactions, Equation 2.18, which 

Butler Volmer expressions for the anodic and cathodic current flow, Equation 2.19 and 2.20. 

𝑖𝐶𝐴 = −𝑖𝐴𝑁           Equation 2.18 

𝑖𝐴𝑁 = 𝑖0,𝐻2𝑂 [𝑒𝑥𝑝 (
−∝𝐻2𝑂𝑧𝐴𝑁,𝐻𝐹𝜂𝐴𝑁

𝑅𝑇
) −  𝑒𝑥𝑝 (

(1−∝𝐻2𝑂)𝑧𝐴𝑁,𝐻𝐹𝜂𝐴𝑁

𝑅𝑇
)]    Equation 2.19 

𝑖𝐶𝐴 = 𝑖0,𝐻 [𝑒𝑥𝑝 (
−∝𝐻𝑧𝐶𝐴,𝐻𝐹𝜂𝐶𝐴

𝑅𝑇
) −  𝑒𝑥𝑝 (

(1−∝𝐻)𝑧𝐶𝐴,𝑂𝐹𝜂𝐶𝐴

𝑅𝑇
)]    Equation 2.20 
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2.3. Reference Electrode Designs in Literature 

The RE “Sandwich configuration” has been thoroughly investigated for PEMFCs and is shown in 

Figure 2.5. A Pt wire is sandwiched at the midway point between two sheets of SPE or between a 

carefully bisected sheet of SPE, which is then coated with catalyst on each side, [47, 20, 48]. The 

RE is placed at the midway point connected to the ionic potential and can be assumed as half the 

ohmic potential drop [48].  

 

Figure 2.5: Schematic for RE “Sandwich” configuration in a MEA, either PEMFC or PEME 

Ohs et. al. [48] investigated the installation of a dynamic hydrogen electrode (DHE) in both a 

sandwich and edge configuration, where the DHE was polarized using a small electric current to 

induce electrolysis at the RE. Analysis by Electrochemical Impedance Spectroscopy (EIS) 

indicated that the ohmic losses overpotential were larger than zero due to non-equilibrium caused 

by the current density applied to the RE. DHE positioning was deemed integral to accurately 

determining the measurement signal for the RE and any change in RE position between electrodes 

would alter the potential profile pinned to the RE. For the sandwich configuration, misaligned 

electrode uncertainties were suggested to result during the MEA fabrication process and contribute 

to potential profile variations associated with the electrode with faster reaction kinetics [19]. This 
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would also disturb the known potential profile that is associated with the RE. The DHE in edge 

configuration was not able to detect the electrode polarization due to restricted in-plane proton 

transport required for RE polarization [48]. 

Piela et. al. [20] agreed that positioning was crucial for the accurate measurement signal of a RE 

installed in a sandwich configuration in a PEMFC. Any shift in in-plane alignment of the RE with 

respect to either electrode could result in skewed ionic potential measurements and is confirmed 

by Ohs. et. al [48, 19]. A RE placed at the anode hydrogen oxidation reaction (HOR) in a PEMFC 

was demonstrated to work well given its rapid reaction kinetics, a measurement signal sensed 

independently of current density, and sufficient supply of hydrogen [20].  

Kulikovsky et. al. [49] developed a model for positioning a RE in a PEMFC to ensure that the 

ionic potential pinned to the RE was stable. Application of Gauss’ Law and Coloumb’s Law 

confirms that the ionic flux in the membrane decreases outside the membrane between the anode 

and cathode electrodes with distance [50]. At a distance between 1.5 and 3 times the electrolyte 

thickness, the influence of the working electrode’s inhomogeneous characteristics are negligible 

and a uniform potential occurs [47]. This uniform region is referred to as the region of constant 

potential (RCP). Another study conducted by Liu et. al. [19] also observed the RCP, but reasoned 

that the RCP would occur at 1.5 times the electrode thickness for well-aligned electrodes. The 

RCP was also observed to exhibit minimal variation when the PEMFC anode was oversized in an 

effort to shift the potential profile closer to the HOR potential [47, 49].  

Hinds et. al. [51] investigated the application of a RE in a PEMFC by drilling through the flow 

field plate (FFP) to the active area and connecting a Pt RE to the SPE using a SPE bridge. The 

SPE bridge was constructed using Perma Pure tubing and sealed in a polytetrafluoroethylene 
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coating [52, 51]. The PEMFC GDL was impregnated with SPE to ensure an ionic connection [51]. 

The RE design was confirmed to have negligible ohmic losses and electrode edge effects at low 

and intermediate current densities. However, the water removal efficiency of the GDL resulted in 

mass transport limitations due to GDL impregnation with SPE. The usefulness of the RE was 

demonstrated for the PEMFC by confirming that the cathode potential contributed to changes in 

open circuit voltage after power cycling [52]. The RE design research of Hinds et. al. was 

continued in Brightman et. al. [52] for PEME application. The same advantages and disadvantages 

were observed for the PEME with RE and was used to observe changes in the electrochemical 

active surface area (ECSA) of the cathode during power cycling [52].  

2.4. Criteria for Designing a PEME Reference Electrode  

In PEMEs, cell potentials are measured as the voltage difference between the terminal connections 

at the bipolar plates, where the anode potential is measured with respect to the cathode potential. 

Introducing an in-situ RE into a PEME establishes a third electrode for studying the PEME 

electrodes’ behaviour, with the cathode serving as a counter electrode [47, 38, 20]. An in-situ RE 

must adhere to the following criteria for application in a PEME: 

(1) The RE must be electrically-isolated and have a stable potential. This serves to mitigate 

the effects of ohmic drop across the MEA, outside electrical influences, and biases in 

measurements [20, 53].  

(2) The RE must be placed in ionic contact with the SPE to construct the common ionic bridge 

between the RE and the electrode(s) of interest [20].   

a) The reaction at the Pt surface must have fast reaction kinetics and be readily driven 

to equilibrium by the potential difference between the RE and the SPE [48, 54]. 
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This ensures negligible current consumption by the RE that would bias the 

measurement signal [20]. The cell internal resistance losses associated with the RE 

should be determined or calculated to mitigate measurement inaccuracies [47, 52].  

(3) The RE must be affected by the PEME operating conditions to the same degree that cell 

potential is affected by operating conditions and includes: temperature, water feed rate, and 

current density [20]. The measurements must be repeatable. 

(4) A hydrogen supply must continuously flush the RE to be considered a reversible hydrogen 

electrode (RHE) and the potential at the interface between the RE and SPE can be assumed 

to approach zero [20, 53, 48]. 

2.5. Electrochemistry of Platinum References Electrodes  

The platinum RE reaction mechanism is governed by the same HER as the PEME cathode, 

according to Equation 2.21 [24, 54, 55]. 

𝐻2 + 𝑃𝑡 → 2𝐻
+ + 𝑃𝑡 + 2𝑒−         Equation 2.21 

Intermediate formation at the RE surface and rapid reaction kinetics are crucial for the accurate 

measurement of potentials. Gouy-Chapman-Stern theory of electric double layers (EDLs) is used 

to explain the electrostatic and chemical forces occurring at the Pt RE surface [56]. 

According to the Gouy-Chapman-Stern EDL model, the negatively-charged Pt RE attracts protons 

towards surface forming a compact layer of protons,𝐶𝐻, [𝜇𝐹. 𝑐𝑚−2]. This behaviour is explained 

as storage of charge against an electric field per unit area or capacitance [𝜇𝐹. 𝑐𝑚−2]. A less 

compact capacitance layer of ions forms outside the compact layer, called diffuse layer, 𝐶𝐷𝑖𝑓𝑓𝑢𝑠𝑒, 

seen in Figure 2.6 [54, 57, 58].  
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Figure 2.6: Schematic of electric double layer according to Gouy-Chapman Stern Model 

The EDL is expressed as the capacitance of two capacitors in series, defined as 𝐶𝐷𝐿 , [𝜇𝐹. 𝑐𝑚
−2] 

which is the EDL capacitance, [59]. Electrical work must be performed to move protons against 

the force of the electric field and out of the EDL. The Nernst Equation is used to define the 

activation energy to ionize the protons with respect to its minimum energy state [55, 60] and is 

equivalent to the potential required for the ionizing electron to pass from the RE at the interface to 

the SPE at the interface. There is electronic and ionic potential required to drive the electron 

through the Pt RE, but can be assumed negligible because Pt is highly conductive compared to the 

SPE [48]. This small passage of electrons from the RE ionizes and releases protons, thereby 

disturbing the EDL equilibrium and allowing the comparison of the RE potential with the PEME 

electrodes [58, 59, 61].  

The EDL equilibrium is re-established as fresh protons flux across the electric field to polarize the 

RE and the product hydrogen diffuses into the bulk solution [62, 54]. EDL equilibrium of the Pt 

surface is dependent on the potential and concentration gradients. An increasing force by the 
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electric field increases the differential capacitance between the EDL and the bulk solution and, 

therefore, increases the required energy to release the proton. As with catalyst selection, the 

differential capacitance should correspond with a weakly adsorbed proton at the catalyst site, 

quantified by ∆𝐺𝐻𝑎𝑑𝑠  [𝑘𝐽.𝑚𝑜𝑙
−1] approaching zero, to facilitate near-identical rates of adsorption 

and desorption [62, 54]. Near-identical reaction rates of adsorption and desorption are important 

for the fast reaction kinetics required to prevent RE measurement bias and ensure potential 

stabilization [62, 54, 57, 59]. 

Chapter 3. Experimental Setup and Methods 

3.1. PEM Electrolyzer Materials and Equipment Setup 

The design and assembly of the PEM Electrolyser cell is described and the method of 

implementing the RE is described in detail. Experimental measurements and data acquisition is 

also discussed in the following sections.  

