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Abstract 

Amorphous phases of metal oxide thin films are of interest to the Berlinguette group because 

they mediate the oxygen evolution reaction more efficiently than crystalline phases of the same 

compositions.  One goal of this thesis is to develop a technique to implement amorphous metal 

oxide thin films in a membrane electrode assembly (MEA) by depositing these highly active thin 

films on solid polymer electrolyte membranes.  Chapter 2 outlines the implementation of 

amorphous iridium oxide (a-IrOx) into a catalyst-coated membrane (CCM) to study amorphous 

thin film electrocatalysts in MEAs.  Current densities of 10 mA cm-2 were reached at relatively 

low overpotentials (~ 400 mV) for amorphous CCMs produced using the decal transfer method.  

This electrochemical response compares closely to that of amorphous iridium electrodeposited 

on conductive glass (10 mA cm-2 at η = 430 mV).  The second goal of this thesis is to lower the 

capital costs of alkaline electrolyzer units by using plastic as a surrogate for metal in field-flow 

plates.  This achievement was demonstrated by electroplating nickel onto 3D-printed plastic 

flow-field plates.  The test cells containing these metal-coated plastic components matched the 

performance of conventional metal components, despite containing 60-fold less metal.  Chapter 4 

summarizes this work and offers future directions of the research conducted for this thesis.   
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Chapter 1: Introduction 

1.1 Renewable Energy Storage 

The rate of global energy consumption is predicted to reach 30 terawatts (TW) by 2050.1  

The geopolitical, environmental, and economic security for all global citizens will partly depend 

on meeting this energy demand.  The challenge is to develop methods for meeting this energy 

demand while stabilizing carbon dioxide concentrations in the atmosphere. This challenge is 

exacerbated by the fact that carbon-neutral energy sources are difficult to scale.  To produce 10 

TW of nuclear power requires a power plant to be constructed every day for the next 50 years.  

The maximum total hydrological potential of the planet is only 4.6 TW, wind turbines can only 

offer 2 TW of electrical energy, and biomass is limited by the net efficiency (~ 5.6%) of natural 

photosynthesis.2  These carbon-neutral sources collectively fall short of providing the tens of 

terawatts needed to meet global energy demand.1 

The only renewable energy source that can meet our future energy needs is the Sun.  The Sun 

delivers 120,000 TW to the Earth, and thus by covering merely 0.16% of the land on Earth with 

10% efficient solar conversion systems, 20 TW of energy can be captured.3,4  Solar energy 

capture and use is complicated by the diurnal and meteorological fluctuations that effect solar 

insolation.  This intermittence necessitates the implementation of a scalable solar energy storage 

mechanism that will provide energy to consumers when it is needed.1,5 

The production of fuels from renewable energy sources for storage over a wide range of 

timescales is vital for the utilization of the large-scale renewable energy capture.1,5-­‐9  Hydrogen 

has been widely discussed as a central energy carrier for a renewable energy economy due to its 
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high gravimetric energy density (120 MJ kg-1),1,5,6,10-­‐17 and it can be utilized electrochemically in 

a hydrogen fuel cell. 10,18-­‐25  Hydrogen is also consumed in the production of other useful 

products, such as upgraded hydrocarbon fuels and ammonia production.18  Electrolyzers are 

likely to play a key role in the future of renewable energy systems by serving to store renewable 

electricity as hydrogen fuels, an application that motivates the work in this thesis.  

	
  
1.2 Electrolytic Water-Splitting Thermodynamics 

The electrolysis of water involves two non-spontaneous half-cell reactions: the oxygen 

evolution reaction (OER; Eq. 1) at the anode; and the hydrogen evolution reaction (HER; Eq. 2) 

at the cathode.   

𝐶𝑎𝑡ℎ𝑜𝑑𝑒:              2  𝑒! ⇌ 𝐻!(!) − 2  𝐻!                                                                        𝐸° = 0.00    V                                                                              (Eq. 1) 

𝐴𝑛𝑜𝑑𝑒 ∶                 4  𝑒! ⇌ 2  𝐻!𝑂 − 𝑂! ! − 4  𝐻!                                      𝐸° = 1.229  V                                                                            (Eq. 2) 

𝐶𝑒𝑙𝑙:                                0 = 2  𝐻!(!) + 𝑂!(!) − 2  𝐻!𝑂                      E°  =  -­‐1.229  V                                                                            (Eq.  3) 

The standard reduction potentials of the half-cell reactions and the standard overall cell 

potential (E°) are indicated.  The relation of E° at any temperature to the Gibbs free energy 

change (ΔG°) is expressed by: 

∆𝐺° =   −𝑛𝐹𝐸°                                                                    (Eq. 4) 

where n is the number of electrons involved in the electrochemical reaction and F is Faraday’s 

constant (9.65 x 104 C mol-1).  Under non-standard conditions, the ΔG at constant temperature 

(T) is related to Gibbs free energy change at standard conditions at constant temperature (ΔG°T) 

by:  
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∆𝐺! = ∆𝐺°! + 𝑅𝑇 ln𝐾!∗                                                   (Eq. 5) 

where R is the ideal gas constant and K*
r is the reaction quotient.  The reaction quotient for the 

overall water-splitting reaction is expressed by: 

𝐾!∗ = 𝑎!
!! =

!!!
! !!!
!!!!
!!                                                      (Eq. 6) 

where ∏ is product notation; aj is the activity of species j; and sj is the stoichiometric coefficient 

of species j. 

Eq. 4, 5, and 6 can then be combined to give the Nernst equation: 

𝐸!,! = 𝐸°! −
!"
!"
ln 𝑎!

!!
!                                                  (Eq. 7) 

where E°T is the standard equilibrium potential at the temperature of the system and Ee,T is the 

non-standard equilibrium potential at the temperature of the system.  

A temperature correction must also be applied to determine the cell potential at a 

temperature other than 25 °C.  Pressure is assumed to constant in one of Maxwell’s 

thermodynamic equations to incorporate this correction: 

                   !!!°!
!"

= −Δ𝑆°                                                             (Eq. 8) 

where ΔS° is the standard entropy change of the reaction (J mol-1).  Equation 4 can be substituted 

into equation 8, which is simplified assuming ΔS° is constant over this change of temperature: 

!"°!
!"

= !!°
!"

                                                               (Eq. 9) 

Determining the thermodynamic voltage of a cell under the prevailing experimental conditions 

by applying the Nernst equation and correcting for temperature is an important step in 
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understanding the voltage efficiency of an electrolyzer.  An electrolyzer cell operating at 100 °C, 

for example, will have a significantly lower E° (E°373 K = -1.166 V) than a cell operating at 25 °C 

(E°298 K = -1.229 V). 

As electrical and ionic currents flow through the cell, the internal resistances of the cell 

generate extra heat in electrolysis cells that helps drive the water-splitting reaction forward.  The 

total voltage, including the thermal energy, required to split water is equal to 1.481 V at standard 

conditions and 298.15 K (25 °C), which corresponds to the higher heating value of the product 

hydrogen (VHHV).  It is therefore customary to use VHHV when calculating the electrical-energy 

efficiency of an electrolyzer: 

  𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = !!!"
!!"#(!)

                                                       (Eq. 10) 

where, VObs (i) is the observed operating voltage at current i.  

The efficiency of an electrolyzer is reduced at progressively higher current densities. 

Consequently, the focus of electrolyzer engineering is to reduce voltage inefficiencies where 

energy is lost in the form of heat.28  These inefficiencies include overpotentials associated with 

the electron transfer kinetics and product and reactant diffusion at both the OER and HER 

electrodes and the ohmic resistance losses of the cell.  The resistance through the conductive 

components of the electrolyzer, contact resistance at interfaces, and the resistance of ion transport 

in the electrolyte constitute the ohmic resistance in the cell (RΩ).  Design and materials 

considerations of conductive components, as well as the ionic conductivity of the electrolyte will 

also affect the efficiency of the cell by changing the overall ohmic resistance of the cell.	
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Overpotentials due to electron transfer kinetics and diffusion can be reduced by adding 

electrocatalysts and manipulating the hydrodynamics near the electrochemical reaction site, 

respectively. 	
  

 The development of higher efficiency electrolyzers therefore requires more efficient 

electrocatalysts and new cell designs (e.g., reducing the ionic gap between electrodes).29,30  This 

thesis will address these two goals in Chapters 2 and 3, respectively.   

	
  

1.3 Electrolyzer Technologies 

There are two main types of low-temperature water electrolyzers: alkaline water 

electrolyzers; and proton exchange membrane (PEM) water electrolyzers (Fig. 1.1).29  Each of 

these electrolyzers is distinct in terms of chemistry (e.g., alkaline versus acidic electrolyte), 

architecture, and components (e.g., porous separator diaphragm versus solid polymer electrolyte 

membrane).  The anion exchange membrane (AEM) electrolyzer is an emergent technology that 

combines the advantages of the other two technologies.31-­‐34  
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Figure 1.1  Cross-section cartoons of the different electrolyzer technologies discussed in this 
thesis.  (A) Alkaline electrolyzer cells contain two electrodes immersed in 20-30% KOH that are 
separated by a separator membrane that are generally made of nickel oxide, asbestos, or 
polymers.  Individual cells are separated by bipolar plates made of nickel or stainless steel in an 
electrolyzer stack configuration.  (B) PEM electrolyzers contain flow-field plates that facilitate 
fluid and gas transport in the devices and are generally made of titanium.  These flow-field plates 
sandwich the MEA that generally comprises of titanium gas diffusion electrodes, platinum group 
metal catalysts, and a PEM membrane.  Individual cells are separated by flow-field plates in the 
electrolyzer stack configuration.  (C) AEM electrolyzers contain flow-field plates that facilitate 
fluid and gas transport in the devices and are generally made of nickel or stainless steel.  These 
flow-field plates sandwich the MEA that generally comprises of nickel or stainless steel gas 
diffusion electrodes, first-row transition metal oxide catalysts, and an AEM membrane.  
Individual cells are separated by flow-field plates in the AEM electrolyzer stack configuration. 
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1.3.1 Alkaline Electrolyzers 

Alkaline electrolyzers are the most developed electrolyzer technology and are capable of 

producing hydrogen at the MW scale.19,30,35-­‐38  The design consists of two electrodes immersed 

in a liquid electrolyte (e.g., 20-30% KOH) separated by a diaphragm or a separator membrane 

(Fig. 1.1) such as nickel oxide, asbestos, or polymers that act to separate the product gases 

(hydrogen and oxygen).31  The prominent advantage of alkaline electrolyzers is the generally 

good stability of lower cost metals and electrocatalysts in basic media.39-­‐47 

There are inherent operational issues with alkaline electrolyzers that include low partial load 

range (20-40%), efficiency and safety issues at high pressure, and relatively low current densities 

(0.2-0.4 A cm-2).  Low partial load range and low operating pressure arise because the separator 

diaphragms employed in alkaline electrolyzers are slightly permeable to gases and fail to prevent 

cross-diffusion of hydrogen and oxygen at high current densities.  Oxygen in high concentrations 

in the anode chamber can diffuse to the cathode chamber and reduce back to water in the 

presence of hydrogen, thereby decreasing overall efficiency of electrolysis.  Diffusion of 

hydrogen to the anode chamber will reduce the efficiency of the electrolyzer and will introduce a 

safety risk if hydrogen levels on the oxygen side of the cell reach 2%.29  These technological 

issues limit current densities therefore alkaline electrolyzers tend to be capital intensive.  

