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Abstract

To study the relatively novel technology of anion exchange membrane (AEM) water
electrolysis in a scientific manner, a controllable and repeatable electrode fabrication
method is needed. While inkjet printing has been successfully used to fabricate elec-
trodes for proton exchange membrane (PEM) water electrolyzers, it has not been
used for fabricating AEM-based water electrolyzer electrodes. The drop-on-demand
nature of inkjet printing allows for the precise control of the electrode fabrication
process such that the electrode loadings may be precisely controlled. This work in-
vestigates the suitability of the inkjet printing method for fabricating electrodes for
AEM-based water electrolysis.

Catalyst inks based upon Pt|C and IrO, were developed containing a commercially
available anion conducting ionomer. The suitability of the catalyst inks for use with
the inkjet printing method was analyzed using dynamic light scattering (DLS) and
glass kinematic viscometers. The consistency of the inks, as determined from DLS,
was improved by decreasing the wt.% of the ionomer solution used to produce the
inks, and by adding a viscosity increasing additive (propylene glycol) to the catalyst
ink slurry after the addition of the ionomer.

The developed catalyst inks were successfully used to produce and test AEM-
based water electrolyzers with catalyst coated membrane (CCM) and catalyst coated
substrate (CCS) cell architectures. While the loading normalized performance for the
cells was found to be similar to those from literature at low operational currents, it
was notably poorer at elevated currents. Using electrochemical impedance spectrom-

etry (EIS) it was found that the cell resistances were similar to or even lower than

i



those from literature. The lower cell performance was therefore hypothesized to be
due to the relatively high anodic ionomer content used (15 wt.% compared to 7 wt.%
used in literature). While it was found that the inkjet printing method is suitable
for producing electrodes for AEM-based water electrolysis, further testing is required
with anion conducting materials (membrane and ionomer) that are less prone to di-

mensional swelling due to water uptake to obtain cell-to-cell repeatability.
Keywords: anion exchange membrane water electrolysis, electrode fabrication, inkjet

printing, dynamic light scattering, catalyst coated membrane, catalyst coated sub-

strate, glass kinematic viscometer
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Chapter 1

Introduction

1.1 Background and Motivation

As stated by John Rigden in his book on the hydrogen element, a world without
hydrogen would be a world without water, a world without carbohydrates, a world
without proteins—and ultimately, a world without life. In fact, it is the 600 million
tonnes of hydrogen fused into helium releasing energy every second in the sun that
provides the heat required for life on Earth [1]. For comparison, the current demand
for pure hydrogen on Earth per year is approximately 70 million tonnes [2]. As seen in
Figure 1.1, the primary uses for pure hydrogen are for the production of ammonia via
the Haber-Bosch process, and thereby fertilizers used to produce food for the World’s
ever growing population!, and for oil and gas refining?. Although the current demand
is only roughly half that of pure hydrogen, mixtures containing hydrogen gas are also
required in an increasing amount for producing methanol and for the direct reduction
of iron (DRI). In the case of the latter, the use of hydrogen presents an opportunity
for which the CO, emissions associated with the production of steel may be greatly
reduced [5]. Such reductions are required if global CO4 emissions are to reach net zero
by 2050 as required to limit global warming to 1.5°C above pre-industrial levels [6].
The potential for hydrogen to reduce emissions, however, is far greater than that
associated with reduced greenhouse gas emissions from DRI alone. Beyond the cur-
rent uses of hydrogen presented in Figure 1.1, hydrogen may be used as an energy
carrier in sectors such as transportation, building heating, and power generation. For

transportation, hydrogen used in fuel cell electric vehicles (FCEVs) offers potentially

!The current production of ammonia is greater than 160 million tonnes per year (using more
than 31 million tonnes of hydrogen per year [2]) and it has been estimated that only half of today’s
agricultural production would be possible without the Haber-Bosch process [3].

2Hydrogen is used for both hydrotreatment, in which hydrogen is used to remove impurities
(such as nitrogen, sulfur, and oxygen) from crude oil [4], and for hydrocracking, in which hydrogen
is used to upgrade heavy residual oils into higher value oil products [2].