3.1.1. PEM Electrolyzer and System Components  

Table 3.1 gives the list of equipment and materials used in the PEME assembly. Equipment was 

repurposed from the laboratory. Figure 2.1 (pg.9, above) shows the expanded view of the cell 

assembly. 
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Table 3.1: Materials use for PEME assembly 

Materials Description Source  

4 Swagelok 

Quick-Connects 

2.82mm tubing ID attachment for inlet 

6.35mm OD, complementary quick-connects 

for end plates  

Constructed of stainless steel  

Peppley Laboratory  

PTFE tubing  4 x 10.00mm tubing OD, 5.00mm ID  

Attached between water delivery system and 

quick-connects  

Constructed of Polytetrafluoroethylene 

(PTFE) 

McMasterr-Carr, Elmhert, 

IL, United States of 

America (Referred to as 

McMasterr-Carr)  

32 bevel washers 4.00mm ID McMasterr-Carr 

8 stainless steel 

bolts 

7.5cm length 

5.00mm OD  

McMasterr-Carr 

8 stainless steel 

washers 

4.00mm ID McMasterr-Carr 

2 composite end 

plates 

2 water inlet ports at bottom of end plate unit 

2 water and gas outlet ports at top of end plate 

10.8cm by 10.8cm 

Eight pre-cut bolt holes 

Peppley Laboratory 

1 graphite flow 

field plate for 

cathode 

 

Outer dimensions: 7.5cm x 7.5cm 

Active area: 2.5cm x 2.5cm  

Serpentine electrode flow field design  

Peppley Laboratory 

1 gold-coated 

Titanium flow 

field plate for 

anode 

Outer dimensions: 7.5cm x 7.5cm 

Active area: 2.5cm x 2.5cm 

Straight-Channel (0.4mm width) electrode 

flow field design 

Refer to Figure 3.1 for anode flow field plate  

Peppley Laboratory. 

Flow field plate was gold-

plated at Toronto 

Nanofabrication Centre 
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2 gold-coated 

plated steel 

current collectors 

7.5cm x 7.5cm  

Port connection for electronic connection 

Peppley Laboratory 

2 heat resistant 

silicone rubber 

gaskets 

6.35mm thickness 

10.5cm by 10.5cm  

McMasterr-Carr 

Fluorosilicone gasket was cut to 7.5 x 7.5cm using a precision knife and was used to electrically 

insulate the current collectors from the endplates. Eight 5.00mm bolt holes were cut around the 

perimeter of the gasket using a 5.00mm hole punch and the endplate as a guide. 3.18mm holes 

were cut to connect the water inlet and outlet ports to the titanium anode FFP. Inlet and outlet port 

holes were also punched for the cathode FFP.  

One porous carbon 0.5mm thick GDL (Product: Sigracet 10BC from Ion Power, New Castle, 

Delaware) was cut to 2.5cm x 2.5cm for the cathode active area. Similarly, one 0.5mm thick Pt-

coated Ti felt GDL (Bekaert, Izegem, Belgium) was also cut to 2.5cm x 2.5cm for the anode active 

area. The thickness of the PTFE gaskets was selected to be 80% of the carbon paper inserted on 

the cathode side to ensure adequate electrical contact between the FFP and electrodes.  

Two PTFE gaskets were cut to 7.0 x 7.0cm to electrically insulate the FFP from the MEA. The 

flow field active area was traced onto the PTFE gasket to cut a 2.5cm x 2.5cm square, while 

ensuring that the active area was centered with the flow field for each FFP. Two 5mm alignment 

pin holes were cut from the outside edge and at the centerline of the PTFE gasket, shown in Figure 

3.1.  
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Figure 3.1: Anode FFP showing water inlet, water and gas outlet, dowel alignment slots, and straight-channel flow field 

3.1.2. Commercial Membrane Electrode Assembly 

A HYDRionTM N115 Water Electrolysis MEA was purchased from Ion Power (New Castle, 

Delaware) to test and compare polarization curves for the parametric studies. These Nafion 115 

MEAs were selected to have an overall area of 8cm x 8cm. The active area was selected to be 

6.3cm2 and slightly oversized with respect to the flow field active area. The cathode HER catalyst 

loading was 0.3mg Pt.cm-2 and the anode OER catalyst loading was 1mg IrO2.cm-2. Quality control 

of the membrane thickness is accurate to ±10µm, electrode active area is accurate to ±0.5mm, and 

catalyst coated material dispersion is accurate to ±0.05mg of catalyst per cm2 [63]. 

3.1.3. Cell Hardware Assembly  

The FFPs were aligned to enclose the MEA, gaskets, and diffusion media. Two PTFE alignment 

pins, approximately 5.6mm length and 3.4mm ∅, were inserted into the cathode FFP alignment 

slots. A PTFE gasket was placed around the cathode FFP and the carbon paper, followed by the 

H2O Inlet 

H2O Outlet + 

O2 Gas Outlet 

Straight-channel 

flow field 

3.4mm ∅ 

alignment for 

plastic pins  

Water inlet 

port 
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MEA, and the second PTFE gasket using the alignment pins as a guide. The Ti GDL was placed 

in the 6.25cm2 cut-out of gasket to cover the active area. The anode FFP was placed on top of 

MEA/GDL/Gasket assemble with the alignment pins ensuring proper positioning of all the 

components.  

The endplates were used to press all the cell components together so that good electrical contact 

was established. The anode FFP was aligned with the water inlet and outlet ports of the endplate 

using 6mm length, 3.18mm OD PTFE tubing, followed by the anode current collector. Silicone 

O-rings with 3.18mm ID and 6.35mm thickness were used to encircle the inlet and outlet tubing 

from the FFP and ensure an adequate seal. The flourosilicone gasket was placed on top of the 

anode current collector such that the water inlet and outlet ports were not blocked. The endplate 

was aligned with the outlet and inlet ports. This process was repeated for the cathode side of the 

cell.  

The cell was placed on the spacer disk platform on an Enerpac hydraulic press (Model #RC1010) 

and compressed to 10 - 11 MPa. While under compression on the press the eight endplate bolts 

were tightened to between 5.7 – 7.9 N.m using a torque wrench. Bolts were tightened using a 

cross-cell technique to ensure even compression.  

3.1.4. Pre-Test Checks for PEM Electrolyzer and Reference Electrode  

The through-plane resistance of the assembled MEA in the PEME was measured under 

compression using a HIOKI 3560ACΩ HiTester (ACA TMetrix, Mississauga, ON) by connecting 

the HIOKI alligator clips at the two current collectors. This check was performed to verify that no 

unintentional electrical short circuit had been created and proper electrical contact had been 
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created with the MEA. This also contributes to satisfying RE design criteria (1), for confirming 

electrical isolation of the RE. The cell was allowed to settle for approximately an hour to ensure 

the through-plane resistance did not vary more than 25%, on the condition that the measured 

through-plane resistance was at 100mΩ. The cell was disassembled and reassembled for three 

cases: (1) if the through-plane resistance measured larger than 200mΩ implying poor electrical 

contact with the MEA, (2) if the through-plane resistance was less than 100mΩ indicating a hard 

short circuit may have occurred or, (3) if the compression of the cell resulted in the RE perforating 

the SPE and establishing electrical contact. The precursor that resulted in poor electrical contact 

was mitigated by ensuring the height of the plastic alignment pins did not exceed 5.6mm, as 

measured by a caliper. According to the assembly described above, the anode FFP would not be 

flush with the MEA/cathode FFP and would oscillate perpendicular to the alignment pin, if either 

the alignment pins exceeded the specified height. The precursor that commonly resulted in a short 

circuit was any misalignments of the MEA components which resulted in the Ti-GDL perforating 

the MEA and coming into contact with the cathode FFP. A half-round file with smooth double-

cut surface was used to file any imperfections on the edges of the GDL to mitigate perforations of 

the MEA leading to a hard short. The cell was reassembled to correct any misalignment of the 

MEA [64].  

A water leak test was performed to ensure that the cell received the set water flow specified on the 

HPLC pump interface and that all MEA components were aligned properly. The water feed rate 

was set to 10ml.min-1 and allowed to operate for 3 minutes, while the cell was monitored for leaks. 

Outlet water was collected from the anode and cathode in separate graduated cylinders to verify 

that the total water feed rate through the cell was 10ml.min-1 through each electrode. The PEME 
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was hydrated for a minimum of 1 hour at 10ml.min-1 for no observed leaks and prior to 

conditioning the MEA.  

3.2. Designing a Reference Electrode for a PEME 

3.2.1. Construction of the Reference Electrode in PEME 

The construction of the RE inserted into the 6.25 cm2 active area PEME was based on a 

commercially-available 50cm2 active area PEME, Model EC-EL-50 Electrolyzer (FuelCell.com, 

Woburn, MA). A new method of fabrication was developed to enable a novel and practical setup 

of the RE in a PEME. Information is given for the 50cm2 active area PEME in the Appendix. 

Fabrication started with machining a 6.2mm ∅ access hole into the cathode FFP, labeled as access 

hole (1) in Figure 3.2, below. The location of the RE Pt wire with respect to the active area on the 

cathode side was selected to create ionic contact between the RE, pinned to the SPE that is common 

to the electrode(s) of interest, while being in the RCP, to adhere to Criteria (1) and (2). The RCP 

has been reported in literature between 1.0 times [19], 1.5 times [48], and 3 times [49] the 

electrolyte thickness away from the active area and in plane with the active area, shown as the RE 

Offset in Figure 3.2, below. Placement of the RE in the RCP of the SPE is important for several 

reasons. The RE place in the RCP is in contact with a stable ionic potential and the RCP outside 

the offset is subject to minimal variation in potential, even for misaligned electrodes [20, 48, 49] 

or small shifts in the through-plane direction [47]. Secondly, this placement avoids the influence 

of electrode edge- effects that influence potential according to edge geometry, which would require 

modelling to define the internal resistance losses and is impractical [47, 37, 20, 49].  
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Figure 3.2: Diagram of cathode FFP showing location of RE insertion 

The RE Offset was selected at 3 times the SPE thickness and drilled at 1.50cm±0.05cm offset from 

the edge of the active area to avoid compromising the structural integrity near the flow field active 

area. This design was also selected to avoid making the complicated bisections of the MEA for the 

insertion of the RE in a sandwich configuration (discussed in Section 2.3 on pg. 20). This design 

addresses criteria (2) given in Section 2.3, above, and will be important for ensuring criteria (1) is 

upheld by the RE design (pg. 28, above). 