 

1.3.2 Proton Exchange Membrane Electrolyzers 

PEM electrolyzers were first introduced in the 1960s by General Electric and were originally 

designed to overcome the shortcomings of the alkaline electrolyzer48 and the spatial constraints 
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of NASA space missions.29  The significant design change was the incorporation of a solid 

polymer electrolyte (SPE) that solved issues of gaseous crossover, improving the overall 

efficiency of the electrolyzer and enabling high current density operation (>1 A cm-2).29 

The MEA and the zero-gap architecture are employed in PEM electrolyzers.  Components of 

the MEA in a PEM electrolyzer include the anode and cathode gas diffusion layers (GDLs), the 

SPE membrane, and catalyst layers. 49-­‐51  Titanium materials (e.g., titanium felt) are generally 

used as anode gas diffusion layers.  OER catalysts are commonly iridium and ruthenium oxides 

and HER catalysts are often carbon-supported platinum.29  The MEA is assembled by 

sandwiching the membrane between two GDLs with the catalyst layers located at the interfaces 

between the membrane and GDL (Fig. 1.1).  An MEA is housed between two flow-field plates 

that facilitate the transport of reactants and products to and from the electrochemical reaction 

sites in the respective catalyst layers (Fig. 1.1).  Cells are connected in series making an 

electrolyzer stack with a higher total active electrochemical surface area of the device.  To reduce 

the amount of material used in an electrolyzer stack, flow-field plates serve as bipolar plates, 

where one plate acts as the anode or cathode for two separate adjacent cells.  These flow-field 

plates also serve to deliver electricity from a power source to the MEA.28  Flow-field or bipolar 

plates must be stable, exhibit high electrical, and thermal conductivity (for waste heat transport 

away from the MEA) for efficient operation.29  

The advantage of a PEM electrolyzer relative to an alkaline electrolyzer is that a solid 

polymer electrolyte membrane, such as Nafion 117, is impermeable to gasses and retains high 

proton conductivity (0.25 S cm-2 at 80 °C) when fully hydrated.52  PEM electrolyzers operate at 
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current densities above 2 A	
  cm-­‐2	
  with efficiencies greater than 70%.39,53  The limited gaseous 

crossover enables PEM electrolyzers to maintain higher efficiencies at higher current densities 

without raising the hydrogen concentrations on the oxygen side of the cell.29  The low 

permeability of gases through the membrane also facilitates electrolyzer operation at elevated 

pressures,28,54,55 reducing energy required to compress hydrogen in the overall electrolysis 

system.29  Moreover, the use of a thin (~20 – 300 µm) ion exchange membrane (e.g., Nafion®) 

reduces the inter-electrode gap in a cell configuration and lowers ionic resistance.  PEM 

electrolyzers are potentially more appropriate for urban installation and other applications with 

space limitations than alkaline electrolyzers due to the relatively high current densities and 

efficiencies.  

Catalyst layers are generally incorporated into a PEM MEA by two different methods.  The 

catalyst coated substrate (CCS) configuration stipulates that the catalyst was deposited on the 

GDLs prior to assembly of the MEA (Fig. 1.2A).  Conversely, the catalyst-coated membrane 

(CCM) configuration indicates that the catalyst layer was deposited on the ion exchange 

membrane before the final assembly of the MEA (Fig. 1.2B).   	
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Figure 1.2  Schematic of (A) catalyst-coated substrate (CCS) and (B) catalyst-coated membrane 
(CCM). 

 

CCMs are commonly prepared by a decal method (also known as the transfer method), where 

the catalyst layer is synthesized or brushed, sprayed, or blade coated on a PTFE sheet decal 

substrate and then transferred to the membrane via hot-pressing.56-­‐58  Previous work has shown 

that PEM electrolyzers that utilize CCMs have a notable improvement in efficiency, citing a 

more intimate contact between the catalyst layer and the polymer electrolyte.59  Additional 

advantages to this configuration include: (i) the catalyst layer effectively adheres to the 

membrane; (ii) ohmic losses between the catalytic layer and the membrane are reduced due to 

intimate contact; (iii) CCMs can be easily removed from the stacks for maintenance;29 and (iv) 

gas cross-permeation at high operating pressure is reduced because catalyst particles in the 

subsurface region of the membrane promote the oxidation of permeating hydrogen.53 	
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CCSs are generally best employed in a system where the MEA is fully submerged in 

electrolyte where contact between the catalyst layer and the solid polymer electrolyte is less vital 

to realize the triple phase boundary.  The preparation of CCSs is convenient due to the fact that 

materials used for GDLs in electrolyzers can survive higher temperatures than solid polymer 

electrolyte membranes and will not be mechanically damaged by solvents used in deposition 

techniques (i.e. spray-coating).  Electrodeposition60 may also be used in addition to brush-coated, 

spray-coated, roll-coated, or blade-coated catalyst layers directly on GDLs followed by thermal 

deposition.34 

The electrochemical evolution of oxygen in acidic media is challenging due to the lack of 

acid-stable OER catalysts.28,61-­‐66  While various forms of metal oxides have been studied for 

decades,61 amorphous phases of metal oxides, including acid-stable iridium oxide, have gained 

recent attention because of their superior catalysts properties.65,67-­‐77  The synthesis of robust 

amorphous iridium films in a scalable manner can be challenging.  The majority of reported 

amorphous metal oxides were synthesized by electrodeposition67,69,73-­‐75 and physical vapor 

deposition.40,78,79  The use of electrodeposition of amorphous iridium oxide is limited to 

deposition on electrically conductive substrates (i.e. conductive glass) and physical vapour 

deposition requires expensive equipment like vacuum chambers, high intensity ion or electron 

beam emitters, and bulk metal targets.  The Berlinguette group has demonstrated photodeposition 

by ultraviolet-driven decomposition (UVDD) of photoactive, metal-organic precursors as a 

viable means of accessing amorphous metal oxide films, providing an alternative means of 
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accessing these acid-stable catalytic films.  This deposition method is non-aqueous and occurs at 

low temperature (<50 °C) and at atmospheric pressure.  

Chapter 2 highlights the incorporation of amorphous iridium oxides thin films into membrane 

electrode assemblies (MEAs) by developing an amorphous catalyst-coated membrane (CCM).  

Nafion 117 served as the archetype solid polymer electrolyte membrane for this study and 

amorphous iridium oxide was chosen as the electrocatalyst because of its stability in highly 

acidic environments.  UVDD was shown to decompose amorphous thin films on Teflon 

substrates, enabling the use of decal transfer of amorphous metal oxides to produce amorphous 

CCMs.  The intent of depositing amorphous thin films on the polymer electrolyte membrane was 

to reduce electrocatalyst loading and retain intimate contact between the electrocatalyst layer and 

the polymer electrolyte, increasing the overall catalyst utilization.  This method enables any 

photodeposited thin-film metal oxide composition to be deposited on any ion conducting 

polymer membrane. 

1.3.3 Anion Exchange Membrane Electrolyzers 

PEM electrolyzers operate in acidic media (pH < 1) and thus require platinum group metals 

(PGMs) such as iridium for the electrocatalyst layers.29,40,80  The acidic environment also 

necessitates flow-plate and GDL components made from titanium for chemical stability.29,81,82	
  	
  

The AEM architecture consolidates the advantages the PEM and alkaline electrolyzers.31-­‐34  The 

ionic conductivities of state-of-the-art AEMs with OH- form are similar to commercial PEMs, 

but they are currently more sensitive to hydration and temperature, and are susceptible to CO2 

contamination.31	
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There are currently very few reports of AEM electrolyzers in the literature.  Leng et. al. 

reported an AEM electrolyzer that achieved a current density of 1 A cm-2 with a voltage 

efficiency of 74% using iridium dioxide at the anode and a platinum cathode.33  A related AEM 

electrolyzer that instead used nickel-iron oxide coated nickel anodes (and platinum cathodes) 

also achieved a current density of 1 A cm-2 with similar efficiency.41  Pavel et. al. demonstrated 

that a CO2 tolerant electrolyte helped maintain a steady current for 1000 h at 470 mA cm-2 

(efficiency = 72%).32  Xiao et. al. demonstrated an AEM electrolyzer using pure water instead of 

potassium hydroxide produced 0.4 A cm-2 at a voltage efficiency of >80%.34  AEM research to 

date is generally conducted in repurposed PEM cells, sometimes using materials such as titanium 

that are not ideal for use in basic environments.31-34  The construction costs associated with 

developing AEM test cells may impede the research of AEM devices.  