77 777
777 77
AN . 27
77| Refining 222l Methanol o
70 LLe N
— Ammonia [t DRI —
=
- Other Pure Other Mixed —
= ] ]
m 50 L NN — — -
5 = = =
—] —] —
< —] — 7777
— —] A
— —] — 20
‘‘‘‘‘ i
5] NN — ] 2000
— — — A
A — —
30 |- — —] 20 B
—] —] 7 2
— — — rr77 777
< —— —— 1777 7277
—] —] 20 2
e} — — AN Lz
5 I —] —] A A
—] —] 25 A e
- —] — AN Ay e
U —A —A I 7777 s7774 kel
—] —] 77 2 A |
2| = — e
— — 557 2 Ay e
— — — WA Ay s
[as} — — 207 7777 77774 cece
— 20 2 2250 pettE
+ —] —] A 2 A
Q 1 1 207 777 77774FCcce
— 2000 20 Ay |t
—] — 2 2 PR ==
— VYT 7527 A | vy
10 - B i\
— A WA Y A |
Y 2 2 |
Ay .00 2 2o kesss
— 552 A 2200 2o  Reses
7 2500 ] 2000 2 A
Y Y # 2 |
2257 = Y | 2.0 A 2o besss
2277 Ecay] 2777 77 2077 I s
0 o o A A 2 Akesss

Figure 1.1 — Total global demand for hydrogen in both its pure and non-pure forms.
Data sourced from Reference [2].

higher gravimetric power densities® and faster refueling rates compared to battery
electric vehicles (BEVs). Moreover, compared to internal combustion engines, hydro-
gen fuel cells offer higher efficiencies, silent operation, and virtually no undesirable
emissions such as NO,, SO,, or particulate matter [7]. Heat generation currently
accounts for a third of global energy-related CO5 emissions, but may be reduced by
utilizing hydrogen in fuel cell combined heat and power (CHP?) applications, direct
flame combustion boilers, catalytic boilers, or gas-powered heat pumps [8]. Lastly,
hydrogen may be used in power generation in a number of ways: co-firing of ammo-
nia (produced from hydrogen) in coal power plants, blended into feedstock for gas
turbines (although eventually used in its pure form), used in stationary fuel cells, or
as a means for large-scale long-term energy storage [2, 9.

As promising as hydrogen is as an alternative energy carrier, its ability to reduce

emissions is strongly linked to the method in which it is produced since it does not

3Fuel cells have a similar gravimetric power density as internal combustion engines, but have a
lower volumetric power density compared to internal combustion engines and lithium-ion batteries
owing primarily to the low volumetric energy density of hydrogen gas.

4Stationary CHP is currently the largest and most established market for fuel cells thanks
strongly to high deployment in Japan [8].



naturally occur in its molecular form. Hydrogen in its molecular form may be pro-
duced in a number of ways, but the majority of hydrogen currently produced requires
hydrocarbon feedstocks such as natural gas and coal [2]. As a result, roughly 2.5% of
the World’s current CO4 emissions directly come from the use of hydrocarbons for the

°. For reference, Canada’s current greenhouse gas emissions

production of hydrogen
are equivalent to 2.2% of the World’s total COq emissions [10, 11]. If current trends
for the growth of chemical products such as ammonia and methanol are projected
forward, then COy emissions from the corresponding growth in hydrogen production
would rise by around 20% between 2018 and 2030 [2]. This estimated growth in COq
emissions from hydrogen production does not include emissions linked to additional
hydrogen demand from sectors such as transportation or steel production. It has been
estimated, however, that CO4 emissions from natural gas used for steam methane re-
forming (SMR) may be reduced by up to 90% if carbon capture, utilization, and
storage is used [2]. Nonetheless, the long term utilization of hydrocarbons, such as
natural gas and coal, for the production of hydrogen, may be limited by the fact that
they are non-renewable resources.

An alternative production method for molecular hydrogen that need not depend
upon non-renewable fossil fuels is water electrolysis. Water electrolysis is the pro-
cess whereby water is split into hydrogen and oxygen within an electrochemical cell
through the application of electrical energy [12]. Although less than 0.1% of the
World’s dedicated hydrogen production currently comes from water electrolysis, it
has been cited as the cleanest method to produce hydrogen if the electricity required
comes from renewable energy sources such as solar or wind [2, 12].