Two H2 supply channels were machined to match the depth of the flow field channels in the active 

area and are labeled in Figure 3.2, above. These supply channels served to supply the RE with 

product hydrogen from the cathode, which is important for criteria (4). Similarly, an access hole 

was machined in the cathode-side current collector with a 6.2mm ∅ hole to align with the endplate 

hardware and the cathode FFP, labeled as access hole (2) in Figure 3.3, below.  

A 15 cm long, 0.5mm ∅ Pt wire surrounded by a PTFE encasement and the encased RE was 

inserted into the access hole of the endplate. This diameter was selected because it was durable 
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enough to withstand the bend constructed at a 90o angle, shown in Figure 3.3, and small enough 

in diameter to assume negligible current consumption at the Pt surface relative to the production 

at the 6.25cm2 active area [20]. The current collector was placed on top of the RE and aligned 

through the access hole, followed by the flourosilicone gasket access hole, and the cathode FFP 

according to the MEA assembly instructions in Section 3.1.3.  

Using a platinum RE in a PEME is advantageous because the cathode HER can serve to provide 

hydrogen to polarize the RE (criteria (4)), but avoids the added complexity of externally feeding 

hydrogen. This also meets the criteria of being in contact with the fast reaction kinetics of the HER 

to ensure negligible current consumption by the RE for Criteria (2)a).  
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Figure 3.3: Cross-sectional view showing RE inserted into cathode endplate and FFP. Diagram is not to scale. 
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3.2.2. Performance Analysis of Reference Electrode 

The performance of the RE measurement was analyzed using Equation 2.15, repeated below. 

Equation 2.15 indicates that the potential difference of the cell, calculated by the difference in the 

potential of the two half-cell electrodes [46].  

𝐸𝑐𝑒𝑙𝑙 = 𝐸𝐶𝐴 − (−𝐸𝐴𝑁)          Equation 2.15 

The measurement of the cell voltage, 𝐸𝑐𝑒𝑙𝑙, between the electrode current collectors can be used to 

measure the cell voltage as an average of the local potentials between both electrodes [20].  

Measurement of the anode voltage between the anode current collector and RE and the cathode 

voltage between the cathode current collector and RE should yield their separate and respective 

voltage measurements. Therefore, the difference between these two measurements should be a 

close approximation of cell voltage, according to Equation 3.1. 

𝑅𝐸 𝐷𝑖𝑓𝑓 = 𝐸𝐶𝐴𝑣.  𝑅𝐻𝐸 − (−𝐸𝐴𝑁 𝑣. 𝑅𝐻𝐸)       Equation 3.1 

RE Diff will be used as an abbreviation to refer to Equation 3.1. A comparison between the RE 

Diff, Eq. 3.1, and Ecell, Eq. 2.15, is used to assess the RE performance meeting the criteria for 

designing a RE, Criteria (3) and (4), on pg. 23. One comparison method is analysis by modelling 

the data in a parity plot and assessing the fit of the linear regression model to determine how well 

the RE experimental data can be used as a prediction of the cell voltage measured at the current 

collectors. The parity plot was analyzed using the Analyze-It Toolpack in Excel and a lack of fit 

test was performed to assess the model adequacy.  
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3.3. PEM Electrolyzer Test Station  

A test station was designed in the Peppley Laboratory to study the performance of PEME and 

assess the performance of the RE as implemented in the test cell. The test station was organized 

into the following subsystems: water feed system, heating and temperature control system, and 

electrical and data acquisition system. A diagram of the test station is shown in Figure 3.4. This 

test station was designed to perform at operating temperatures between 25oC and 100oC for an 

inlet water feed between 0 - 10 ml.ml-1, as comparable with literature [33]. The operating voltage 

and current was selected between 0.00 - 3.00V and up to 132A to observe the activation and ohmic 

operating region in a polarization curve for multiple PEMEs with different active area sizes. 
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Figure 3.4: Diagram for PEME test station 
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3.3.1. Water Feed System 

A 20L polypropylene water reservoir was used to store 18.2MΩ-cm water obtained from a 

Millipore Water Purification System in Queen’s Bioscience Laboratories. A second water 

reservoir was placed into a water bath heater to bring the water to cell temperature, prior to feeding 

the inlet water to the cell. The water bath and reservoir was elevated above the pumps to ensure 

adequate pump head. Polytetrafluoroethylene (PTFE) tubing measuring 3.18mm OD, 1.45mm ID, 

and 1m length was used to deliver water to the cell. A 45-micron frit was attached to the water 

inlet tubing to prevent particulates from entering the cell. Two Waters high-pressure liquid 

chromatography pumps (HPLC) (Model #515) were used to create the water feed system, as per 

Figure 3.5(a). The pump flow rate capabilities were between 0.001ml.min-1 and 10.000ml.min-1, 

are precise to 0.001ml.min-1, and accurate to ±1.0% of the flow rate and operating pressure.  
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Figure 3.5: Schematic of (a) water feed system arrangement (b) water feed direction based on the FFP configuration, shown in 

co-current flow direction. 
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Swagelok stainless steel (SS) quick-connect 6.35mm OD and PTFE tubing were used to connect 

one HPLC pump to the bottom inlet of the anode side of the cell, as per Figure 3.5 (b). Connecting 

the inlet water feed line to the bottom port of the PEME allows gas bubbles to escape out the top 

outlet. The anode outlet was fitted with another SS quick-connect and PTFE tubing for the outlet. 

The second HPLC pump was connected to the cathode in the same fashion. The products, 

hydrogen and oxygen, are flammable and explosive, if not handled properly. PTFE tubing was 

used to direct all product gases to the fumehood.  

A tee was inserted to the inlet to the cathode to permit a feed of hydrogen to the cathode for the 

parametric study performed at low current density and low temperature. A manual valve and flow 

meter was connected with PTFE tubing and SS Swagelok fittings to control the rate of hydrogen 

flow.  

Pump water feed rates were set and controlled via the pump interface. The pumps were primed, 

purged, and calibrated. If the pumps were not operated for a period longer than two days, the 

pumps were recalibrated using the prime, purge, and calibration pre-sets, and nitrogen-bubbled-

methanol was purged through the pump to clean the check valves. The check valves were replaced 

if the pump calibration changed significantly. These check valves were replaced once over two 

years and after the completion of the parametric studies discussed below.  

3.3.2. Heating and Temperature Control Systems  

A Digi-sense temperature controller (Model 68900-01) and thermocouple (K type) were used to 

control the cell temperature between 40oC and 100oC using two 5mm pencil heating rods. These 

two heating rods were inserted into pre-manufactured slots in each endplate and secured with 

setscrews. The temperature sensor of the temperature controller was inserted in between the 
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hardware endplates, parallel to the pencil heating rods and on top of the anode FFP, shown in 

Figure 3.7 (a), below. This location was selected for its in-plane proximity to the anode FFP feed 

outlet and was within 2cm to verify the cell temperature was precisely controlled ±2oC. Inlet feed 

water was heated to cell temperature using a water reservoir placed in a heating bath. The water 

feed was connected to the HPLC pumps tubing by jacketed SS tubing preheated to cell temperature 

to minimize heat loss. 

3.3.3. Electrical and Data Acquisition System 

An Agilent Datalogger (Model 34970A) Data Acquisition/Switch unit (DAQ) was used to monitor 

and record temperatures and voltages. The DAQ unit was also programed to send a signal to 

disconnect the heating rod power supply if the cell temperature increased 20oC past the set 

temperature, seen in Figure 3.6. 
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Figure 3.6: Temperature controller 5V relay switch and power supply 
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The cell circuit was created by connecting the anode current collector to a Bipolar Operational 

KEPCO power (±20V output/input) using 14AWG wire and SS washers, bolts, and nuts. A 50mV 

shunt, capable of operation to 10A, was connected in series with the cathode current collector, 

seen in Figure 3.7. The shunt was connected to the power supply to complete the circuit. The DAQ 

was connected in parallel to the shunt to monitor the current passing through the circuit and Ohm’s 

Law was used to calculate the current. A Sorensen Programmable DC Power Supply (Model 

XHR7.5-130) was later installed to increase the current density operating range from 20A to 130A. 

The Sorensen Power Supply restricted the voltage operating range from 20V to 7.5V, but was still 

well outside the operating limits of a PEME. A Fluke Multimeter (Model 8840A) was used to 

confirm the values recorded by the DAQ unit and the shunt. 
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Figure 3.7: (a) Image of PEME circuit, (b) diagram of electrical and analysis systems (outlined in green) and temperature and 

heating control systems (outlined in red) 

3.4. Performance Testing and Analysis for PEME  

Potentiostatically-controlled polarization measurements were made for the applied potential range 

between 1.30V and 2.60V. The step size was increased at increments of 0.05V and held for a 

minimum of 240s to allow the cell to reach steady-state. The DAQ and the Benchlink ® was used 

to record the measured voltages of the cell, anode, cathode, and the current density at 10-second 

intervals. 

3.4.1. Polarization Curve for PEME 

A potentiostatically-controlled polarization curve was conducted for the applied potential range 

between 1.30V and 2.60V. The step size was increased at increments of 0.05V and held for a 

minimum of 240s to acquire sufficient data after allowing the cell to reach a steady-state. The 

DAQ and the Benchlink ® was used to record the measured voltages of the cell, anode, cathode, 

and the current density at 10-second intervals.  

3.4.2. First Parametric Study  

The first parametric study was performed for three water feed rates: 3, 6, 9ml.min-1, and 

temperatures: 40ºC, 60ºC, and 80ºC. A polarization curve was performed for each set of conditions 

and recorded using the DAQ. This experiment served to observe the performance of the RE 

compared to the cell voltage for the water feed rates and temperatures. The order of experiments 

in the parametric study was randomized to avoid systematic biasing. Each of the nine experiments 

were duplicated to ensure reproducibility of the results. 
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3.4.3. Second Parametric Study 

A second parametric study was performed for low current density operating conditions to 

investigate that the RE was adequately polarized when hydrogen production is restricted. The 

PEME was operated in the activation controlled region at <0.05A.cm-2, low temperature, 40oC, 

and low water feed rate, 1ml.min-1 [33, 65]. The cathode was externally supplied hydrogen as 

controlled by gas flow meter and connected by junction at the cathode water feed inlet. Three 

polarization curves were recorded by the DAQ at three hydrogen feed rates: 0ml.min-1, 10ml.min-

1, and 48ml.min-1. The hydrogen feed rate of 48ml.min-1 was calculated using the 1.00A.cm-2 to 

determine the amount of hydrogen needed to polarize the RE at a moderate current density, given 

in the Appendix. 