In Chapter 3, I report a strategy for lowering capital costs of the unit by using 3D-printed 

plastic as a stand-in material for the metal used in field-flow plates that channel water and gas 

flow through the electrolyzer cell.  This goal was achieved by successfully electroplating nickel 

onto 3D-printed plastic, a process that has not been previously achieved.   The test cells 

containing these metal-coated plastic components matched the performance of conventional 

metal electrodes, while reducing the metal content that would otherwise be used in the cell.  

Moreover, the ability to electroplate 3D-printed parts offers the opportunity to rapidly prototype 

flow-field geometries for electrolysis applications. 
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Chapter 2: Integrating Amorphous Iridium Oxide into Membrane Electrode 

Assemblies 

 

2.1 Introduction 

Conventional electrolyzers operate with a strongly alkaline electrolyte and an environment 

where many transition metal OER catalysts are stable.   Proton exchange membrane (PEM) 

electrolyzers, on the other hand, utilize solid polymer electrolytes (e.g. Nafion) that operate in 

acidic media where only expensive metal oxides, such as iridium, are capable of mediating the 

OER.29  IrOx is currently the best option for PEM electrolyzers because of its high stability in 

acid and high OER activity.61,62,83-­‐85  PEM electrolyzers exhibit higher current densities, 

efficiencies, and lower gas crossover at high current densities than alkaline electrolyzers,39 but 

iridium is exceedingly expensive.86  PEM electrolyzers therefore require a significant reduction 

in iridium loadings from a few mg cm-2 to ca. 0.1 mg cm-2 in order to be economically 

attractive.87	
  

The study of OER catalysts in basic media has shown that amorphous materials are more 

efficient electrocatalysts than crystalline phases.65,67-­‐75,77  Amorphous phases of iridium oxide (a-

IrOx) can also provide an energy savings compared to crystalline IrO2.76  The use of a-IrOx 

therefore offers a means of using less iridium in PEM electrolyzers.  This opportunity first 

requires a method to incorporate these amorphous catalyst layers into MEAs suited for PEM 

electrolyzers, an issue that is addressed in this chapter.   	
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The deposition of a catalyst layer directly on the surface of a membrane to form a CCM for 

use in a PEM MEA has been previously documented.59  This CCM configuration displays a 

higher efficiency than a MEA with a CCS, where the electrocatalyst is deposited directly on the 

GDL.  This difference in performance is likely due to the CCM configuration having a better 

catalyst-membrane interface that better utilizes the catalyst layer.88,89 	
  A challenge in using 

CCMs is that the Nafion membrane swells when catalysts are applied when exposed to 

solvents.57  Moreover, the formation of a-IrOx films by electrodeposition73-­‐75 and 

photodeposition76 techniques directly on Nafion cannot be done.  Electrodeposition requires 

electrically conductive surfaces and UV-driven decomposition (UVDD) promotes fluorinated 

radical formation that will cause Nafion to degrade.90,91  	
  

The decal transfer method offers a means to overcome the issue of exposing Nafion to 

solvents.57  The membrane is never exposed to solvents because the catalyst is first deposited on 

a sacrificial substrate (e.g., Teflon) that is then used to transfer the catalysts onto the membrane 

using pressure and heat.56  Deposition on a non-conductive Teflon substrate can be accomplished 

using UVDD because this method utilizes light instead of a conductive electrode to form a-IrOx 

catalyst layers.  It is shown herein that the UVDD preparation of a-IrOx on Teflon enables the use 

of decal transfer to prepare CCMs with a-IrOx that can be used in PEM electrolyzers (Fig. 2.1).  
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Figure 2.1 (A) Precursor [Ir(acac)3] spray-coated onto a Teflon substrate. (B) UVDD of sprayed-
coated Ir(acac)3 on a Teflon sheet to produce a thin film of a-IrOx.  (C) Decal transfer using a hot 
press at variable temperatures and pressures.  (D) Teflon decal substrate peeled from Nafion to 
reveal the final CCM.  See Appendix for photos. 
 

2.2 Results 

2.2.1 Decal Transfer Method 

A multi-step process was used to yield an a-IrOx/Nafion CCM following the procedure 

described in Figure 2.1.  Iridium acetylacetonate (Ir(acac)3) was dissolved in chloroform and 

spray-coated onto a 0.23-mm thick Teflon substrate.  The film was then photolyzed with UV 

radiation (λmax ~ 185 and 254 nm; ~10 mW	
  cm-­‐2) for 7 h to drive off the ligand and form a-IrOx 

quantitatively.  The progress of this decomposition process was tracked by Fourier transform 



 

 

 

 

17 

infrared spectroscopy (FTIR), which probes the vibrational modes of the ligands (Fig. 2.2).  We 

observed the disappearance of the absorption bands corresponding to the vibrational modes of the 

C-O bonds (ca. 1500 cm-1)92 and C-H bonds (ca. 3000 cm-1)92 of the acetylacetonate ligands over 

7 h of UV photolysis.  The growth of the broad absorbance band centered near 3200 cm-1 was 

observed and attributed to chemisorbed oxyhydroxide on the surface of the a-IrOx film.92  The 

decal transfer step was achieved by sandwiching the catalyst coated side of the Teflon substrate 

with the dry Nafion membrane and applying different pressures and temperatures using a hot-

press for one minute.  The Teflon substrate was then peeled from the Nafion membrane leaving 

the a-IrOx catalyst layer imbedded on the membrane.  FTIR experiments after the transfer of the 

blue-grey catalyst film showed the loss of the broad oxyhydroxide absorbance band centered near 

3200 cm-1 indicating the successful transfer of a-IrOx.  This process yielded CCMs with catalyst 

loadings of 0.03 mg cm-­‐2	
  (σ = 0.01 mg	
  cm-­‐2).    
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Figure 2.2 FTIR spectra recorded on blank Teflon decal transfer substrate (black), Ir(acac)3-
coated Teflon substrate (orange), a-IrOx/Teflon film on Teflon substrate after 7 h of UV 
radiation (blue), and Teflon substrate after decal transfer (grey).  Absorption bands are associated 
with the vibrational modes of (A) C-O bonds (ca. 1500 cm-1) and (B) C-H bonds (ca. 2800 cm-1) 
of the acetylacetone ligand and vibrational modes of O-H bonds (broad peak centered ca. 3300 
cm-1) of chemisorbed oxyhydroxide.   

 

The decal transfer process was optimized by examining the transfer of a-IrOx from the Teflon 

substrate at different temperatures and pressures (Table 2.1).  The glass transition temperature 

(Tglass) of Nafion® 117 (115 °C),93 and thus temperatures slightly below (100 °C) and above (125 

°C) were tested as well as the higher temperature of 200 °C (Nafion® 117 degrades at > 250 

°C).93  Three different pressures were also surveyed: 100 psi; 500 psi; and 1000 psi.  All decal 

transfers were performed for 1 min.  Complete decal transfer was observed at 125 °C for 

pressures of 500 and 1000 psi.  Decal transfer at 100 °C did not transfer the catalyst uniformly to 

the Nafion, while at 200 °C the Nafion adhered to the aluminum foil used as a heat-conducting, 

protective layer during hot pressing.  The CCMs produced at 125 °C and 1000 psi were therefore 
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used for electrochemical investigations.  Note that all CCMs were annealed at 150 °C for one 

hour prior to electrochemical experiments to promote catalyst adhesion to the membrane.	
  

Table 2.1 Temperatures and pressures tested in decal transfer study of a-IrOx/Nafion. 

temperature (°C)	
   pressure (psi)	
   observation	
  

100	
   100	
   partial transfer	
  

100	
   500	
   partial transfer	
  

100	
   1000	
   partial transfer	
  

125	
   100	
   partial transfer	
  

125	
   500	
   successful transfer	
  

125	
   1000	
   successful transfer	
  

200	
   100	
   Nafion adhesion to 
aluminum	
  

200	
   500	
   Nafion adhesion to 
aluminum	
  

200	
   1000	
   Nafion adhesion to 
aluminum	
  

 	
  

2.2.2 Physical Characterization of Amorphous Catalyst-Coated Membranes  

	
  
Cognizant that the exposure of a-IrOx to high temperature and pressure can crystallize 

amorphous films,65,76 powder X-ray diffraction (pXRD) experiments were conducted to confirm 

that the film was still amorphous after decal transfer at 125 °C and 1000 psi and subsequent 

annealing at 150 °C.  The XRD data on the CCMs revealed no crystalline peaks to suggest that 

the catalyst layer underwent a phase change (Fig. 2.3A).  Given the possibility that the a-IrOx 

film on the Nafion was not thick enough to produce Bragg reflections, I tested a deposited and 

photolyzed a-IrOx on a glass slide that was then hot-pressed at 1000 psi and 125 °C.  No 
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crystalline peaks were observed under these decal transfer conditions (Fig. 2.3B).  To confirm 

there was an adequate amount of catalyst material on the glass, the same film was annealed at 

500 °C for one hour to induce crystallization.  The heated films produced reflections that 

matched that of crystalline IrO2 (JCPDS 15-790), with strong diffraction peaks at 2θ = 28.0°, 

34.6°, 40.0°, and 53.4°. 

 

Figure 2.3 Powder XRD data acquired on (A) a-IrOx CCM prepared by decal transfer at 125°C 
and 1000 psi (blue), and a blank Nafion membrane (red); and (B) a-IrOx coated glass (blue) that 
underwent hot-pressing conditions of 125°C and 1000 psi for 1 min, the same sample after being 
heated at 500°C for 1 h (red), and blank glass (black).  Powder XRD pattern (red lines) for 
crystalline IrO2 (JCPDS 15-790) are shown for reference. 