Technologies for water electrolysis are commonly classified by the electrolyte that
they utilize. This classification is often distinguished by the state of the electrolyte
(liquid, solid polymer, or solid oxide), and by the pH of the electrolyte (alkaline or
acidic) [13]. From a historical perspective, electrolyzers utilizing liquid alkaline elec-
trolytes were commercialized industrially in the early 20" century for hydrogen to be
used in the Haber-Bosch process. Such industrial facilities were primarily powered
by low cost hydroelectricity in countries such as Norway and Canada, but have since
primarily closed due to an inability to economically compete with cheaper production
methods based upon fossil fuels [14]. Conventional alkaline electrolysis is character-
ized by having the anode and cathode electrodes immersed within a liquid alkaline
electrolyte and separated by a porous diaphragm that is permeable to the hydroxide

and water molecules, but prevents the produced hydrogen and oxygen bubbles from

5The production of hydrogen from hydrocarbons currently produces around 820 Mt of CO5 per
year [2] while the total World produces roughly 33 200 Mt per year [10].



mixing [14, 15]. The electrolyte utilized is typically aqueous potassium hydroxide
(KOH) with a concentration > 5.3 mol/L [16, 17]. The primary advantage of alkaline
water electrolysis over similar technologies under acidic conditions is that materials
for cell components, especially electrocatalysts [18], may be broadened to include
earth-abundant materials [14].

In the 1960s a solid-state polymer electrolyte, known as Nafion, that is capable of
conducting hydrogen ions, or simply protons, was invented by the DuPont de Nemours
company. Owing strongly to its high ionic conductivity, Nafion is currently the most
commonly used material for proton exchange membranes (PEMs) used in PEM-based
water electrolysis [14, 19]. The advantages exhibited by PEM electrolyzers over ex-
isting alkaline technologies stem directly from Nafion’s acidic nature, structural prop-
erties, and solid polymer state. Nafion being a thin solid-phase polymer allows for
PEM-based electrolyzers to be constructed in a compact configuration that leads to
elevated efficiencies at high current densities [14, 15]. Furthermore, the structure of
Nafion allows for the conductivity of protons without the need for a liquid electrolyte.
As such, PEM-based water electrolyzers are commonly operated with pure water and
are considered safer than their conventional alkaline counterparts that must utilize
a highly caustic liquid electrolyte [12]. PEM-based electrolyzers are also considered
safer for the electrochemical compression of hydrogen thanks to the reduced hydro-
gen permeability in Nafion compared to materials used for the diaphragm in alkaline
water electrolysis [20]. The reduced hydrogen permeability in Nafion means that the
electrodes in PEM-based water electrolysis may be operated with a differential pres-
sure such that the produced hydrogen is compressed and the oxygen is not [12, 14,
15]. Lastly, PEM-based water electrolyzers respond rapidly to the amount of power
supplied, and operate over a large domain of partial loads [15].

The corrosive acidic environment present in PEM-based water electrolyzers, how-
ever, requires the use of distinct materials. The cell components, including the cat-
alysts and bipolar plates, must resist the highly acidic environment (pH =~ 2) and
high overpotentials (= 2 V with respect to the hydrogen reference electrode) [15].
Although there has been some progress in decreasing the cost of cell components
such as the bipolar plates, the cost of catalysts is expected to become increasingly
important as a completely non-noble metal-based catalyst has yet to be identified for
PEM-based water electrolysis [21, 22].

An emerging technology that aims to combine the benefits of both PEM-based
water electrolysis and conventional alkaline water electrolysis is anion exchange mem-
brane (AEM) water electrolysis. The utilization of a solid-state polymer electrolyte

capable of conducting anions (commonly hydroxide) results in a technology that op-



erates in an alkaline environment with a cell structure similar to that used in PEM-
based electrolysis. Since AEM-based water electrolysis is conducted within an alkaline
environment, it is possible to utilize catalysts used in conventional alkaline water elec-
trolysis that are relatively abundant and cheaper compared to those utilized for PEM
water electrolysis [22]. Moreover, since the cell structure utilized for AEM-based wa-
ter electrolysis is similar to PEM-based water electrolysis, AEM electrolysis may be
more efficient and considered safer than conventional alkaline electrolysis. That is, the
compact cell design and electrodes may reduce inefficiencies regarding ion transport
within the cell while simultaneously offering the ability to operate with a relatively
low concentration of alkaline solution, or even distilled water [14, 23, 24]. Similarly,
the cell structure and utilization of a membrane electrolyte allows AEM-based water
electrolyzers to operate with a differential pressure between its electrodes, as is done
in PEM-based water electrolysis [14, 25].