3.4.4. Resistance Measurements for MEA Components Using EIS  

A Solartron (1287/1260) impedance analyzer was used to perform a series of EIS experiments in 

galvanostatic mode. The programs Z-plot® and Z-view® were used to perform the impedance 

analysis and analyze the results. A 25mV-amplitude AC signal on a 1.7A DC current was applied 

for the frequency from 10,000Hz to 0.1Hz for the spectra. The stability and linearity of the spectra 

were checked using the Z-plot ® software, which applies the Kramers-Kronig analysis to the 

Nyquist plot and assess data quality [30]. The equivalent circuit models were used to fit the 

impedance spectra. 
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Chapter 4. Results and Discussion 

4.1. Conditioning for Membrane Electrode Assembly 

Conditioning serves to humidify the polymer membrane and is associated with increased 

performance in PEMEs and PEMFCs. It has been suggested that MEA conditioning increases the 

number of proton conducting channels and, consequently, accessibility to the number active 

catalyst sites [66]. It has also been suggested that conditioning can increase the spatial electrical 

contact between the MEA components of PEMEs [67]. Additionally, the conditioning period 

would serve to protonate the SPE, thereby allowing the presence of hydrogen to polarize the RE. 

The 6.25cm2 active area PEME was conditioned at 6ml.min-1 water feed rate and 60oC to ensure 

that the MEAs achieved the current density of 1.00A.cm-2 at 1.70V. Often, the measured voltage 

of PEMEs and PEMFCs are compared at 1.00A.cm-2 in literature [31, 38]. From this point forward, 

the 1.70V applied voltage measured at 1.00A.cm-2 will be referred to as the benchmark 

voltage/current density. The operating conditions for the potentiostatic conditioning was selected 

at the midway operating conditions of the parametric study at 6ml.min-1 and 60oC. Operation at 

the benchmark voltage served as a sufficient point of comparison to confirm that the PEME 

operation was at steady state and was comparable to literature. At 1.00A.cm-2, the PEME was 

calculated to consume less than 1.8x10-2 g H2O.min-1 to produce 3.5x10-2 g H2.min-1, as calculated 

by Faraday’s Law with sample calculations, given in the Appendix. The fraction of water 

consumed during the electrolysis process is substantially less than the inlet water feed rate at 

6ml.min-1 and, therefore, the SPE is considered sufficiently hydrated after the conditioning process 

and during the parametric study.  
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The conditioning periods were repeated between different MEAs to verify repeatable and 

comparable results between reproduced parametric studies. The criteria for attaining steady-state 

operation during cell conditioning occurred when the rate of change over time converged to 

~0.00mA.cm-2.hr-1 at the benchmark current density. For one conditioning period, this began to 

occur at 490s at 1.69V and 1.03A.cm-2, where the rate of change of the current density with respect 

to time was 12.4mA.cm-2.hr-1. This rate of change of current density decreased to 2.62mA.cm-2.hr-

1 after 60 minutes of conditioning and was deemed steady state, shown in Figure 4.1.  

 

Figure 4.1: Times series graph showing current density convergence to 12.4mA.cm-2.hr-1 and PEME operation at steady-state  

4.2. Performance of Reference Electrode in First Parametric Study  

Steady state polarization curves were performed at three water feed rates: 3, 6, and 9 ml.min-1 and 

three operating temperatures: 40, 60, and 80oC, as shown in Figure 4.2 (a)-(i), below. Two regions 

were investigated for the polarization curves: the activation region (0.00 – 0.50A.cm-2) and the 

ohmic region (0.50 – 1.00 A.cm-2). A mass transport region was not observed for the PEME 

polarization curves and is consistent with literature [12]. Measurements were excluded for 70 

seconds (7 time intervals) following a change in applied voltage to ensure the RE measurements 

0.70

0.75

0.80

0.85

0.90

0.95

1.00

1.05

1.10

0.0 20.0 40.0 60.0 80.0

C
u
rr

en
t 

D
en

si
ty

 [
A

.c
m

-2
]

Time [mins]



   

 44  

were at steady-state. The polarization curves were potentiostatically controlled between 1.30V and 

up to 2.60V. This methodology (Section 3.4.1 on pg. 40) was selected because the cell temperature 

was difficult to control due to internal cell heating, after applying voltages larger than 2.60V. The 

cell operating temperature at 40oC was the most sensitive to internal cell heating, as seen in Figure 

4.2 (d), where the measurement at 2.60V could not be included for this reason. Applied voltage 

was the controlled variable and current density was the dependent variable. It is, however, the 

convention of PEM electrolyzer literature to graph current density on the x-axis and applied 

voltage on the y-axis. 
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Figure 4.2: Parametric study results for at temperatures: 40, 60, and 80oC, (columns) and water feed rates: 3, 6, and 9 ml.min-1, (rows). The randomized pairing order of water 

feed rate and temperature for this iteration of the parametric study was (6, 60), (9, 40), (3, 60), (3, 40), (6, 60), (9, 80), (9, 60), (3, 80), and (6ml.min-1, 80oC).
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The parity plot in Figure 4.3 (below) was used to demonstrate the RE prediction of the cell voltage. 

The confidence intervals for the parity plot were calculated using the replicate polarization data 

given in Figure 4.2, where each measurement of the applied cell voltage using the RE was 

considered a replicate at that specific point. An example of this is a replicate of the RE 

measurement of 1.45V for each operating temperature and water feed rate, as well as for the 

duplicated parametric study.  Then, confidence interval was calculated using Equation 4.1: 

𝑥 ± 𝑡𝛼
2
,𝑛−2 (

𝜎

√𝑛
)           Equation 4.1 

where x is the output by prediction model (Equation 4.2) of RE Diff measurement of the applied 

cell voltage, n is the number of replicated samples, 𝑡𝛼
2
,𝑛−2 is the critical value of the t-distribution, 

and 𝜎 is the standard deviation.  

Least squares estimates of the y-intercept, �̂�0, and slope, �̂�1, were calculated for the simple linear 

regression. The confidence intervals, standard error, and test statistic were used to determine if the 

parameter estimate was statistically different than 0.000 according to hypothesis test. 
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Figure 4.3: Parity plot for first parametric study to compare response of RE measurements to cell voltage. Conducted at water 

feed rates: 3, 6, and 9ml.min-1 and temperatures: 40, 60, and 80oC. The 95 % confidence intervals are graphed as red dashed 

lines. 

Linear regression was used to model the RE Diff response with respect to the cell voltages and is 

given in Equation 4.2. The model of the RE Diff measurement of the anode and cathode voltages 

was observed to increase as cell voltage increased, proportionally. The expected value for this 

proportional increase is modelled by a slope parameter equal to 1.000, as an indication that the RE 

is affected by the operating conditions to the same degree that the cell potential is also affected by 

these operating conditions.   

𝑅𝐸 𝐷𝑖𝑓𝑓 = 0.987(𝐶𝑒𝑙𝑙 𝑉𝑜𝑙𝑡𝑎𝑔𝑒) + 0.002     Equation 4.2 (a) 

𝑅𝐸 𝐷𝑖𝑓𝑓 = 0.987(𝐶𝑒𝑙𝑙 𝑉𝑜𝑙𝑡𝑎𝑔𝑒)      Equation 4.2 (b) 
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Table 4.1: Parameter estimates for Equation 4.2 for RE Diff with respect to Cell Voltage and using Figure 4.3 

Parameter Estimate 

95% Confidence 

Interval 

Standard 

Error 

Degrees of 

Freedom 

t0 

statistic 

p-value 

Eq. 4.2 (a): Y-intercept 0.002 -0.083 to 0.087 0.043 99 0.047 <0.0001 

 

Eq. 4.2 (a): Slope 0.987 0.942 to 1.031 0.022 99 44 <0.0001 

Eq. 4.2 (b): Slope 0.987 0.942 to 1.031 0.022 99 44 <0.0001 

 

The 95% confidence interval for the y-intercept parameter encloses the range -0.083 to 0.087. A 

hypothesis test using the t0 statistic from Table 4.1 was compared to the critical t-value and 

indicates that the y-intercept is not statistically different than 0.000 at the 5% significance level. 

Therefore, the y-intercept was removed from Equation 4.2.  

The 95% confidence interval for the slope parameter encloses the range: 0.942 to 1.031 and the 

slope was confirmed to be statistically different than 0.000, according to the hypothesis test. The 

critical value of t was determined at the 5% significance level. Since the expected value of 1.000 

occurs in the confidence interval range, the RE Diff measurement of the cell voltage can serve to 

measure the anode and cathode voltage. Residuals were graphed against the experimental factors 

in Figure 4.4.  
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Figure 4.4: Residual plot for first parametric study and Equation 4.2. Conducted at water feed rates: 3, 6, and 9ml.min-1 and 

temperatures: 40, 60, and 80oC  

A lack of fit test was performed using the replicate polarization curves acquired for the first 

parametric study. This statistical analysis enables an assessment of Equation 4.2 by determining if 

the mean sum of squares error variance is reflective of the true random error in the data. The pure 

error variance was calculated using the pooled pure error variance of the replicate sets and used to 

assess the model adequacy with the information from Table 4.2.  
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Table 4.2: Analysis of variance table for the first parametric study conducted at water feed rates: 3, 6, and 9ml.min-1 and 

temperatures: 40, 60, and 80oC. Results are used to assess model adequacy of Equation 4.2 using lack of fit test 

Source of 

Variation 

Degrees of 

Freedom 
Sum of Square Mean Square F-value 

Regression 1 22.9 22.9 0.571 

Residual Error 106 14.5 0.137  

Lack of Fit 7 13.8 1.98 319 

Pure Error 99 0.614 0.006  

The F-statistic for the lack of fit test was calculated at the 5% significance level and compared to 

the critical value F, f0.05, 7, 99, which was 2.103. Since the F-statistic for the lack of fit test was 319 

and larger than f0.05, 7, 99, the null hypothesis was rejected, indicating that model is adequate to 

model the trends of the data set. This statistical analysis confirms that the RE predicts the cell 

voltage for the operating range at the 5% significance level and the expected value of 1.000 is 

contained in the 95% confidence interval between 0.942 and 1.031. Therefore, the RE is affected 

to the same degree as the cell voltage and meets Criteria (3), given on pg. 23, above [47, 20]. 