	
  

2.2.3 Effect of CCM Modification on the Ionic Conductivity of Nafion 

Ionic resistance contributes to the overall ohmic resistance of an electrolyzer cell,94 and 

thus the ionic conductivity of Nafion must not be compromised during the formation of the 

CCM.  The main contribution to the measured impedance of the in-plane measurement comes 
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from the bulk membrane, while the contributions from the interfacial resistances between the 

membrane and the electrodes are dominate in the through-plane measurements.95 The effects of 

CCM modification on the ionic conductivity of the membrane were therefore tested with 

through-plane measurements of the membrane sandwiched between two titanium flat plate 

electrodes.  The electrical resistance through the titanium plates, the contact resistance between 

the plates and the membrane, and the contact resistance through any electrical connections (i.e. 

alligator clips) were assumed to be constant during all alternating current electrochemical 

impedance spectroscopy (EIS) experiments.  Three cleaned Nafion membranes were used for all 

EIS measurements.  Two membranes were hot-pressed at 500 psi and 1000 psi and annealed at 

150 °C prior to testing.  All EIS measurements were done in a 2-electrode setup with 3 cm2 of 

membrane surface in contact with both plates, while submerged in 0.5 M H2SO4 electrolyte.  The 

surfaces of the titanium plates that were not in contact with the membrane were masked with 

Kapton tape.  The resultant data was plotted in a Nyquist plot (Fig. 2.4A) and the total ohmic cell 

resistance (RΩ) was taken to equal the value of the real impedance at -Z” equals zero.96  The 

resulting cell resistances (Fig. 2.4B) show that hot-pressing at 500 or 1000 psi and annealing at 

150 °C has a negligible effect on the ionic resistance observed during through-plane 

measurement on the modified membranes and therefore the modification of the membrane during 

the decal transfer procedure has no effect on the ionic conductivity of the amorphous CCM. 
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Figure 2.4  (A) Nyquist plots of through-the-plane impedance responses of Nafion membranes 
as received (black),  hot-pressed at 500 psi and 125 °C and annealed at 150 °C (blue), and hot-
pressed at 1000 psi and 125 °C and annealed at 150 °C (red).  (B) Ohmic resistances of hot-
pressed membranes determined by through-plane measurements. 
 
2.2.4 Electrochemical Characterization of Amorphous Catalyst-Coated Membranes  

The electrochemical response of the a-IrOx/Nafion CCMs was investigated in a custom 3-

electrode cell and a 0.5 H2SO4 electrolyte using cyclic voltammetry and chronopotentiometry 

techniques.  The CCM was interfaced with Toray carbon paper (porosity = 78%; thickness = 190 

µm) on the anode side for initial electrochemical testing (it is recommended that in future studies 

this gas diffusion layer material be replaced with titanium felt or foam because oxidation of the 

carbon electrodes can occur).  The CCM was sandwiched between the Toray carbon paper and a 

platinum mesh counter electrode to make up an MEA used for testing.  Sustained electrocatalysis 

at a current density of ~40 mA cm-2 at 1.75 V vs RHE was measured (Fig. 2.5A).  An uncoated 

Nafion membrane was used in the same MEA configuration as a control and showed a current 

density of <1 mA cm-2 at 1.8 V vs RHE (Fig. 2.5A).  These results were reproduced on multiple 
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CCM samples produced at different times using the same method.  A reduction in performance 

of ~30 mV was observed over 2 h of operation at a current density of 10 mA cm-2 (Fig. 2.5B).  

The catalytic performance of the a-IrOx/Nafion is within the range of sputtered and 

electrodeposited amorphous IrOx previously reported in literature at 10 mA cm-2 (Table 2.2), our 

cell fails to reach current densities that are comparable to contemporary PEM electrolyzers (>1 A 

cm-2). 

	
  

Figure 2.5  Electrochemical behavior of CCMs that underwent decal transfer at 125 °C and 1000 
psi for 1 min.  (A) Cyclic voltammograms recorded (v = 10 mV s-1) on a-IrOx film deposited on 
Nafion (blue) and blank Nafion (black). Inset: Chronopotentiometry recorded on a-IrOx film 
deposited on Nafion at a an anodic current density of 10 mA cm-2.   (B) Reproducability of 
overpotential needed to achieve 10 mA cm-2 recorded on a-IrOx films deposited on Nafion 
recorded during the cyclic voltammogram (CV) and chronopotentiometry experiments at 30 s 
and 2 h.  Electrochemistry conditions: counter electrode = Pt mesh; reference electrode = 
Ag/AgCl, KCl (sat’d); cyclic voltammogram scan rate = 10 mV s-1; chronopotentiometry current 
density = 10 mA/cm2; electrolyte = 0.5 M H2SO4(aq). 
	
  

	
  

 



 

 

 

 

24 

Table 2.2 OER activities of a-IrOx films. 
preparation method	
   overpotential at 10 

mA/cm2 (mV)	
  
reference	
  

electrodeposition	
   430α	
   74 

sputtering	
   300α	
   40 

UVDD + decal                                  
transfer	
  

396 	
   this work 

αexperiments conducted on thin film electrocatalysts deposited on conductive glass substrates	
  

2.3 Summary  

It is reported here a decal transfer method for incorporating a-IrOx into a Nafion membrane.  I 

used UVDD to deposit thin films of a-IrOx on a hydrophobic, nonconductive Teflon.  A survey of 

decal transfer parameters revealed optimal hot-pressing conditions to be 125 °C and 1000 psi.  The 

CCMs produced at these conditions resulted in a catalyst loading of 0.03 mg cm-2 (σ = 0.01 mg cm-2) 

and demonstrated an activity toward the OER of 10 mA/cm2 at an overpotential of 396 mV (σ = 26.9 

mV) during cyclic voltammetry experiments.  The CCMs show reasonable stability, exhibiting a 

reduction in performance of ~30 mV during steady state current density of 10 mA/cm2 for 2 h.  Our 

results closely compare to past a-IrOx benchmarks deposited on conductive glass from the 

literature.  Hence, the decal transfer method provides a facile way to produce low-loading CCMs 

with amorphous electrocatalysts possessing high activity towards the OER.  Furthermore, this 

approach is envisaged to have the versatility to be applied to the transfer of amorphous thin films to 

substrates for applications additional to electrolyzers that may be damaged during conventional 

deposition techniques. 
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2.4 Methods 

2.4.1 Materials 

Iridium (III) acetylacetonate (Strem, 98%), chloroform (Fisher Scientific, reagent grade), and 

sulfuric acid (Sigma Aldrich, reagent grade) were used as received and without further 

purification.  Titanium felt (porosity = 56%; thickness = 200 µm) was purchased from 

Bekaert.  Nafion N117 (thickness = 177 µm) and Toray carbon paper (porosity = 78%; thickness 

= 190 µm) were purchased from Fuel Cell Ect.. Teflon was sourced from Chemistry Department 

Mechanical Engineering with special thanks to Des Lovrity.   

2.4.2 Sample Preparation  

Nafion N117 membranes were cut into squares (2.8 cm × 2.8 cm) with geometric surface 

areas of 7.8 cm2.  The membranes were submerged in 50 mL of 3 wt.% H2O2 and stirred at 800 

rpm for 10 min then submerged in a 100 mL bath of boiling 0.5 M H2SO4 and stirred at 800 rpm 

for 60 min.  Excess acid and H2O2 on the surface of the membranes were removed with 

compressed nitrogen before the next cleaning step.  The membranes were then dehydrated in a 

vacuum oven at room temperature and a pressure of 0.8 atm for at least 12 h.  The dehydrated 

membranes were used for decal transfer procedure.   

Teflon decal transfer substrates were cut into squares (2.2 cm × 2.2 cm) with geometric 

surface areas of 4.8 cm2.  Teflon decal transfer substrates were cleaned by sonication in acetone 

for 5 min prior to use. Titanium felt and Toray carbon paper were cut into (2.5 cm × 2.5 cm) with 

geometric surface areas of 6.3 cm2.  These gas diffusion layers were cleaned by sonication in 
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acetone for 5 min, dried, sonicated in 1.0 M H2SO4 for 5 min.  The gas diffusion layers were then 

washed with deionized water and then sonicated in deionized water for 5 min.    

IrOx/Teflon was synthesized by spray coating a 0.01 M Ir(acac)3 solution (83.4 mg of 

Ir(acac)3 in 25.38 g of chloroform) on the surface of a thin Teflon decal transfer substrate (0.127 

mm), using a gravity fed B-200 Beaver airbrush.  Spray coating applied ~0.1 ml/cm2 of 0.01 M 

Ir(acac)3 solution on the Teflon surface.  The film was irradiated by UV light for at least 12 h to 

insure photodecomposition of the catalyst precursors. The spray coat procedure was repeated for 

each additional deposition layer.  Catalyst loading was determined gravimetrically. 

Decal transfer was done using a Dake Hot-press model 44226. The cathode side of the 

membrane was not heated and a 2 cm thick, protective block of Teflon was placed between the 

hot press plate and Nafion membrane.  The anode side was heated to the stated temperature and 

aluminum foil was placed between the a-IrOx/Teflon and the hot pressed plate.  To perform the 

decal transfer, the Nafion membrane was sandwiched between the cathode-side protective Teflon 

and the a-IrOx/Teflon. 

The membrane electrode assembly was prepared by mechanically pressing a platinum mesh 

counter electrode (Aldrich) on the cathode side, the prepared Nafion membrane (Ion Power), and 

a titanium felt (Bekaert) or Toray paper on the anode side between two Ti plate electrodes 

(McMaster-Carr).   

2.4.3 Physical Methods 

Electrochemical measurements were performed in 0.5 M H2SO4 electrolyte with a CH 

Instruments 660D potentiostat.  CCMs were hydrated in 0.5 M H2SO4 for at least 12 h before 
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electrochemical experiments.  Measurements were performed in a customized three-electrode test 

cell using a Ag/AgCl (sat. KCl) reference electrode calibrated against a reversible hydrogen 

electrode (RHE) in 0.5 M H2SO4 electrolyte.  Cyclic voltammograms were acquired at a 10 mV s-

1 scan rate.  No aggregation was induced on the test cell besides that from evolved gaseous 

products. 

FTIR spectroscopy was recorded on a Bruker Alpha spectrometer using an ATR platinum 

diamond accessory. Absorbance data were collected from 4000 cm-1 to 400 cm-1 using 48 scans 

and 4 cm-1 resolution.  XRD data were recorded with a Bruker D8 Advance diffractometer using 

Cu Kα radiation. Data were collected between 2θ angles of 5° and 90° with a step size of 0.04°. 