AEM-based water electrolysis, however, is a relatively new technology that has
only been under investigation since circa 2010 [24, 26, 27|, and as such, is only at the
laboratory stage of development [23]. Thus, the commercial viability of AEM water
electrolysis as a low-cost production method for green hydrogen is not yet realizable
until further developments have been made. Recent review papers on the topic of
AEM water electrolysis by Vincent et al. [23] and Miller et al. [28] indicate that the
performance of the technology must be increased while concurrently keeping cost low
by utilizing earth-abundant materials. In addition to increasing the performance,
the stability of AEM-based water electrolyzers, especially when operating with pure
water, must also be further investigated. Since aspects related to low-costs, high
and stable performance, as well as operation with pure water, are often at odds with
one-another (i.e., the utilization of expensive materials often increases performance

and durability), continued research efforts are required for AEM water electrolysis.

1.2 AEM Electrolyzer Cell Structure, Operation,
and Performance

Figure 1.2 illustrates the structure, as well as the electrochemical operation, of a
single AEM-based electrolysis cell. Water introduced to the cathodic bipolar plate is
transported through a flow field of channels to the porous transport layer (PTL). The
PTL evenly distributes water, heat, and electrons to the cathode catalyst layer (CL)
and simultaneously allows for the flow of produced hydrogen out of the cell. Within
the cathode CL, electrons (e”) and water (H2O), in the presence of a catalyst, are

reduced into hydrogen gas (Hs) and hydroxide ions (OH™) via the hydrogen evolution
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Figure 1.2 — Structure and electrochemical operation of a single AEM electrolysis cell.

reaction (HER). Hydroxide ions diffuse through ionomer or liquid within the CL and
across the AEM to the anode CL where, in the presence of a catalyst, they form
oxygen and water while releasing electrons in the oxygen evolution reaction (OER).
The electrons then transfer through the anode PTL and into the bipolar plate where
they are connected back to the external electronic circuit while the produced water
either leaves the system with the oxygen or diffuses back to the cathode to react in
the HER. Of note is that since water may diffuse through the AEM, water may be
fed into both, or either, of the electrodes during operation.

Combining the cathode and anode half-cell reactions, respectively provided in
Egs. (1.1) and (1.2), yields the overall cell reaction provided in Eq. (1.3),

4H50 + 4e~ = 2H, 4+ 40H~ E°=-0.828V (1.1)
40H™ = 2H,0 + Oy + 4e™ E'= 0401V (1.2)
2H,0 = 2H, + O, EY,=-123V (1.3)



where the E° value is the standard-state reversible voltage®. Applying a current
to the cell causes equilibrium to be lost such that the reversible voltage no longer
applies. The performance of a water electrolyzer is often summarized in the form of a
polarization curve in which the voltage of the cell is plotted against the current. The
current plotted in a polarization curve is commonly normalized by the cell geometric
area, and referred to as current density, so that cells of varying sizes may be directly
compared. An ideal electrolyzer would maintain a constant voltage, referred to as
the reversible cell voltage (Eipermo), for any amount of current. The reversible cell
voltage is a thermodynamic value calculated using the Nernst equation that varies
from the standard-state reversible voltage of 1.23 V depending upon the systems
operational temperature and pressure, as well as the concentrations of the products
and reactants. In practice, however, the cell voltage does not remain equal to the
reversible cell voltage, and instead increases due to three non-thermodynamic sources
of irreversibilities; namely, activation losses (7,.), ohmic losses (Monmic), and mass
transport losses (Mmass). The actual voltage of the cell, or cell performance, at a
given current density is the superposition of the reversible cell voltage and the three

sources of irreversibilities,

V= Ethermo + Nact + Tohmic + TNhmass- (14)

A sample polarization curve demonstrating the relationship presented in Eq. (1.4)
is provided in Figure 1.3. Depending upon the current density domain, i.e., low,
medium, or high, the overall cell performance is respectively dominated by the acti-
vation losses, ohmic losses, or mass transport losses.

Activation losses are due to reaction kinetics which are rooted in the mechanisms
with which electron transfer occurs in an electrochemical reaction. An activation po-
tential, or loss, is required to manipulate the reaction activation barrier such that a
given electrochemical reaction proceeds in the oxidation or reduction direction. Since
activation losses are associated with the electron transfer occurring at the interface
between an electrode and electrolyte, there is in fact two distinct losses, one for the
HER and one for the OER, that are superimposed to create the corresponding acti-
vation curve shown in Figure 1.3. The exponential relationship between the current
density and activation losses is commonly described by the Butler-Volmer equation.
The Butler-Volmer equation indicates that the activation losses may be reduced by
increasing the availability of reactants, increasing the reaction temperature, utilizing

different catalysts, or by altering the electrode fabrication method [7, 15].