4.3. Performance of Reference Electrode in Second Parametric Study 

A second parametric study was conducted at a low current density (0.04 A.cm-2), low temperature 

(40oC), and low water feed rate (1ml.min-1). One significant concern with regards to the 

performance of the RE is sufficient hydrogen production to polarize the RE, especially since 

hydrogen production is restricted at low current density operation by OER catalyst performance 

[65]. Therefore, this parametric study investigated the performance of the RE with and without an 

external hydrogen supply to the cathode, for the specified operating conditions. Three hydrogen 
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feed rates were selected for the study: 0, 10, and 48ml.min-1 and were externally fed to the cathode. 

Results are graphed in Figure 4.5.  

 

 

Figure 4.5: Polarization curves conducted at 40oC and 1ml.min-1 water feed rate to each electrode to observe influence of 

externally fed hydrogen (0, 10, and 48 ml.min-1) to the cathode 

Parity plots were used to demonstrate the RE predicted the cell voltage in Figure 4.6 (a), (b), and 

(c). The models of the parity plots are given in the following Figure 4.6 (a), (b), and (c). The 

residuals are shown in Figure 4.6 (d), (e), (f).  
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Figure 4.6: Parity plots for low current density operation/low temperature operation of the second parametric study of RE 

measurements conducted at three hydrogen feed rates of 0, 10, and 48ml.min-1. Conducted at water feed rate of 1.0min-1 and the 

temperature: 40oC. The 95% confidence interval are shown as red dashed lines. 

The equations that correspond to Figure 4.6 (a), (b), and (c) are Equation 4.3, 4.4, and 4.5, 

respectively. The parameter estimates are given in Table 4.3, Table 4.4, and  
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Table 4.5, respectively. The RE Diff prediction model was estimated in Equation 4.3 for the 

experiment conducted at an externally fed hydrogen feed rate of 0ml.min-1. 

Model: 𝑅𝐸 𝐷𝑖𝑓𝑓 = 1.001(𝐶𝑒𝑙𝑙 𝑉𝑜𝑙𝑡𝑎𝑔𝑒) − 0.011     Equation 4.3 

Table 4.3: Parameters estimates for Equation 4.3 shown in Figure 4.6 (a), hydrogen feed rate to cathode: 0ml.min-1 

Parameter Estimate 

95% Confidence 

Interval 

Standard 

Error 

Degrees of 

Freedom 

t0 

statistic 

p-value 

Eq. 4.3: Y-intercept  -0.011 -0.016 to -0.006 0.013 130 3.13 <0.0001 

Eq. 4.3: Slope 1.001 0.997 to 1.004 0.008 130 120 <0.0001 

 

The y-intercept was estimated as -0.011 with a confidence interval between -0.016 and -0.006 and 

does not enclose 0.000. According to the hypothesis test, a test-statistic of t0 = 3.13 is larger than 

the critical t-value at t0.05,130 = 1.978 suggests that there is sufficient evidence that the y-intercept 

is statistically different than 0.000 at the 5% significance level, so the intercept was kept in the 

model.  

The experiment conducted at an externally fed hydrogen feed rate of 0ml.min-1 was observed to 

have a slope of 1.001 for the RE Diff prediction model. The 95% confidence intervals enclosed 

0.997 to 1.004 and encloses the expected value of 1.000. Since the model slope confidence 

intervals contains 1.000, the RE Diff measurement of the cell voltage can serve as a practical 

application to measure the anode and cathode voltages, even without an externally fed hydrogen 

supply. 

The RE Diff prediction model was estimated in Equation 4.4 for the experiment conducted at an 

externally fed hydrogen feed rate of 10ml.min-1. 
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Model: 𝑅𝐸 𝐷𝑖𝑓𝑓 = 0.980(𝐶𝑒𝑙𝑙 𝑉𝑜𝑙𝑡𝑎𝑔𝑒) + 0.024      Equation 4.4 

Table 4.4: Parameters estimates for Equation 4.4, shown in Figure 4.6 (b), Hydrogen feed rate to cathode: 10ml.min-1 

Parameter Estimate 
95% Confidence 

Interval 

Standar

d Error 

Degrees of 

freedom 

t0 

statistic 

p-

value 

Eq. 4.4: Y-intercept 0.024 0.019 to 0.029 0.012 130 3.16 0.8231 

 

Eq. 4.4: Slope 0.980 0.977 to 0.983 0.008 130 126 <0.0001 

 

The intercept parameter was calculated to be 0.024 with a 95% confidence interval between 0.019 

and 0.029. The y-intercept was kept in Equation 4.4 because the confidence interval does not 

enclose 0.000. A hypothesis test was also used to confirm that the intercept was statistically 

different than 0.000, as calculated at the 5% significance level. 

The slope parameter of Equation 4.4 was calculated as 0.980 with the 95% confidence interval 

ranging from 0.977 to 0.983. The 95% confidence interval does not enclose the expected true mean 

of 1.000. Since the model has a slope that is in close proximity to 1.000, the model can be used to 

demonstrate that the RE can serve as a practical approximation of the cell voltage at low current 

density with an externally fed hydrogen supply.  

The RE Diff prediction model was estimated in Equation 4.5 for the experiment conducted at an 

externally fed hydrogen feed rate of 48ml.min-1. 

Model: 𝑅𝐸 𝐷𝑖𝑓𝑓 = 0.984(𝐶𝑒𝑙𝑙 𝑉𝑜𝑙𝑡𝑎𝑔𝑒) + 0.006     Equation 4.5 (a) 

Model: 𝑅𝐸 𝐷𝑖𝑓𝑓 = 0.988 (𝐶𝑒𝑙𝑙 𝑉𝑜𝑙𝑡𝑎𝑔𝑒)      Equation 4.5 (b) 
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Table 4.5: Parameters estimates for Equation 4.5, shown in Figure 4.6 (c), Hydrogen feed rate to cathode: 48ml.min-1 

Parameter Estimate 

95% Confidence 

Interval 

Standard 

Error 

Degrees of 

Freedom  

t0 

statistic 

p-value 

 Eq. 4.5 (a): Y-intercept 0.006 -0.011 to 0.023 0.042 130 0.225 <0.0001 

 

Eq. 4.5 (a): Slope 0.984 0.974 to 0.995 0.027 130 129 <0.0001 

 

Eq. 4.5 (b): Slope 0.988 0.977 to 0.999 0.027 130 129 <0.0001 

 

The intercept parameter was determined to be 0.006 and occurs in the 95% confidence interval 

between -0.011 and 0.023. Since the confidence interval encloses 0.000, the parameter was 

removed from the model and the slope was recalculated. Analysis by a hypothesis test confirms 

that that the y-intercept was not statistically different from 0.000. 

The slope parameter was recalculated as 0.988 in Equation 4.5 (b) and has a 95% confidence 

interval between 0.977 and 0.999. The confidence interval does not enclose the expected value of 

1.000 for the slope parameter, so this suggests that the model slightly underestimates the cell 

voltage when 48ml.min-1 of hydrogen is externally fed to the cathode. However, the close 

proximity of the slope parameter to 1.000 indicates that the RE can be used as an approximated 

measurement of the anode and cathode voltage with an external hydrogen supply at 48ml.min-1.  

The distribution of the residuals in Figure 4.6 (d)-(f), on pg. 52, suggest bubble formation and 

release at the PEME electrodes. The magnitudes of the residuals are less than 0.015 for all three 

graphs. Random outliers in the residuals may have resulted from two-phase disturbance and non-

uniform blanketing of the catalyst active area. Additionally, the variability of the experiment 

operated at 48ml.min-1 hydrogen feed rate, Figure 4.6 (f), and the large external hydrogen feed 

may have disturbed the polarization of the RE Diff measurements. This may have resulted from 
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the magnitude of the external hydrogen feed rate at 48ml.min-1 exceeding the hydrogen production 

at the cathode, which would have been less than 1ml.min-1. Therefore, the lack of fit test is essential 

for confirming the model adequacy.  

A lack of fit test was also performed using the replicate polarization curves acquired for the second 

parametric study. This statistical analysis serves to asses the model fit of Equation 4.6, which is a 

combination of the polarization curve data collected at low current density data from the second 

parametric study.  

𝑅𝐸 𝐷𝑖𝑓𝑓 = 0.988(𝐶𝑒𝑙𝑙 𝑉𝑜𝑙𝑡𝑎𝑔𝑒) + 0.006     Equation 4.6 (a) 

𝑅𝐸 𝐷𝑖𝑓𝑓 = 0.992(𝐶𝑒𝑙𝑙 𝑉𝑜𝑙𝑡𝑎𝑔𝑒)      Equation 4.6 (b) 

Table 4.6: Parameters estimates for Equation 4.6, shown in Figure 4.6 (a), (b), and (c), Hydrogen feed rate to cathode: 0, 10, 

and 48ml.min-1 

Parameter Estimate 

95% Confidence 

Interval 

Standard 

Error 

Degrees of 

Freedom 

t0 

statistic 

p-value 

Eq. 4.6 (a): Y-intercept 0.006 -0.023 to 0.035 0.015 130 0.403 <0.0001 

 

 Eq. 4.6 (a): Slope 0.988 0.969 to 1.007 0.009 130 66.5 <0.0001 

 Eq. 4.6 (b): Slope 0.992 0.974 to 1.011 0.009 130 66.7 <0.0001 

 

The 95% confidence interval for the y-intercept parameter occurs for the range from -0.023 to 

0.035 and encloses 0.000. Confirmation by a hypothesis test suggests that the y-intercept is not 

statistically different than 0.000 at the 5% significance level. Therefore, the y-intercept was 

removed from Equation 4.6 (a) and the slope was recalculated.  
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The 95% confidence interval for the slope parameter encloses the range 0.974 to 1.011 and the 

slope was confirmed to be statistically different than 0.000 according to the hypothesis test. The 

confidence interval for the slope encloses the expected value of 1.000, demonstrating that the RE 

Diff predicts the cell voltage at low current density. The RE can serve as a practical application to 

measure the anode and cathode voltage.  