The step time was 1.6 s. 
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Chapter 3: Electroplating Enables 3D-Printed Components Tailored for 

Water Electrolysis 

 

3.1 Introduction 

The electrolysis of water into hydrogen and oxygen fuels represents a potentially scalable 

solution for storing renewable electricity.1,15,97,98  The most widely used commercial 

electrolyzers are alkaline electrolyzers capable of maintaining high current densities (>200 mA 

cm-2) for several years, but few of these units are currently used for energy storage applications.6  

There has therefore been significant efforts directed at developing new electrolyzer technologies 

and architectures that are capable of producing hydrogen more cost effectively.28,99,100  Proton-

exchange membrane (PEM) electrolyzers are an emergent technology capable of reaching 

substantially higher current densities (>1 A cm-2), but the costs associated with the membrane 

and acid-stable catalyst remain a challenge.29  The incorporation of a membrane in alkaline 

electrolyzers has also been shown to be a promising approach to driving up current 

densities,32,33,101 but the long-term stability of the membranes remains a fundamental issue to 

deployment.31  	
  

These advances in electrolyzer cell engineering, in tandem with the global scientific pursuit 

for new electrocatalysts,40,65,69-­‐71,102-­‐105 have driven improvements in electrolyzer efficiencies 

that make electrolytic hydrogen generation increasingly compelling.  Notwithstanding, the 

capital costs associated with electrolyzers remains strikingly high: 850-5000$USD/kW.106  
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These high costs will inherently suppress technology adoption, particularly for smaller units 

where capital costs figure more prominently in the total cost of ownership, and provides the 

impetus to evaluate ways to lower the cost of the units.30  	
  

An electrolyzer stack consists of a MEA, balance-of-stack, flow-field and separator plates, 

which all account for approximately half the overall capital costs.30,39  Considering that the flow-

field and separator plates account for approximately half of the electrolyzer stack cost, nickel and 

stainless steel accounts for one-quarter of an alkaline electrolyzer unit.  The mass of these plates 

also contribute to significant shipping and handling costs.  This observation prompted us to 

explore whether plastic could be used as a surrogate flow-plate material to lower the materials 

and manufacturing costs of the electrolyzer unit.  Indeed, a first-principles techno-economic 

analysis for both conventional and contemporary “zero-gap” electrolyzers indicates that the raw 

materials costs of the bipolar plate could be reduced by half if the nickel were replaced by 

nickel-coated polylactic acid (Ni:PLA) (Table 3.1).  These costs savings are even more 

substantial in cases where Ni:PLA replaces stainless steel components, as well as titanium that 

may be found in other electrolyzer architectures.  More strikingly, replacing the metal plates with 

metal-coated plastics could reduce the weight of each component by ca. 7-fold, which will 

inherently lower the shipping and manufacturing costs associated with the construction of each 

unit.         	
  

While the notion of using plastic is appealing, the implementation of such a material is 

challenged by fundamentally low conductivities.  This issue has previously been addressed by 

coating plastic with a conductive metal layer such as gold and silver.107  An alternative strategy 
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is to incorporate plastic with cheaper conductive and catalysts coatings that do not suffer from 

corrosion and delamination during electrolysis.  This goal has not yet been documented due to 

the challenges associated with depositing pure metal oxide films relevant to OER catalysis onto 

non-conducting substrates.  	
  

In this chapter we report an electrodeposited metal film on 3D-printed plastic, and we have 

translated this achievement to the construction of a flow-field plate for OER electrolysis.  While 

the electroplating of plastic has been demonstrated on carbon-doped high density 

polyethylene,108 doing the same on 3D-printed conductive plastic has not been previously done 

due to the prohibitively high resistivities common to composite polylactic acid (PLA) or 

acrylonitrile butadiene styrene (ABS) thermoplastics.   We therefore canvassed a series of 

conductive thermoplastics and found a PLA filament with sufficiently low resistivities (<20 Ω 

cm) to accommodate the electroplating of catalytic nickel hydroxide on 3D-printed flow-field 

plates (Fig. 3.1).  This proof-of-concept study confirmed that the electroplated plastic flow-field 

plates yield electrocatalytic performance parameters are comparable to solid nickel flow-field 

plates, supporting the notion that plastic may be implemented into electrolyzers to a greater 

extent than currently used.   Moreover, the ability to 3D-print flow-field plates would be a 

tremendous asset for rapid prototyping that are challenging to do with solid metal substrates.109  
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Table 3.1 Normalized mass and raw materials cost of two common electrolyzer bipolar plates 

	
   zero-­‐gapα	
  	
   planarβ	
  

	
  

	
   	
  

	
   mass	
   cost	
   mass	
   cost	
  

Ni:PLAc	
   1	
   1	
   1	
   1	
  

Nickel	
   5.5	
   1.8	
   6.8	
   1.9	
  

Stainless 
Steel	
  

4.8	
   2.3	
   6.0	
   2.5	
  

Titanium	
   2.8	
   2.8	
   3.5	
   3.0	
  
αZero-gap flow field plate containing channels to enable fluid flow along the separator. Cross 
sectional and thickness assumed to be 25 cm2 and 3 cm, respectfully.  βPlanar flow-field plate 
used in large-scale alkaline electrolyzers.  Cross sectional area and thickness assumed to be 
2500 cm2 and 3 cm, respectfully.  More details provided as Supporting Information.  c3D-
printed polylactic acid with electroplated nickel coating (thickness = 25 µm). 	
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Figure 3.1  Electrolyzer test cell.  (A) Schematic of an exploded flow-plate test cell used in this 
study.  Each 3D-printed electrolyzer housing is made of non-conductive ABS plastic and 
accommodates the titanium busbars and 3D-printed flow-field plates that are separated by the 
MEA.  The MEA consists of Ni foam gas diffusion layers hot pressed onto each side of a 
Zirfon™ Perl UTP hydroxide conducting membrane.  (B) Drawings (top) and photographs of 
3D-printed PLA flow-field plate before (middle) and after electroplating (bottom) with nickel.  
The single serpentine flow-field pattern was used for all electrochemical studies in this study. 
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3.2 Results 

3.2.1 Electroplating 3D-Printed Plastic 

3D-printed rectangular blocks (20 mm × 10 mm × 2 mm) were constructed from three 

commercially available conductive composite plastics based on ABS and PLA to evaluate the 

volumetric resistivities of each plastic.  The resistance perpendicular to the printing plane was at 

least five-fold higher than that measured parallel to the printing plane in the case of the ABS 

substrates, but only two-fold higher for the PLA (Table 3.2).   The resistivities of the ABS 

substrates were substantial (>500 Ω cm), while the PLA filament yielded a resistivity of <20 Ω 

cm.  These differences in resistivities played a critical role in the electroplating of nickel from a 

Watt’s nickel electroplating solution110: Islands were deposited on planar ABS substrates, while 

uniform films were deposited on planar PLA substrates (Fig. 3.2).  This outcome provided the 

first documented case of electrodeposition on a 3D-printed plastic, and leaves open the 

possibility that PLA can be used as a structural material for conducting plates where current flow 

would occur through the conductive shell.   
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Table 3.2  Volumetric resistivity of conductive 3D-printing filaments. 

plastic	
  filament1	
  
resistivity2	
  (Ω	
  cm)	
  

electroplated	
  
film	
  thickness	
  

parallel	
   orthogonal	
  

ABS A3	
   6000	
   30000	
   –6	
  

ABS B 4	
   500	
   3000	
   –6	
  

PLA 5	
   20	
   40	
   13 µm	
  
1ABS = acrylonitrile butadiene styrene; PLA = polylactic acid. 2With respect to printing plane. 
3Reprapper Conductive ABS. 4MatterHackers Conductive ABS 5Proto-Pasta Conductive PLA.  
6Electroplating could not be achieved.	
  

 

   

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
  

Figure 3.2  Electroplating comparison on 3D-printed electrodes.  Left:  Reprapper Conductive 
ABS, Middle:  MatterHackers Conductive ABS, Right: Proto-Pasta conductive PLA. 
 

We tested the electrocatalytic properties of the planar PLA substrates containing the 

electroplated nickel by cyclic voltammetry at pH 14 over the 1.0 - 1.8 V range (Fig. 3.3A).  The 

first 10 scans of the cyclic voltammograms (CVs) recorded at a scan rate of 10 mV s-1 revealed a 

response consistent with electrocatalysis and reached a current density of ~30 mA cm-2 at 1.8 V 

vs RHE.  Chronoamperometry experiments were conducted to determine the long-term stability 
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of the nickel coating by holding the current density constant at 5 mA/cm2 for 27 h (Fig. 3.3A).  

This stability test shows a reasonably stable response with the small progressive increase in 

current likely due to evaporation of the electrolyte over the timescale of the experiment.  The 

electroplated nickel coating also showed no visible evidence of degradation or delamination.  

The thickness of the nickel film estimated by measuring the charge passed through the cathodic 

peak at ~ 1.3 V (Fig. 3.3B).111,112  The thickness of the redox-active oxyhydroxide layer was 

estimated to be ~19 nm during the first cycle and ~30 nm during the tenth cycle (the density of 

the films was estimated to be 4.1 g cm-3).  These collective results confirmed the viability of 

depositing an electrocatalytic layer of nickel on 3D-printed PLA.   