6 A standard-state reversible voltage is the voltage produced at thermodynamic equilibrium under
standard conditions (298.15 K and atmospheric pressure) [7].
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Figure 1.3 — Schematic of a water electrolyzer polarization curve depicting the effect
of various voltage loss mechanisms.

Whereas activation losses stem from electron transfer within a given electrochem-
ical half-cell reaction, ohmic losses stem from charge transport within the materials
that make up the electrochemical system. As the name indicates, ohmic losses are

governed by Ohm’s law,
Nohmic = ,chelh (15)

where j is the operational current density and R, represents the cell’s total area
specific resistance’. Although the cell resistance is comprised of both electronic and
ionic resistances, it is often dominated by the ionic portion since the transport of
ions tends to be inherently more complex than the transport of electrons® [7]. More-
over, the ohmic resistance of a cell is dependant upon the cumulative resistance of
the cell components such as the electrodes, PTLs, and membrane. Since the resis-
tance of these components scales with thickness, and inversely with conductivity, the
ohmic losses may be reduced by decreasing component thicknesses and increasing
their conductivities by utilizing alternative materials.

Whereas the activation and ohmic losses are rooted in the transfer of charged

species, the mass transport losses shown in Figure 1.3 are rooted in the transfer of

"Since resistance scales with area, the area-specific resistance is utilized in order to compare cells
of differing size [7].

8The ionic conductivity of so-called good electrolytes still remains orders of magnitude lower
than that in electron conducting metals.



uncharged species. Uncharged species are unaffected by voltage gradients, which are
the primary driving force for moving species related to ohmic losses, and therefore
must be driven by concentration and pressure gradients. Diffusion, by way of con-
centration gradients, is the primary mechanism with which uncharged species are
transported within porous media such as the CLs and PTLs within the cell. Con-
versely, transport within flow fields in the bipolar plates is primarily due to convective
flow driven by pressure gradients. At elevated current densities, voltage losses occur
when gas bubbles block the network with which reactants and products transfer to
and from the CLs. As such, mass transport losses may be reduced by altering porous
media through alternative manufacturing methods or changing the flow field pattern

utilized in the bipolar plates.

1.3 Literature Review

With the number of publications related to AEM-based water electrolysis being ap-
proximately two-times lower than the number of PEM-based water electrolysis pub-
lications in 2020, it is clear that PEM water electrolysis is currently receiving more
research attention. Nonetheless, the number of publications related to AEM-based
water electrolysis has been steadily increasing (26 in 2017, 40 in 2018, 49 in 2019, and
67 in 2020) and the following introduces published work related to materials, fabri-
cation methods, and operational parameters for AEM water electrolysis. Note that
an emphasis is placed upon cell fabrication, operation, and commercially available
materials since the development of alternative materials for membranes, catalysts,

and other cell components is beyond the scope of this work.

1.3.1 AEM Water Electrolyzer Components

Primary components that are required for an AEM-based water electrolysis cell in-
clude the membrane, CLs, PTLs, and bipolar plates. The following aims to discuss
materials that have been commonly utilized in literature for these components, and

outline their advantages and disadvantages.

HER and OER Electrocatalysts

As stated in Section 1.2, activation losses dominate cell performance at low current

densities and are dependant upon the electrocatalyst that is utilized. For an elec-

9Data based upon Web of Science results for proton exchange membrane water electrolysis (142
publications) and anion exchange membrane water electrolysis (67 publications).



trocatalyst to be effective for a given half-cell reaction, such as the HER or OER, it
must have high activity, high electronic conductivity, and high stability. The require-
ment for high activity, assuming a constant Tafel slope, may be discussed in terms
of the exchange current density which further describes the rate with which the for-
ward and reverse reactions occur for an electrochemical reaction at thermodynamic
equilibrium. Although the exchange current density is dependant upon operational
parameters such as temperature, it is also highly affected by the catalyst material as
it may alter the activation barrier as well as the number of possible reaction sites [7].
Thus, increasing catalyst activity and/or decreasing the Tafel slope, byway of utiliz-
ing an appropriate catalyst, directly decreases the activation losses. The requirement
for electrocatalysts to have high electronic conductivity stems from the fact that elec-
tron transport within the CLs is through the catalyst themselves. Whereas the first
requirement involving activity affects the activation losses, the second requirement
involving electron conductivity mainly affects the ohmic losses. Lastly, the third re-
quirement regarding stability specifically requires thermal, mechanical, and chemical
stability within the respective electrode environment such that the electrocatalyst
does not dissolve, aggregate, or passivate during operation or on/off cycling of the
cell.