The pure error variance was calculated using the pooled pure error variance of the replicate sets, 

along with the information from Table 4.7, was used to assess the model adequacy. 

Table 4.7: Analysis of variance table for the first parametric study conducted at a water feed rate of 1.min-1 and temperature of 

40oC. Results are used to assess model adequacy of Equation 4.6(b) using lack of fit test. 

Source of 

Variation 

Degrees of 

Freedom 
Sum of Square Mean Square F-value 

Regression 1 14.749 14.749 20.5 

Residual Error 154 0.719 0.005  

Lack of Fit 24 0.709 0.030 382 

Pure Error 130 0.010 8.0x10-5  

Total 155 15.468   

The F-statistic for the lack of fit test was calculated at the 5% significance level and compared to 

the critical value, f0.05, 24, 130, at 1.601. Since the F-statistic for the lack of fit test was 382 and larger 

than f0.05, 24, 130, the null hypothesis was rejected, which indicates that model fit is adequate. This 

statistical analysis confirms that the RE predicts the cell voltage for the low current density 

operating range at the 5% significance level. The results of this parametric study demonstrate that 

the RE was supplied with sufficient hydrogen to achieve a stable equilibrium and standard 

potential to satisfy criteria (4), on pg. 23, with accuracy and precision at low current density.  
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4.4. Interpretation of PEME Electrode Behaviour Using Reference 

Electrode 

The RE was used to investigate electrode behaviour from the first parametric study at three selected 

current densities and the corresponding voltages. The current densities were: 0.15A.cm-2, in the 

activation controlled region, 1.00A.cm-2, the benchmark current density commonly used for 

comparison in literature [38, 34, 68] and 1.35A.cm-2, in the ohmic controlled region of the 

polarization curve. A linear interpolation was used to approximate the voltage if the measurement 

did not occur at the selected current densities of observation. This is a reasonable assumption for 

the linear trend of the ohmic controlled operating region [69]. Voltage measurements in close 

proximity were used to calculate an approximate linear interpolated value for comparison and to 

minimize underestimating the activation controlled operating voltage. 

4.4.1. Interpreting Water Feed Rate Effects on PEME Electrodes 

Figure 4.2 (g), (h), and (i) was used to analyze of the effect of water feed rate on the cell, anode, 

and cathode voltages at 40oC. Voltages are given in Table 4.8 and graphed in Figure 4.7 at each 

water feed rate, below.  

Table 4.8: Cell, anode, and cathode voltages at three current densities (0.15, 1.00, 1.35A.cm-2)and three water feed rates of 3, 6, 

and 9 ml.min-1and the temperature at 40oC. 

40oC 0.15A.cm-2 1.00 A.cm-2 1.35A.cm-2 

water feed 

rate 

[ml.min-1] 

Cell 

[V] 

Anode 

[V] 

Cathode 

[V] 

Cell 

[V] 

Anode 

[V] 

Cathode 

[V] 

Cell 

[V] 

Anode 

[V] 

Cathode 

[V] 

3 1.62 1.60 0.06 2.41 1.91 0.50 2.60 2.09 0.59 

6 1.59 1.54 0.05 2.22 1.83 0.38 2.47 1.96 0.47 

9 1.60 1.57 0.05 2.29 1.86 0.41 2.51 1.96 0.53 
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Figure 4.7: Comparison of cell, anode, and cathode voltages at three water feed rates (3, 6, and 9ml.min-1) at 40oC 

An increase in water feed rate between 3ml.min-1 and 6ml.min-1 was observed to decrease the 

anode voltage and it is suggested that water feed rate increased the delivery of reactant to the 

catalyst site, leading to decrease potential to drive the reaction. However, the increase in water 

feed rate between 6ml.min-1 and 9ml.min-1 lead to an increase in anode voltage. It is possible the 

catalyst sites were blanketed by the excess water.  

At 0.15A.cm-2, the anode voltage was measured to dictate the cell voltage and is attributed to the 

slow reaction kinetics associated with the OER under activation controlled conditions. These 

results agree with literature for the anode voltage being several orders in magnitude larger than the 

cathode voltage, leading to the assumption that the cathode voltage is negligible given its fast 

reaction kinetics [14, 20, 21]. The anode voltage was measured as several orders larger than the 

cathode. Similarly, the cathode voltage contributed to less than 5% of the cell voltage, which is 

reaffirmed by literature [38, 42]. Assuming the cathode voltage is zero and negligible will have 

minimal repercussions on electrode analysis.  

Voltage Legend 
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According to Figure 4.7 (b) 1.00A.cm-2 and (c) 1.35A.cm-2, above, the anode and cathode voltages 

were observed to decrease between 3 and 6ml.min-1 and increase or plateau between 6 and 

9ml.min-1. Similar to the activation controlled region, these results can be partly attributed to an 

increase in reactant delivery (between 3-6ml.min-1) and excess reactant blocking the catalyst site 

(between 6-9ml.min-1).  

The rate of reaction for ohmic controlled operating conditions is dictated by proton conductivity 

of the SPE [36]. Increasing water feed rate would be expected to increase membrane hydration 

and improve contact and adhesion of the MEA conductive support network [41]. As such, the 

electrode voltages would be anticipated to decrease with water feed rate because less potential 

would be required to drive the reaction rate. A larger improvement in cathode performance was 

observed with increasing water feed rate.  

Most importantly, the cathode performance was observed to contribute up to 22% of the cell 

voltage. Assuming that the cathode voltage is negligible under ohmic controlled conditions could 

inhibit precise observation of the individual electrode measurements and their corresponding 

variability. Therefore, the RE is highly applicable and necessary when investigating electrode 

behaviour under ohmic controlled conditions. 

4.4.2. Interpreting Temperature Effects on PEME Electrodes  

Figure 4.5 (g), (h), and (f) were used to investigate the electrode behaviour of the PEME at 

3ml.min-1 and for the temperatures: 40, 60, and 80oC. The same three points of current density 

discussed above (0.15, 1.00, 1.35A.cm-2), were used to compare the electrode behaviour. The 

voltages are summarized in Table 4.9 and graphed in Figure 4.8. 
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Table 4.9: Cell, anode, and cathode voltages at 3ml.min-1 water feed rate, temperatures of 40, 60, and 80oC and current densities 

of 0.15, 1.00, and 1.35A.cm-2.  

3ml.min-1 0.15A.cm-2 1.00 A.cm-2 1.35A.cm-2 

Temperature 

[oC] 

Cell 

[V] 

Anode 

[V] 

Cathode 

[V] 

Cell 

[V] 

Anode 

[V] 

Cathode 

[V] 

Cell 

[V] 

Anode 

[V] 

Cathode 

[V] 

40 1.62 1.60 0.06 2.41 1.91 0.50 2.60 2.09 0.59 

60 1.55 1.51 0.04 2.11 1.79 0.31 2.42 1.91 0.47 

80 1.52 1.51 0.05 1.98 1.72 0.23 2.29 1.88 0.38 

 

 

Figure 4.8: Cell, anode, and cathode voltages at three temperatures 40, 60, and 80oC, and a water feed rate of 3ml.min-1 

For the activation controlled conditions, an increase in cell temperature was observed to decrease 

the required electrode potentials to drive the reaction, agreeing with Butler Volmer reaction 

kinetics [38, 42, 53, 70]. The anode voltage was several orders larger than the cathode voltage in 

Figure 4.8 (a) and dictated the rate of reaction for requiring more potential to drive its slow reaction 

kinetics. The cathode voltage was negligible agreeing with literature [14, 20, 21]. Assuming the 

cathode voltage is negligible for activation controlled conditions will have minimal repercussions 

on electrode analysis. 

Voltage Legend 
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An increase in temperature was observed to decrease the electrode voltages for ohmic controlled 

operating conditions. These results are attributed to an increase in reactions kinetics at the anode 

and cathode and an increase in SPE proton conductivity, contributing to an improvement in anode 

and cathode performance. Similar to the results observed for changing water feed rate, the cathode 

voltage contributed to upward to 22% of the cell voltage and should not be considered negligible 

to avoid imprecise electrode voltage observation. These results demonstrate that electrode catalyst 

behaviour and SPE performance can be obscured and conflated when the cell voltage is used as 

the sole measure of PEME performance. Therefore, the RE is highly applicable and necessary 

when investigating electrode behaviour under ohmic controlled conditions.   

4.4.3. Investigating Reaction Mechanisms for Activation Controlled Operation  

The Tafel slopes were graphed in Figure 4.9 for the first parametric study conducted at 

temperatures 40, 60, and 80oC, at 9ml.min-1 water feed rate, and activation controlled operation.  
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Figure 4.9: Tafel equations for the cell, anode, and cathode voltages at 40, 60, 80oC, and at 9ml.min-1.  

Tafel slopes were fitted between 1.45V and 1.60V and the equations are summarized in Table 

4.10.  
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Table 4.10: Legend of Tafel equations for the cell, anode, and cathode voltages at 40, 60, 80oC at 9ml.min-1 for Figure 4.9. The 

cell, electrodes, and temperatures are labeled in the corresponding colours and symbols from Figure 4.9. 