	
  

Figure 3.3  (A) First and tenth cyclic voltammogram cycles recorded (v = 10 mV s-1) on planar 
Ni:PLA (red) and planar PLA (orange). Inset: Chronopotentiometry recorded on the planar 
Ni:PLA at a an anodic current density of 4 mA cm-2.  (B) The cathodic charge passed over the 
first 10 cyclic voltammetry sweeps conducted on a planar Ni:PLA electrode.  Electrochemistry 
conditions: counter electrode = nickel foam; reference electrode = Ag/AgCl, KCl (sat’d); 
electrolyte = 1.0 M KOH (aq); cyclic voltammogram scan rate = 10 mV s-1.  Data not corrected 
for uncompensated resistance.   
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3.2.2 3D-Printed Plastic Flow-Field Plates 

The next stage of our experiments was to design a 3D-printed flow-field plate that 

could be used in our electrolyzer test cell.  There are many different geometries for electrolyzer 

flow-field plates to distribute liquid phase reactants and gas phase products with minimal 

pressure drop.113  The rapid prototyping of different flow-field plates would therefore be hugely 

beneficial given the number of parameters that can be modified (e.g., rib width, channel depth, 

geometric configuration) but currently do not exist.  We contend that 3D-printing provides 

access to cost-effectively and rapidly investigating different flow-field plate geometries.107  This 

claim is supported by our ability to make three flow-field plates with different geometries 

common to electrolyzers (Fig. 3.4), each designed to be easily interchangeable within a single 

electrolyzer housing (Fig. 3.1).     

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
  

Figure 3.4  3D-printed flow-field plates with three different flow-field patterns.	
  
 

The serpentine flow-field plate containing channels 0.1 cm wide and 0.1 cm deep (Fig. 

3.1) was selected as the superior architecture and used for electroplating and catalytic testing.  
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The deposition of uniform nickel coatings on the complex geometry was carried out in counter-

electrode cage formed from expanded nickel mesh fixed in the Watt’s electroplating bath so that 

the flow-field plate (working electrode) and the mesh were separated by <3.0 mm to promote a 

uniform electric field around the flow-field plate during electroplating.  The electroplating was 

carried out on the flow-field plate by holding a cathodic current density of 2.5 mA cm-2 for a 

total of 8 h.  The resultant nickel-coated PLA plate (Ni:PLA) was cut with a razor and imaged 

using a SEM to confirm a uniform coating ~25 µm thick (Fig. 3.5).   This thickness is consonant 

with the plating thickness of 24.6 µm estimated from the charge passed during the 

electrodeposition process.   Moreover, the mass ratio of Ni/Ni:PLA was measured to be 

approximately 7, which is in strikingly close agreement with the value predicted from the 

analysis presented in Table 3.1.	
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Figure 3.5  High-angle cross sectional SEM of an electroplated nickel layer on a PLA flow-field 
plate. 
 
	
  

3.2.3 Electrocatalysis with Plastic Flow-Field Plates 

A proof-of-concept electrolyzer cell was built in-house and consists of 3D-printed flow-field 

housing, 3D-printed interchangeable flow-field plates and a MEA was assembled to evaluate the 

electrocatalytic behavior of Ni:PLA.  The reusable flow-field housing was 3D-printed from a 

non-conductive ABS plastic, and a titanium busbar was used to interlock the interchangeable 

flow-field plate to the reusable housing and provide a contact to an external circuit. The MEA 

consists of Ni foam anode and cathode gas diffusion layers hot-pressed onto a Zirfon™ Perl UTP 

separator membrane.100  The MEA was exchanged before each long-term electrochemical test so 

degradation of the MEA components could be distinguishable from degradation of the flow-field 
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plates.  The electrolyte solution containing 1.0 M KOH was pumped through the cell using two 

peristaltic pumps at a flow rate of 4.0 mL min-1.   	
  

A series of electrochemical tests were recorded on cells containing serpentine flow-field 

plates with uniform geometries but differed in the material from which they were constructed 

(Fig. 3.6).  The three types of plates with uniform dimensions tested here were the 3D-printed 

conductive PLA electroplated with nickel (Ni:PLA) and two flow-field plates used as controls: 

Machined Nickel 200 alloy (Ni); and 3D-printed conductive PLA (PLA).  	
  

	
  

Figure 3.6  3D-printed electrolyzer test cell performance.  (A) Staircase voltammetry recorded 
on electrolyzer cells with flow-field plates made of bulk Nickel 200 alloy (blue), conductive PLA 
(orange), nickel electroplated PLA (red with squares), and nickel electroplated PLA after >100 h 
of electrolyzer operation (red with circles).  (B) Chronopotentiometry recorded on electrolyzer 
cells with flow-field plates made of bulk Nickel 200 (blue), carbon PLA (orange), and nickel 
electroplated PLA (red) at a held current density of 100 mA cm-2.  Electrochemistry conditions: 
1.0 M KOH(aq); staircase voltammogram sample width = 30 s; staircase voltammogram sample 
period = 50 s. Data not corrected for ohmic resistance. 
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Stair-case voltammetry (0.05-V steps from 0 to 2.6 V) measured on cells containing Ni 

showed a progressively increasing current as the voltage was swept to potentials higher than 1.5 

V consistent with electrocatalysis.  The same measurements on Ni:PLA yielded nearly 

superimposable to that of the Ni cells, while PLA produced nominal current over this same 

range.  This data taken together is consistent with electrolysis occurring at the Ni:PLA substrate, 

with little current arising from the decomposition of the plastic on the time-scale of the 

experiment.  

Chronopotentiometry experiments performed on cells with the control Ni flow-field plate 

required an applied potential of ~2.3 V to achieve a constant current density of 100 mA cm-2 

over 1 day of experiments. (The increasing level of noise in the data collection over the course of 

the experiments which may be due to build-up of bubbles in our apparatus.)  The same 

experiment with Ni:PLA required a lower applied potential (~ 2.20 V) to achieve 100 mA cm-2, 

but this data slightly increased with time.    The PLA plate was not capable of electrolysis at 100 

mA cm-2, even with a significant applied bias of 10 V.   Chronoamperometry experiments held at 

an external bias of 2.0 V on cells with the different flow plates yielded similar results (Fig. 3.7).   

The Ni flow-field plates produced a steady current density of ~ 30 mA cm-2 (the anomalous 5-10 

mA cm-2 reductions and recoveries observed at >0.5 days is again attributed to the confinement 

of gas bubbles).  Data recorded on Ni:PLA resulted in current densities that stabilize at a 

substantially higher value of ~50 mA cm-2.   The same experiment using the PLA control 

resulted in current densities <5 mA cm-2.  
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Figure 3.7  Chronoamperometry recorded on electrolyzer cells with flow-field plates made of 
bulk Ni (blue), carbon PLA (orange), and nickel electroplated Ni:PLA (red).  Electrochemistry 
conditions: applied potential = 2.0 V; electrolyte = 1.0 M KOH(aq). 
 

The superior performance of the cells with the Ni:PLA plates relative to the Ni plates was 

not expected but can be rationalized by the nature of the metal surface.  The metal surface in the 

Ni flow-field plate needs to be converted to the more active nickel oxyhydroxide phase during 

electrolysis before it can achieve the activity of the electrodeposited layer for the Ni:PLA 

plate.111,112,114-­‐117  The accessible electrochemical surface area of the rough, porous nickel layer 

for Ni:PLA will also be inherently higher than the smooth, dense surfaces of the Ni plates.  This 

is supported by independent double-layer capacitance measurements of the plates in a 3-

electrode set-up, as well as the higher anodic peak at 1.4 V for the Ni:PLA flow-field plate (Fig. 

3.8).   
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Figure 3.8  (A) First cyclic voltammogram cycle recorded on a Ni:PLA flow-field plate (red) 
and a Ni flow-field plate (blue) in a 3-electrode cell.  (B) Cyclic voltammograms were measured 
in a non-Faradaic region of the voltammogram at the following scan rate: 0.05, 0.1, 0.2, and 
0.4V/s.  All current is assumed to be due to capacitive charging.  Electrochemistry conditions: 
counter electrode = nickel foam; reference electrode = Ag/AgCl, KCl (sat’d); electrolyte = 1.0 M 
KOH (aq); cyclic voltammogram scan rate = 10 mV s-1.  Data not corrected for uncompensated 
resistance. 
 

The ohmic cell resistance determined by electrochemical impedance spectroscopy (EIS) of 

the electrolyzer cell assembly (Fig. 3.9) before and after 24 h of sustained electrolysis ruled out 

differences in ohmic cell resistances being responsible for the differences in catalytic activity (Ni 

= 0.405 Ω;  Ni:PLA = 0.469 Ω).  The cell containing the PLA plate had an ohmic resistance (> 8 

Ω) too high to expect electrocatalysis, thus confirming the need for a conductive coating on the 

plastic flow-field plate (Fig. 3.6) in order for the electrolyzer to operate at commercially relevant 

current densities (>200 mA cm-2).  We do not claim here that the Ni:PLA flow plate will be 

stable for the time periods necessary for commercial applications, but this proof-of-principle 

does confirm that electrolysis can occur at electroplated 3D-printed plastic substrates on the 
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timescale of days.  The stability of the cells on these short time periods was further supported by 

energy-dispersive X-ray spectroscopy (EDS) analyses (Fig. 3.10) and SEM images (Fig. 3.11) 

that indicate the Ni present on the Ni:PLA flow-field plate stayed constant before and after 24 h 

of chronopotentiometry and 24 h chronoamperometry.  

   

	
  

Figure 3.9  Alternating current electrochemical impedance spectroscopy (EIS) recorded on 
electrolyzers with different flow-field materials.  (A) Nyquist plots of EIS recorded on 
electrolyzer cells with flow-field plates made of bulk Nickel 200 alloy (blue), conductive PLA 
(orange), nickel electroplated PLA (red).  Solid lines indicate data recorded before electrolysis 
experiments, dashed lines indicate data recorded after 24 h testing.  Three different examples of 
data recorded on Ni:PLA are shown.  All EIS was recorded at open cell potential (OCP).  (B) 
Ohmic cell resistances extrapolated from electrochemical impedance spectra recorded on 
electrolyzer cells with flow-field plates made of bulk Ni 200 alloy (blue), conductive PLA 
(orange), nickel electroplated Ni:PLA (red).   
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Figure 3.10  Elemental analysis of six different points on the central flow-field rib (fifth rib from 
top) using energy-dispersive x-ray spectroscopy.  Representative EDS spectrum: x-axes = energy 
(keV);  y-axes = intensity (counts). (A) Before electrolysis.  (B) After 24 h chronoamperometry 
and 24 h chronopotentiometry. 
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Figure 3.11  SEM image of an electroplated nickel layer on a PLA flow-field plate before and 
after 48 h of electrolysis. 
 