Due to the intermediate steps that occur in a given electrochemical half-cell re-
action, there is a trade off between the catalytic activity and binding energy of the
catalyst [7]. That is, if the binding strength of a given catalyst is too strong, then
the reacting species may remain bound to the catalyst and inhibit the binding of
additional reactants. Conversely, if the binding strength is too low, then the catalyst
cannot function as required, and fewer reactions will occur. Stemming from this, the
Sabatier principle states that there is an optimum catalytic performance depending
on the strength of adhesion between a catalyst and the reacting chemical species [7].
Plotting catalytic activity against binding energy commonly results in a so-called
volcano type curve where the optimal material sits atop the volcano. For the HER
under alkaline conditions, Pt-based materials are on top of the volcano curve [29] and
as such, Pt and Pt|C have commonly been used as the HER catalyst in AEM-based
electrolysis [28].

In a screening of potential HER catalysts under alkaline conditions, McCrory et
al. used a rotating disk electrode (RDE) assembly to demonstrate that there are sev-
eral materials that show similar activity to Pt [30]. Furthermore, it was demonstrated
that the stability of the alternative catalyst materials was reasonable under constant
operation. Recent review papers for electrochemical catalysts for electrolysis by Khan
et al. [22] and Hu et al. [18] have both discussed the high amount of attention that
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transition metal phosphides are receiving as an HER catalyst. Of note is the work
conducted by Zhang et al. in which a bimetallic-structured phosphide electrocatalyst,
NiCoyP,, required an overpotential of 58 mV to reach 10 mA/cm? in 1 mol/L. KOH
compared to an unnamed commercially available Pt which had an overpotential of
70 mV under the same conditions. Although catalysts of this nature show promise
for the HER in AEM water electrolysis, it is not clear that they have been tested
in-situ within an AEM-based cell. Since alternative catalyst such as NiCoyP, have
not been sufficiently tested within an AEM-based cell and other non-platinum group
metal (PGM) catalysts such as Ni-Mo require high loadings due to their reduced ac-
tivity with respect to Pt (40 mg/cm? [27]), and subsequently, are not ideal for inkjet
printing electrode fabrication methods, the work conducted herein utilizes Pt|C as
the HER catalyst.

The OER under both alkaline and acidic conditions is the rate-limiting step for
water electrolysis since it is a sluggish four-electron reaction under both environ-
ments [18, 28, 31]. Under acidic conditions for PEM-based water electrolysis, it is
likely impossible that PGMs will be completely eliminated since there are no alter-
natives that do not dissolve, oxidize, or insulate under OER conditions [22, 30, 31].
As a result, the use of PGMs such as Ir in PEM-based electrolyzers is a limitation
since Ir is one of the rarest elements in the Earth’s crust [15]. Conversely, McCrory
et al. demonstrated that there are a number of non-PGM based catalysts (> 10) that
have equivalent activity to Ir under alkaline conditions [30]. Further, seven of the
tested non-PGM catalysts showed excellent longer-term stability as the overpotential
required to maintain a current density of 10 mA/cm? was either constant or even
decreased over the 24 hour test period. The relatively high availability of non-PGMs
for use as the OER catalyst in AEM-based electrolyzers is a notable advantage over
PEM-based electrolyzers.

To further validate the use of non-PGM catalysts for the OER in AEM-based
electrolysis beyond RDE results, Xu et al. tested cobalt oxide (Co3z0y), two spinel
oxides (NiCoO, and CoFeO,,), Ni-based oxyhydroxide (NiFeO,H,), and other Ni-Co
oxide catalysts (NiCoFeO, and NiCoO,:Fe) within an electrolysis cell while holding all
other parameters regarding cell components, fabrication, and operation constant [32].
Note that the Ni-Co oxide catalysts containing Fe were produced using two different
methods to try and produce a catalyst with Fe in the bulk of the material (NiCoFeO,)
and a catalyst with Fe on the surface of the material (NiCoO,:Fe). In addition to
the non-PGM catalysts tested, Xu et al. also tested IrO, to be used as a baseline
with which to compare the other catalysts against. The results obtained by Xu et

al. are provided in Figure 1.4 where Figure 1.4a shows the resulting cell polarization
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Figure 1.4 — Comparison of in-situ cell performance (tested with loadings of 3 mg/cm?
and pure water cell feed), activation overpotentials (tested in 1 mol/L KOH
with loadings of 10 pg/cm?), and electronic conductivities for different OER
electrocatalysts. Data sourced from Xu et al. [32].