Electrode 

and  

Symbol in 

Figure 4.9 

Tafel Equations for Low Current Density: ƞ = Bln(I)  - ln(I0),  R2, 

B=Tafel Slope [mV.dec-1] i0 = exchange current density [A.cm-2] 

40oC 60oC 80oC 

Cell Voltage 

 

 

ƞ = 0.0723log(I) +1.6284 

R² = 0.9438 

B=72.3, i0=3.00x10-23 

 

ƞ = 0.1205log(I)  +1.6285 

R² = 0.9539 

B=120.5, i0=4.74x10-13 

 

ƞ = 0.1808log(I)  + 1.617 

R² = 0.9628 

B=180.8, i0=1.14x10-09 

Anode 

Voltage 

 

 

ƞ = -0.05791log(I)  -1.451 

R² = 0.9383 

B=-57.9, i0=8.70x10-26 

 

ƞ =-0.1075log(I)  -1.594 

R² = 0.9866 

B=-107.5, i0=1.03x10-13 

 

ƞ = -0.1007log(I)  -1.5171 

R² = 0.9587 

B=-100.7, i0=8.60x10-16 

Cathode 

Voltage 

 

 

ƞ = 0.0122log(I)  +0.1257 

R² = 0.8270 

B=12.2, i0=4.97x10-11 

 

ƞ = 0.0259log(I)  +0.0642 

R² = 0.8382 

B=25.9, i0=7.32x10-03 

 

ƞ = 0.0783log(I)  +0.0923 

R² = 0.9667 

B=78.3, i0=6.63x10-02 

The Tafel equation was used to solve for the exchange current density at zero voltage (the intercept 

at the y-axis) for the cell, anode, and cathode. Temperature was observed to increase exchange 

current density, as expected. A larger exchange current density is associated with a rapid rate of 

reaction and a more active catalyst [70, 71]. The cathode exhibited the largest exchange current 

density indicating rapid reaction kinetics for the HER. Comparatively, the anode exhibited the 

smallest exchange current density, confirming that the anode had the slower rate of reaction, a 

larger activation potential, and dictated the cell kinetics [38, 70, 72]. 

When the temperature increased, the Tafel slope increased from 72.3 to 120.5mV.dec-1 and 

120.5mV.dec-1 to 180.8mV.dec-1 for each temperature increase from 40oC to 60oC and 60oC to 
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80oC, respectively. This agrees with expected results for activation controlled polarization for IrOx 

catalysts and the OER [33, 38, 71]. At 40oC, the cell Tafel slope of 72.3mV.dec-1 suggests that the 

RDS is the deprotonation of the oxygen from the catalyst site given in Equation 2.7 for the 

electrochemical oxide path [28, 37]. Knowing that the Tafel slope can be an expression of multiple 

reaction rates, it is also possible that the RDS could be the deprotonation step, Equation 2.10, with 

some contribution from the charge transfer step, Equation 2.9, of the Krasil’shchikov mechanism 

[23, 33, 38].  

Using the RE, the Tafel slopes were determine for the anode and cathode at 57.9mV.dec-1 and 

12.2mV.dec-1, respectively, at 40oC. The small cathode Tafel slope confirms the fast reaction 

kinetics for the HER on the Pt/C catalyst. The anode Tafel slope suggests that the RDS could be a 

combination of desorption of oxygen and deprotonation of oxygen at the catalyst site according 

Krasil’shchikov mechanism [38]. This agrees with literature reporting that oxygen has a strong 

binding strength with IrO2 catalysts and requires a larger potential to release the oxygen [35, 73]. 

It is also possible the RDS is the deprotonation of oxygen according to the electrochemical oxide 

path [28, 33, 37]. 

At 60oC and 80oC the contribution of the cathode voltage was measured as 25.9mV.dec-1 at 60oC 

and doubled to 78.3mV.dec-1 at 80oC, with corresponding cell Tafel slopes of 120.5mV.dec-1 and 

180.8mV.dec-1, respectively. This suggests that the cathode potential was impeded by the cleavage 

of hydrogen from the Pt catalyst site [27, 33, 69]. These results indicate that the RDS is a 

combination of the Volmer reaction step and the Tafel step, consistent with literature [40]. The 

anode Tafel slopes were 107.5mV.dec-1 at 60oC and 100.7mV.dec-1 at 80oC. These anode Tafel 

slopes agreed with literature reporting the Krasil’shchikov mechanism, where the RDS was a 

combination of adsorption of water to catalyst and water deprotonation at the catalyst site by the 
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Krasil’shchikov mechanism, Equation 2.9 and 2.10, [23, 38]. Comparatively, the Tafel slopes 

could also suggest that the RDS was the deprotonation of water by the electrochemical oxide path, 

Equation 2.6 [33, 37, 40, 71]. However, the dependence of the anode’s behaviour on temperature 

suggests parallel electrochemical reactions with two different charge transfer coefficients and 

reaffirms the likelihood of the Krasil’shchikov mechanism [33, 38]. 
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Chapter 5. Conclusion and Recommendations  

A reference electrode (RE) was designed and successfully constructed for a Polymer Electrolyte 

Membrane Electrolyzer (PEME). This RE was designed to collect in-situ performance 

measurements of the anode and cathode separately with accuracy and precision. Its design was 

convenient to implement to avoid making complicated alterations to the membrane electrode 

assembly (MEA), while utilizing hydrogen produced at the PEME cathode to polarize the RE 

surface. A set of criteria was used to assess the performance of the RE based on literature review. 

Two parametric studies demonstrated the fulfilment of these criteria through reproducible and 

stable measurements of the anode and cathode voltages.  

The RE was constructed by inserting a platinum wire into the region of constant potential (RCP) 

at the cathode side of the solid polymer electrolyte (SPE) membrane. The RE was placed in the 

RCP to mitigate the effects of ohmic drop across the MEA impeding the RE signal. This ensures 

the RE adheres to criteria (1), as having a stable potential, and criteria (2), that the RE be in ionic 

contact with the electrolyte also in contact with the electrodes. The platinum wire was selected to 

facilitate the hydrogen evolution reaction (HER) to exploit its fast reaction kinetics. This ensure 

that the RE would consume negligible current during measurement acquisition and mitigate 

measurement bias, necessary to satisfy criteria (2). Pre-test checks confirmed that the RE was 

electrically-isolated before operation, important for criteria (1).  

The first parametric study was conducted at water feed rates of 3, 6, and 9ml.min-1 and at 

temperatures 40, 60, and 80oC. This served to satisfy criteria (3) and demonstrate that the RE was 

only affected by the operating conditions to the same degree that the cell voltage was also affected. 

The difference between the anode voltage vs. RE and cathode voltage vs. RE (referred to as RE 
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Diff) was compared to the cell voltage measured at the current collectors. A parity plot was used 

to model a linear fit of the RE experimental data with respect to the cell voltage, given in Equation 

4.2. The y-intercept was removed because it was not significantly different than 0.000.  

𝑅𝐸 𝐷𝑖𝑓𝑓 = 0.987(𝐶𝑒𝑙𝑙 𝑉𝑜𝑙𝑡𝑎𝑔𝑒)       Equation 4.2 (b) 

A lack of fit test was used to determine that the model was adequate to model the trends at the 

specified temperatures and water feed rates. The RE measurements were stable, reproducible, and 

adhered to criteria (3), in agreement with literature [20].  

A second parametric study was performed at low current density (≤0.04A.cm-2), low temperature 

(40oC), and low water feed rate to the electrodes (1ml.min-1). This study demonstrated that the RE 

placed at the cathode was adequately polarized by hydrogen produced by the cathode and adhered 

to criteria (4). Three hydrogen feed rates at 0, 10, 48ml.min-1 were investigated to observe if an 

externally controlled supply of hydrogen could increase the precision of the RE measurement of 

the cell voltage. Each of the three experiments operated at different hydrogen feed rates to the 

cathode were modelled using a linear regression to observe the variance between each polarization 

curve set. As well, the replicates of the polarization curves operated at low current density were 

combined to model the data according to Equation 4.6 (b).  

𝑅𝐸 𝐷𝑖𝑓𝑓 = 0.992(𝐶𝑒𝑙𝑙 𝑉𝑜𝑙𝑡𝑎𝑔𝑒)       Equation 4.6 (b) 

The y-intercept was removed from Equation 4.6 because it was statistically different than 0.000. 

A lack of fit test confirmed that the model fit was adequate to model the trends of the low current 

density data.  
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An assessment of residuals revealed no significant trends. Results of this second parametric study 

indicated that hydrogen produced internally by the cathode was sufficient to polarize the RE 

accurately at low current density operation, when hydrogen production is restricted. Statistical 

analysis confirmed reproducible and stable results that were sufficient to satisfy criteria (4).  

The practicality of the RE was confirmed by investigating the electrode behaviour during changes 

in water feed rate and temperature, which could not be observed without the RE. For activation 

controlled conditions (0.15A.cm-2), the anode voltage was measured as significantly larger than 

the cathode voltage, consistent with literature [38, 42]. Assuming the cathode voltage is negligible 

during activation controlled conditions would therefore have minimal repercussions on electrode 

analysis for changes in water feed rate or temperature. However, measurement of the electrode 

voltages under ohmic controlled conditions (1.00A.cm-2 and 1.35A.cm-2) indicated that the 

cathode voltage could contribute up to 20% of the cell voltage. Assuming that the cathode voltage 

does not contribute to the cell voltage under ohmic operating conditions could bias the voltage 

measurements and inhibit observation of the anode variability. Therefore, the RE is highly 

applicable and necessary when investigating electrode behaviour, especially under ohmic 

controlled conditions. 

The RE was employed to investigate the rate determining step (RDS) and reaction mechanism by 

calculating the electrode Tafel slopes for activation controlled operating conditions. The cathode 

HER was confirmed to exhibit fast reaction kinetics on the Pt/C catalyst attributed to the small 

Tafel slope, while the anode RDS was suggested as the deprotonation of oxygen at the catalyst site 

in the Krasil’shchikov mechanism [33, 38, 65]. The anode reaction exhibited the largest Tafel 

slope, which confirms the slow reaction kinetics of the oxygen evolution reaction (OER) for 

oxygen binding strongly with iridium oxide catalysts [35, 73]. The anode was also observed to be 
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dependent on temperature. This suggests parallel electrochemical reactions with two different 

charge transfer coefficients and serves as further confirmation of the Krasil’shchikov mechanism 

[33, 38]. Introducing the in-situ RE into the PEME established a third electrode for investigating 

the electrodes behaviour by polarization curves and demonstrated practical, reproducible electrode 

voltage measurements that could not be observed without the use of this RE.  
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Appendix A. Sample Calculations and Supporting Information 

A.1. Sample Calculation for hydrogen feed rate 

The measured current density is proportional to the amount of hydrogen gas, m, (mol H+.s-1) 

produced by the PEME according to Faraday’s Law of Electrolysis, Equation A.1: 

𝑚

𝑀
=

𝐼∙𝑡

𝑧∙𝐹
           Equation A.1 

where m is the mass of product yielded from the chemical deposition (g) and M is the molar mass 

(g.mol-1). These variables are proportional to the current, I (A), time, t (s), and z is equal to the 

number of electrons involved in the half reaction. The voltage 1.70V and 5.60A was selected to 

ensure adequate flow of hydrogen to polarize the RE selected in the ohmic region of the 

polarization curve. The calculations are based on a 60oC cell temperature and 6ml.min-1 water feed 

rate.  