 
	
  
3.3 Summary 

This chapter reports a demonstration of electroplating of metal directly on a 3D-printed 

plastic without the need of a seeding layer.  This achievement leaves open the possibility of a 

significant reduction in the metal that comprises many commercial components.  This chapter 

highlights how the metal flow-field plates used in electrolysers can be potentially replaced by 

electroplated 3D-plastic components with similar dimensions.  The weight of the Ni:PLA flow-

field plates evaluated in this study were measured to be reduced by 7-fold, respectively.  The 

markedly large reduction in weight could ease the production, transportation, and handling of 

electrolyzer stacks, as well as reduce material costs.  Moreover, 3D-printing of these components 

can replace computerized numerical-control milling of pure metallic components to increase the 

speed and lower the costs of prototyping such components.  The interchangeable flow-field 

feature will be used for the optimization of flow-field designs in future studies.  
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3.4 Methods 

3.4.1 Materials   

Nickel (II) sulfate hexahydrate (NiSO4 . 6 H2O), nickel (II) chloride hexahydrate (NiCl2 . 

6 H2O), and boric acid (H3BO3) were purchased from Strem Chemicals.  Potassium Hydroxide 

(KOH) pellets were purchased from Sigma-Aldrich.  Reagents were used as received and without 

further purification.  Zirfon Perl UTP 500 membranes were sourced from AGFA.  Nickel foam 

gas diffusion electrode material was purchased from MTI.  Ni expanded mesh was purchased 

from Dexmet Corporation.  The PLA filament with added carbon black (1.75 mm diameter 

“Conductive PLA” by Protoplant) was purchased from Proto-Pasta.  ABS filament (1.75 mm 

“Natural ABS” by MatterHackers) was purchased from MatterHackers.  Filaments were used as 

received.  Nickel 200 sheet with 0.25 in thickness was purchased from onlinemetals.com.  	
  

3.4.2 3D-printing 

A Rostock MAX v2 desktop 3D-Printer from SeeMeCNC running Repetier 0.91 was 

used to print the flow-field plate and base components.  The printer’s stock hot end was replaced 

with an E3D-v6 with a 0.4 mm nozzle.  Mattercontrol 1.2.2 for Mac (Rostock MAX v2 

preconfiguration) was downloaded from www.seemecnc.com and used to control the printer.  

Prints were sliced with the MatterSlice engine.  Flow-field plates were printed with 100% infill, 

and oriented such that print layers are perpendicular to the raised flow-field plate ribs.  

Conductive PLA was printed with an extruder temperature of 230 °C and heated bed temperature 

of 60 °C onto a layer of Kapton tape applied to the print bed.  ABS was printed with an extruder 

temperature of 237 °C and a heated bed temperature of 85 °C onto a fresh coating of UHU glue 
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stick applied to the print bed.  Flow-fields and bases were designed using SolidWorks 2013 

software.   

3.4.3 Electrode Preparation and Ni Electroplating  

The PLA electrode with planar geometry was a 3D-printed cuboid (2.0 cm × 1.0 cm × 0.2 

cm) with a removable clip (0.5 cm × 0.5 cm × 0.1 cm) on the top face.  A serpentine design was 

chosen for flow-field testing.  The 3D-printed flow-fields were 2.4 cm × 2.4 cm × 0.5 cm with a 

wetted active area of 4.0 cm2.  The flow-field channels had a width of 1.1 mm, flow-field ribs 

had a width of 1.3 mm and a height of 1.2 mm.  An additional removable clip (1.1 cm × 0.4 cm × 

0.2 cm) on the top rectangular face was included to attach an alligator clip during electroplating.  

Prior to Nickel electrodeposition, all 3D-printed electrodes and flow-field plates were cleaned by 

sonication in 1.0 M HCl for 5 min.  	
  

 A “Watts” nickel electroplating bath was prepared by adding 27.1 g of NiSO4 . 6 H2O, 5.4 

g of NiCl2 . 6 H2O , and 3.6 g of H3BO3 to 90 mL of deionized water.  The pH of prepared 

solution was 3.47.  The desired pH for electrodeposition was found to be in the range of 3.4 - 3.6 

using a Fisher Scientific Accumet AB150 pH meter. The pH of the nickel bath increased during 

electroplating due to hydrogen evolution, therefore after each electroplating period the pH of the 

bath was adjusted by adding 1.0 M H2SO4 dropwise until pH was within the desired range.  A 

nickel counter electrode cage was fashioned from Ni expanded mesh and positioned 1.0 - 3.0 mm 

from all submerged outside faces of the 3D-printed object.  A held cathodic current density of 2.5 

mA cm-2 of submerged surface area was used for electroplating nickel onto 3D-printed objects, 

using a Keithley 2231A-30-3 triple channel DC power supply.  The conductive PLA electrode 
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with planar geometry had a submerged surface area of 5.0 cm2 (Ielectrodeposition = 13 mA).  

Electroplating of conductive PLA electrodes with a planar geometries was performed by holding 

a cathodic current for two periods of 2 h for a total electroplating time of 4 h.  After each 2 h 

period, the current was stopped and the pH was adjusted to the desired range before the second 2-

h electroplating period was initiated.   Flow-field plates had a submerged surface area of 20.4 

cm2 (Ielectrodeposition = 51 mA).  Electroplating of flow-field plates was performed by holding a 

cathodic current for 4 periods of 2 h for a total electroplating time of 8 h.  After each 2 h period 

the current was stopped and the pH was adjusted to the desired range before the next 2 h 

electroplating period was initiated.  The thickness of the Ni coating applied during electroplating 

was approximated using the following formula118:	
  

𝑇 = !".!"!"
!

	
  	
  	
  	
   	
   	
   	
  	
  	
  	
   	
   	
  	
  (Eq.	
  11)	
  

where: T is thickness in micrometres (µm); I is current in amperes (A); t is time in h; and A is the 

submerged surface area in square decimetres (dm2). 	
  

3.4.4 MEA Preparation 

Nickel foam gas diffusion layers were cut into 2.5 cm × 2.5 cm squares with geometric 

surface area of 6.3 cm2 and were sonicated in acetone for 5 min.  The nickel foam was then 

etched by sonication in 1.0 M H2SO4 for 5 min.  Substrates were washed with DI water and 

sonicated in DI water for 5 min.  Zirfon™ Perl UTP membranes were cut into 2.8 cm × 2.8 cm 

squares with geometric surface areas of 7.8 cm2.  Membrane electrode assemblies were hot-
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pressed using a Dake hot-press model 44226 at 125 °C and 400 psi for 3 min.  MEAs were 

hydrated in 1.0 M KOH for at least 24 h after hot-pressing.	
  

3.4.5 Physical Methods  

Electrochemical data recorded using a C-H Instruments Workstation 660D potentiostat 

with amp booster.  Cyclic voltammograms and chronopotentiometry were recorded on a PLA 

electrode and a Ni-plated PLA electrode with planar geometry in a three-electrode h-cell setup 

with a Ni Foam counter electrode and a Ag/AgCl (sat. KCl) reference electrode.  The Ag/AgCl 

(sat. KCl) reference electrode was calibrated in H2 saturated 1.0 M KOH using Pt disk electrodes 

as the working and counter electrode.  Cyclic voltammograms were acquired at a 10 mV s-1 scan 

rate.  No aggregation was induced on the test cell besides that from evolved gaseous products.  

Cyclic voltammetry were recorded on Ni (half submerged, geometric surface area of 13.1 cm2) 

and Ni:PLA (half submerged, geometric surface area of 10.67 cm2) in a custom three-electrode 

setup with a Ni foam counter electrode and a Ag/AgCl (sat. KCl) reference electrode.  The 

Ag/AgCl (sat. KCl) reference electrode was calibrated in H2 saturated 1.0 M KOH using Pt disk 

electrodes as the working and counter electrode.  Data was acquired at a 10 mV s-1 scan rate.  

Reported potentials were not corrected for uncompensated resistance (iR).  No aggravation was 

induced on the test cell besides that from evolved gaseous products.	
  

Electrolyzer polarization, chronopotentiometry, chronoamperometry, alternating current 

electrochemical impedance spectroscopy (EIS) data were recorded in a two-electrode setup.  The 

alligator clips from the potentiostat were clipped to titanium bus bars designed to insert into the 

flow-fields.  The anode bus bar had the working electrode alligator clip attached and the cathode 
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bus bar had the reference and counter electrode alligator clip attached.  The flow-rate through the 

flow-field channels was 4 ml min-1 at the anode and cathode.  An o-ring is used to create a seal 

between the MEA and the outside of the flow-field plate, while compression between the two 

housing halves is provided by four firmly hand tightened bolts.  1.0 M KOH electrolyte was 

circulated at a rate of 4 mL min-1 using dual peristaltic pumps (Fig. S4).  Polarization data 

recorded as staircase voltammetry: sample width = 30 s; sample period = 50 s. EIS data were 

recorded at open circuit potential between 1 and 10000 Hz with a potential amplitude of 0.005 V.  

Cell resistance was taken as the x-intercept of the Nyquist plot or the value of Z’ at -Z” = 0 Ω.  

The output electrolyte was filtered through WhatmanTM (Cat. No. 1001 090) filter papers before 

being recycled through the electrolyzer via a 500 mL reservoir (Fig. S4).	
  

Field emission scanning electron microscopy (FE-SEM) and energy-dispersive X-ray 

spectroscopy (EDS) data was acquired with a FEI Helios NanoLab 650 microscope. FE-SEM 

imaging was performed in secondary electron mode (voltage: 3kV, current: 50 pA, Everhart-

Thornley and Elstar in-lens secondary electron detectors) and EDX analysis was carried out at 15 

kV and 3.2 nA.	
  