curves for the different catalysts and Figure 1.4b shows the activation overpotential
for 10 mA /em? in 1 mol/L KOH as well as the dry catalyst electronic conductivities.
Considering both Figure 1.4a and Figure 1.4b in tandem, the importance of a high
electronically conductive catalyst is apparent. That is, the objectively lowest in-situ
cell performance obtained for any of the catalyst was for NiFeO,H,, even though it
had the lowest activation overpotential amongst all of the catalysts. The steep linear
increase of voltage as a function of current density is explained byway of the very
low electronic conductivity of NiFeO,H,. Although it is not to the same extent, the
same relationship is shown for cobalt oxide and CoFeO,. Conversely, the increased
performance shown in Figure 1.4a for NiCoO,., NiCoFeO,, and NiCoO,:Fe over IrO,
cannot be readily explained by the ex-situ data provided in Figure 1.4b since IrO, has
a comparably lower activation overpotential and greater electronic conductivity. Xu
et al. suggests that the increased performance may be due to an improved interface
between the non-PGM catalysts and the polymer electrolyte compared to the IrO,
catalyst [32].

Although Xu et al. [32] has successfully demonstrated that non-PGM catalysts
may be used as the OER catalyst for AEM-based water electrolyzers, IrO, was used
as a baseline material with which to compare the alternative catalyst materials to.
Since the current work is to also stand as a baseline reference with which to compare
additional catalysts against, IrO, is utilized as the OER catalyst. Additionally, as

discussed further in Section 1.3.2, a primary objective of this work was to produce
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electrodes via the inkjet printing method, and Mandal et al. has already successfully
demonstrated the use of a Nafion-based IrO, catalyst ink for inkjet printing electrodes
for PEM-based electrolyzers [33].

Anion Exchange Membrane and Ionomers

The AEM within an electrolyzer is one of the primary components and is responsible
for conducting anions from the cathode to the anode, separating produced gases, and
sufficiently insulating against electron conductivity. The main requirements for an
AEM are high stability (thermal, mechanical, and chemical), high ionic conductivity,
low electronic conductivity, and low permeability of produced gases [14]. However,
as stated by Hegesteijn et al. in a recent review on AEMs focusing specifically on
fuel cell and electrolyzer applications, the current principal objective for AEM re-
search is to improve AEM chemical and mechanical stability in high-pH and high-

O environments [34]. Not only is high mechanical stability required to

temperature!
ensure the longevity of the membrane under harsh conditions, but a membrane with
high mechanical stability may also be cast in relatively thinner forms that in turn
increases electrolyzer performance by reducing ohmic losses [35].

AEMSs may be generally classified into three categories: heterogeneous membranes,
interpenetrating polymer networks (IPNs), or homogenous membranes [36]. Hetero-
geneous membranes contain an anion exchange material embedded within an inert
compound such that they typically have high mechanical stability, but suffer from
low ionic conductivity. IPNs contain two polymer networks which do not have co-
valent bonds between them. IPNs are composed of a hydrophobic polymer (water
repelling) which exhibits good thermal, chemical, and mechanical properties, as well
as a conductive polymer responsible for the transport of ions. The separate polymers
within IPNs are not bound to one another, which adversely affects the conductivity
as the ionically conductive polymer diffuses within the hydrophobic polymer. Lastly,
homogenous membranes contain an ionically conductive functional group covalently
bonded to a polymer backbone resulting in a single phase polymer. Most AEMs are
of the homogenous category and are produced by polymerization and cross-linking or
by chemically modifying polymers through various methods [34]. The chemical degra-
dation of homogenous AEMs is caused by the instability of the cationic functional
groups, of the polymer backbone, and/or of the functional group-backbone bond [35].

More specifically, many AEMs utilize commercial and traditional polymers as the

0The average operating temperature for AEM water electrolysis is 56°C [28] versus 80°C for
PEM electrolysis [15]. Operating at higher temperatures not only increases catalyst activity, but
also increases ionic conductivity, and contributes to higher cell performance [23].
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backbone due to their ease of preparation and availability, but the backbone func-
tionalities are also susceptible to degradation [37].