𝑛𝐻2 =
𝐼 ∙ 𝑁

2 𝐹
=

5.60𝐴
𝑐𝑒𝑙𝑙

∙ 1 𝑐𝑒𝑙𝑙

2
𝑒−𝑚𝑜𝑙
𝐻2𝑚𝑜𝑙

∙ 9.64𝑥104  
𝐶

𝑒−𝑚𝑜𝑙

=

5.60𝐴
𝑐𝑒𝑙𝑙

 ∙ 1 𝑐𝑒𝑙𝑙

2
𝑒−𝑚𝑜𝑙
𝐻2𝑚𝑜𝑙

∙ 9.64𝑥104
𝐴 ∙ 𝑠
𝑒−𝑚𝑜𝑙

= 0.000029
𝐻2𝑚𝑜𝑙

𝑠
 

𝑉 =
𝑛𝐻2  ∙ 𝑅 ∙ 𝑇

𝑃
=
0.000029

𝐻2𝑚𝑜𝑙
𝑠  ∙

8.314𝐿 𝑘𝑃𝑎
𝑚𝑜𝑙 𝐾

 ∙ 333𝐾 ∙
60𝑠
𝑚𝑖𝑛  ∙

1000𝑚𝑙
1𝐿 

101.325 𝑘𝑃𝑎
=  48 

𝑚𝑙

𝑚𝑖𝑛
 

A.2. Review of Reference Electrode in 50cm2 Active Area PEME 

An Electrolyzer (Model# EC-EL-50) with 50cm2 active area with a RE was purchased from 

FuelCell.com for the development of a 6.25cm2 active area PEME with a RE, seen in Figure A.1. 
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Figure A.1: Assembled EC-EL-Electrolyzer [74] 

The EC-EL-50 Electrolyzer was deconstructed to make alterations for the MEA, GDL, and 

assembly hardware, such that it would be similar to the 6.25cm2 active area cell hardware. Nafion 

117 or 1110 was recommended by the manufacturer for the membrane with the catalyst containing 

10% Pt/90%IrOx, 50%IrOx, with graphite or titanium felt used for both GDLs, but, Nafion 115 

was used instead because this is common in literature [23], [75], [76]. As well, the silicone gaskets 

between the endplates and FFPs that were provided by the EC-EL-50 Electrolyzer were replaced 

with fluorosilicone gasket to improve durability. Lastly, the manufacturer provided Ti-felt GDL 

for both electrode GDLs. Instead, the cathode GDL was replaced with carbon paper to prevent 

perforation of the MEA and cause a short. An expanded view is shown in  Figure A.2. 
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 Figure A.2: Expanded view of EC-EL-Electrolyzer with alterations shown up to GDL anode side 

The MeasureMind® 3D MultiSensor software package was used to analyze the RE inserted in the 

EC-EL-50 Electrolyzer. The software allowed for the development of a topographical image of 

the RE measuring 6.0mm x 4.5mm in area, with a depth measurement of 0.45mm. The system is 

accurate to ±0.0005mm. The grid settings for the Optical Gauging Products software were set to 

0.00254mm. 

After opening the MeasureMind® software, a new configuration was created to reset the focus. 

The Focus Option was selected under the Laser Menu under the Targets tab and used to focus the 

laser on the 270o point on the edge of the RE face. If the Measuremind® software could not focus 

the laser directly at the 270o point, the system was refocused using the manual joystick. The Axis 

Alignment Buttons were set to zero. After running the routine to confirm the image, the routine 

was saved, and the routine was run with the RE inserted in the cathode FFP in place. It was 

imperative to create a repeatable method to calibrate and align the cell RE using a scaffolding 
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guide to ensure that each image can be compared to the previous. The nominal and tolerances were 

set by selecting the *Nom button. The file was then exported as a SmartReport Export file. Results 

are shown in Figure A.3 and Figure A.4.  

 

Figure A.3: (left) Top view of RE and (right) 3D isometric view of RE in PEME cell with 50cm-2 active area 

 

Figure A.4: (left) Top view of RE and (right) 3D isometric view of RE in 50cm2 active area PEME cathode, showing FFP 

channels 
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A.3. Kinetic Data for EIS Analysis of 50cm2 Active Area PEME 

Table A.1: EIS Results of PEME with RE and the measured resistances, Rmem, Rct, the capacitances for the cell, C, and the 

capacitances for the anode and cathode, CAN and CCA 

PEME with reference electrode (Case 1) 

R mem 0.074 Ohm-cm2 

  

C cathode 17.43 Farad-cm2 

R charge transfer-

cathode 

0.0015 Ohm-cm2 

R charge transfer-

anode 

0.008 Ohm-cm2 

C anode 52.78 Farad-cm2 

 

Table A.2: EIS results for PEME without RE and the measured resistances, Rmem, Rct, the capacitances for the cell, C, and the 

capacitances for the anode and cathode, CAN and CCA 

PEME with no reference electrode (Case 2) 

R mem 0.081 Ohm-cm2 

 

C 32.71 Farad-cm2 

R charge transfer–full cell 0.008 Ohm-cm2 

 

Figure A.5: Nyquist plot showing demonstrating Case with RE presence in PEME 
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Table A.3:  Kinetic parameter data for 50cm2 active area PEME cell 

Tafel Slope [mV.Dec-1] 40ºC 60ºC 80ºC 

Water feed rate 

(Anode /Cathode) 

Cell Anode Cell Anode Cell Anode 

3mL/min/3mL/min 45.2 65.2 48.0 72.1 51.7 72.0 

6mL/min/6mL/min 56.2 68.2 57.6 77.8 59.4 77.9 

9mL/min/9mL/min 60 69 61.2 78 68.2 80.5 

 

Figure A.6: Fit evidence for polarization of PEME and associated with Table A.3 

The Tafel slopes were calculated using the polarization curves from the parametric study 

performed at 40, 60, 80oC, and 9ml.min-1 on the 50cm2 active area PEME, as summarized in Table 

A.3. 
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Table A.4: Tafel equations for the cell, anode, and cathode potentials at 40, 60, 80oC at 9ml.min-1 for the 50cm2active area 

PEME 

Temperature Tafel Equations For High Current Density: Ƞ = Bln(I)  - Ln(I0), 

R2, B=Tafel Slope [mv.Dec-1] 

Cell Voltage [V] Anode Voltage [V] Cathode [V] 

40oC ƞ = 0.183ln(I) + 1.9289 

R² = 0.9694, B=183 

ƞ = -0. 1016ln(I)-1.7243 

R² = 0.9791, B=-101.6 

ƞ = 0.0769ln(I)+ 0.1941 

R² = 0.9548, B=183 

60oC ƞ = 0.1003ln(I)  + 1.7719 

R² = 0.9515, B=100.3 

ƞ = -0.0611ln(I)  -1.6327 

R² = 0.9569, B=61.1 

ƞ = 0.0362ln(I)  +0.13 

R² = 0.9435, B=36.2 

80oC ƞ = 0.1086ln(I)  + 1.4546 

R² = 0.9982, B=108.6 

ƞ = -0.1071ln(I)  -1.4546 

R² = 0.9982, B=107.1 

ƞ = 0.0085ln(I)  +0.08958 

R² = 0.9557, B=8.5 

A.4. Parameter Estimates for Parity Plots in Parametric Studies  

A hypothesis test is used to determine if the estimated parameters for the parity plot models is 

significantly different than zero. The slope from Equation 4.2 from the first parametric study is 

used to show sample calculations for keeping or rejecting a parameter estimate.  

 For the null hypothesis, it is assumed that the parameter estimate of the slope, 𝛽1̂, is not statistically 

different than 0.000. The alternative hypothesis is that 𝛽1̂ is not equal to 0 at the 5% significance 

level.  

The critical value, 𝑡∝
2
,𝑛−2 , was used to define the rejection criteria for the null hypothesis and is 

the threshold of probability that the t-statistic must adhere within, based on the significance level, 

∝, of 5% and the degrees of freedom, 𝑣 = 𝑛 − 2. The t-statistic, 𝑡0, was calculated using Equation 

A.2:  

𝑡0 = 
𝛽1̂

√
𝜎𝑝
2

𝑆𝑥𝑥
 

            Equation A.2 
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where 𝑆𝑥𝑥 is the sum of square errors between the observed cell voltage and the mean cell voltage, 

respectively. The pooled pure error variance, 𝜎𝑝
2, for each of the parametric studies was calculated 

using Equation A.3: 

𝜎𝑝
2 =

∑ ∑ (𝑦𝑅𝐸𝐷𝑖𝑓𝑓𝑖
−�̅�𝑅𝐸𝐷𝑖𝑓𝑓𝑖,∙

)
𝑛𝑖
𝑗=1

2𝑛𝑟
𝑖=1 

∑ (𝑛𝑖−1)
𝑛𝑟
𝑖=1 

         Equation A.3 

where �̅�𝑅𝐸𝐷𝑖𝑓𝑓𝑖,∙ is the mean observation at a replicate in the jth data set block for all ith replicates 

of the measured voltages performed for the parametric study, 𝑛𝑖 is the total number of observations  

for i, and 𝑦𝑅𝐸𝐷𝑖𝑓𝑓𝑖 is the observation occurring at the ith replicate. 

The parameter estimates were reviewed to determine if they were statistically different than 0.000 

according to hypothesis test in Section 4.2 and Section 4.3. The null hypothesis was rejected in 

favour of the alternative hypotheses if the test statistic was larger than the critical value, such that 

𝑡0 > |𝑡∝
2
,𝑛−2 | at the 5% significance level.  

Residuals were also calculated using Equation A.4: 

𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 = 𝑦𝑖 − 𝑦�̂�          Equation A.4 

where 𝑦𝑖 is the observed value of RE Diff and 𝑦�̂�is the predicted value of RE Diff [77].  

 