3.4.6 Flow-Plate Techno-Economic Analysis 

A hypothetical zero-gap bipolar flow-field plate (25 cm2) and alkaline bipolar plate (2500 

cm2) were used for the economic analysis found in Table 3.1.  Zero material waste was assumed 

(i.e., 100% of the waste produced during milling of flow-field channels is recoverable) and both 

plates were assumed to be 0.3 cm thick.  The volumetric prices and densities for all flow-field 

plate materials were based on values from the sources indicated in (Table 3.3). 	
  For a 25 cm2 
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bipolar flow-field plate, there would be 25 ribs (0.1 cm width, 0.1 cm depth) and channels (0.1 

cm width).  For one rib + channel the electroplated surface area (4 cm2) was determined by 

multiplying the electroplated perimeter of a rib + channel (0.8 cm) and flow-field plate side 

length (5 cm).  The surface area of the perimeter sides of the flow-field plate (0.3 cm × 5 cm × 4 

sides) was added to the total surface area of ribs and channels (100 cm2) to give the total 

electroplated surface area (106 cm2).  The total electroplated surface area was multiplied by the 

thickness of the Ni coating (25 µm) to determine the volume (0.265 cm3) and mass (2.35 g) of 

nickel added to the bipolar flow-field plate.  One-third of the volume of a square slab of material 

(0.3 cm × 25 cm2) is removed to create the channels for a bipolar flow-field plate resulting in a 

channeled flow-field plate of 5 cm3 volume in this example.  Density and volumetric cost data 

were used to tabulate the mass and cost of flow-field plates of different materials (Table 3.4).  

For a an alkaline electrolyzer a circular cross sectional area of 2500 cm2 and a plate thickness of 

0.3 cm was assumed.  The total surface area of the plate (2 × 2500 cm2 + 53.2 cm2) was 

multiplied by the thickness of the Ni coating (25 µm) to determine the volume (12.6 cm3) and 

mass (111.9 g) of nickel added by electroplating.  The volume of material used in an alkaline 

electrolyzer flow-field plate (750 cm3) was used with density and volumetric material cost to 

tabulate the cost of flow-field plates made from different materials (Table 3.4). 
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Table 3.3  Relative prices and densities of flow-field plate materials. 

material	
  
volumetric	
  	
  
pricing	
  	
  

(US$	
  cm-­‐3)	
  

density	
  	
  
(g	
  cm-­‐3)	
  

source	
  

titanium (grade 2)	
   0.316	
   4.51	
   McMaster-Carr	
  
graphite (high conductivity)	
   0.155	
   1.70a	
   McMaster-Carr	
  
stainless steel (corrosion resistant)	
   0.260	
   7.75	
   McMaster-Carr	
  
nickel (corrosion resistant)	
   0.196	
   8.86	
   McMaster-Carr	
  
conductive PLA (filament)	
   0.101	
   1.15	
   Proto-pasta	
  
ABS (filament) 	
   0.031	
   1.01	
   MatterHackers	
  
aMeasured	
  

	
  
	
  
Table 3.4  Techno-economic analysis of electrolyzer bipolar plates 
	
   zero-­‐gap	
   conventional	
  
	
   actual	
   relative	
   actual	
   relative	
  

material	
   mass	
  (g)	
   cost	
  ($)	
   mass	
   cost	
   mass	
  
(kg)	
  	
   cost	
  ($)	
   mass	
   cost	
  

Nickel	
   44.3	
   0.98	
   5.5	
   1.8	
   6.6 	
   147.0	
   6.8	
   1.9	
  
Stainless Steel	
   38.8	
   1.30	
   4.8	
   2.3	
   5.8	
   195.0	
   6.0	
   2.5	
  
Titanium	
   22.6	
   1.58	
   2.8	
   2.8	
   3.4	
   237.0	
   3.5	
   3.0	
  
Conductive 
PLA	
   5.75	
   0.51	
   -	
   -	
   0.86	
   75.8	
   -	
   -	
  
Ni:PLAa	
   8.10	
   0.56	
   1.0	
   1.0	
   0.97	
   78.2	
   1.0	
   1.0	
  
aElectrodeposited nickel was assumed to have the same volumetric cost and density as bulk nickel.	
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Chapter 4: Conclusion 

4.1 Conclusion 

Metals used as electrocatalysts and flow-field plates contribute a significant percentage of the 

capital cost of electrolyzer stacks.  High capital costs undermine the commercial application of 

smaller sized electrolyzers and experimental designs.  This thesis highlights two distinctive 

methods to reduce the metal content of low temperature water electrolyzers.   

4.1.1 Amorphous Catalyst Coated Membranes 

The first strategy explored in this thesis was a method for incorporating photodeposited 

amorphous electrocatalyst thin films that mediate the OER into a MEA for PEM electrolyzers.  

UVDD was employed to deposit an a-IrOx film on a non-conductive and hydrophobic substrate 

that was then used in a decal transfer procedure that formed the CCM.  The activity of the 

resulting CCM towards the OER was comparable with other amorphous iridium oxide thin films 

in the literature, demonstrating a current density of 10 mA/cm2 at an overpotential of ~400 mV 

during cyclic voltammetry experiments.  The low catalyst loading of 0.03 mg cm-­‐2	
  (σ = 0.01 mg	
  

cm-­‐2) of a-IrOx CCMs produced during this thesis was initially attributed to the low current 

densities, however, the Millet group has recently demonstrated a PEM electrolyzer with 0.1 

mg/cm2 IrO2 that reached 1 mA/cm2 at a cell voltage of 1.9 V,80 revealing that further 

optimization is needed for use of amorphous films in PEM electrolyzers.  The crystalline IrO2 

nanoparticles and ionomer used for Millet’s study are most likely resulting in a more porous 

catalyst layer with a greater amount of triple-phase boundary reaction sites.  Furthermore, the 
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cell used in their study facilitated fluid flow at ~3.3 mL min-1, where the cell used in our study 

had zero agitation, giving their cell less of a mass transport limitation.  	
  

4.1.2 Nickel-plated, 3D-printed Plastic Electrolyzer Components  

The second method explored in this thesis involved incorporating plastic electrodes in an 

alkaline electrolyzer to reduce capital and manufacturing costs.  Electroplating a nickel coating 

on 3D-printed carbon infused polylactic acid plastic enabled the use of low cost and low density 

plastic flow-field plate materials in alkaline media.  This method is an example of electroplating 

on 3D-printed plastics without the need for a seeding layer and can enabled facile manufacturing 

of lab-scale electrolyzers and nickel-plated electrolyzer flow-fields.  These flow-fields provided 

stable conductivity to the plastic electrolyzer device.  The replacement of heavy and relatively 

expensive metallic components with plastics would reduce the capital cost and manufacturing 

cost of electrolyzers.  The utility of using plastic nickel-plated flow-field plates was 

demonstrated by using MEAs comprised of nickel foam gas diffusion electrodes and Zirfon 

membranes.  The electrolyzer reached low current densities compared to more optimized AEM 

devices reported in literature, however, the electrolyzer tested in this thesis performed better with 

flow-field plates made of nickel-plated PLA (Ni:PLA) than with flow-field plates formed from 

machined nickel at commercially relevant current densities (200 mA cm-2) at room temperature.  
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4.2 Future Directions 

4.2.1 Amorphous Catalyst-coated Membranes 

Amorphous iridium oxide and Nafion membranes were chosen for this preliminary study 

because they are ubiquitous in PEM electrolyzers.  The CCMs we produced, however, did not 

achieve commercially relevant and thus, further experimental optimization is needed.  The 

performance of the amorphous catalyst-coated membranes could be improved by loading the 

catalyst layer (~0.1 mg cm-1) without limiting proton and water transport through the catalyst 

layer.  In previous studies, proton exchange ionomers were employed to build up the catalyst-

loading without impeding the transport of water and protons.29  Optimization of the CCMs 

produced from UVDD/decal transfer can be accomplished by incorporating Nafion ionomer  in 

the amorphous metal oxide film.  This could possibly be accomplished by layered deposition of 

a-IrOx and ionomer on the membrane.  The technique still is also useful for the production of 

components for other electrochemical applications, such as electrochromic devices or 

photoelectrochemical devices, where thin films of metal oxides are interfaced with solid polymer 

electrolytes or non-conductive substrates.  

4.2.2 Electroplating on Commercial-Sized Electrolyzer Flow-Field Plates.  

 Using plastic components to manufacture electrolyzers promises to improve the 

scalability of the technology by reducing weight, manufacturing time, and capital costs of the 

device.  Electroplating of >25 µm nickel coatings must be achieved on large, commercial-sized 

electrolyzer bipolar plates if the method highlighted in Chapter 3 will prove useful for 

prototyping alkaline electrolyzer flow-plate materials.  Furthermore, optimization is needed in 
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terms of understanding the gas tightness of the Ni:PLA flow-field plates, as well as operation at 

higher temperatures and pressures. 

 Previously, a myriad of flow-field designs have been tested and modelled in an effort to 

optimize flow-field design used in PEM fuel cells;113,119,120 however, the flow dynamics in 

electrolyzer flow-fields will differ from that in fuel cells.  The optimization of a flow-field design 

is a balance between reactant distribution and pressure drop.  For example, the interdigitated 

design is optimal for reactant distribution in the MEA and the parallel design causes very little 

pressure drop, reducing pumping costs.  The serpentine design strikes a balance of pressure drop 

in the flow-field and product distribution in the MEA. Moreover, a large variety of hybrid 

designs are possible that may increase electrolyzer performance.  The plastic electrolyzer test cell 

highlighted in this thesis, designed to incorporate interchangeable flow-fields, can be used to 

rapidly test different hybrid designs and will serve to accelerate flow-field design optimization 

for electrolyzers, lending itself well to the rapid prototyping. 
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Appendices  

Appendix A  Supplemental photographs for Chapter 2.  

A.1 Teflon substrate before and after decal transfer.  
 

 

A.2 Cell setup for electrochemical impedance studies on the through-plane ion conductivity 
of modified Nafion membranes 
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A.3 Cell setup for electrochemical experiments conducted on amorphous iridium coated 
membranes. 

         

Appendix B  Supplemental photographs for Chapter 3.  

B.1 Cell setup for 3-electrode studies on 3D-printed planar electrodes. 
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B.2 Plastic electrolyzer cell setup. 

      

 

 