The polymer utilized for the AEM may be utilized as the ionomer as well. The
ionomer is commonly included within the cell’s CLs during fabrication and is re-
sponsible for ionic conductivity within the CL. An ionomer must have high stability,
high ionic conductivity, and good contact with catalyst particles. Although it is not
strictly required, an ionomer should be soluble in organic solvents and provide ad-
hesion with catalyst particles. The ionomer commonly plays a role in binding the
catalyst particles in the CL such that they remain fixed during cell operation. As
noted, it is not a strict requirement for the ionomer to function as the binder since
other polymer materials may be used instead. However, it is beneficial to simultane-
ously utilize the ionomer as the binder since an inert binder will inherently yield any
coated active sites of the catalyst as non-active and will reduce CL porosity which is
required for mass transport. The ionomer is commonly impregnated within the CL
during fabrication by dissolving it in an organic solvent and including it within the
catalyst ink that is used for CL fabrication. If the ionomer is not soluble within an
organic solvent, then less user- and environmentally-friendly solvents may be required
or alternative CL fabrication methods.

Though achieving high AEM stability is currently the principal goal of related
research, obtaining AEMs with high ionic conductivities is also important. A recent
analysis of ionic conductivity in AEMs and PEMs by Gottesfeld et al. found that the
hydroxide conductivity in AEMs is 2-8 times lower than the proton conductivity in
PEMs [35]. Beyond the fact that the specific conductivity of the hydroxide ion in a
diluted aqueous solution is two times lower than that of a proton, Gottesfeld et al.
also states that the large gap in conductivities between AEMs and PEMs is in-part
because the conductivity reported for AEMs may often be for the carbonate ion and
not the hydroxide ion. Hydroxide ions readily react with carbon dioxide within the
atmosphere to form bicarbonate (HCO3 ) and carbonate (CO3") ions via the following

reactions,

OH™ + CO, = HCO3, and (1.6)
OH™ + HCO3 = CO2™ + H,0. (1.7)

The carbonization process has been shown to decrease membrane conductivities by

60-70% in only 40-60 minutes when membranes are exposed to ambient air [38].
Ziv and Dekel have shown that the conductivity of a commercially available AEM

(Aemion AF1-HNNS8-50 by lonomr Innovations Inc.) increases six times when con-

verted from a mixed carbonate form to hydroxide form [38]. A schematic of the
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electrolyzer-based experimental setup utilized by Ziv and Dekel to convert the mem-
brane from a mixed carbonate form to hydroxide form is provided in Figure 1.5. Water
vapor is reduced to form hydrogen and hydroxide at the cathode as per the HER un-
der alkaline conditions. Anions within the membrane, which includes bicarbonate
and carbonate initially in the membrane due to its exposure to ambient atmospheric
conditions and hydroxide produced as a result of the HER, migrate to the anode. At
the anode, the reversed form of the reactions provided in Egs. (1.6) and (1.7) convert
bicarbonate and carbonate to carbon dioxide. Moreover, hydroxide present at the
anode is oxidized to produce water and oxygen through the OER. As hydroxide is
continuously produced and the bicarbonate/carbonate is consumed, the membrane is
converted from its mixed carbonate form to hydroxide form. Ziv and Dekel measured
the ionic resistance of the membrane every 10-30 minutes while applying a current of
100 pA until the resistance stabilized. The stabilized resistance, R, is then converted

to a conductivity, o, by using the following relationship,

L
- = 1.8

RA? ( )
where L and A are respectively the thickness and cross-sectional area of the mem-
brane. As a result, Ziv and Dekel found the true hydroxide conductivity of the Aemion
membrane to be 103 mS/cm at 40°C and 90% relative humidity. Although reported
values vary greatly, the average proton conductivity reported for Nafion under the

same conditions is approximately 70.5 mS/cm [40].
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Figure 1.5 — Schematic of experimental setup (740 Membrane Test System with Pt
electrodes by Scribner Associates Inc. [39]) used by Ziv and Dekel to de-
termine the true hydroxide conductivity of an AEM [38]. R.H. = relative
humidity.
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Although reviews on AEMs such as those by Hagesteijn et al. [34] and Gottesfeld
et al. [35] have discussed the development of many alternative anion exchange ma-
terials (> 20) within literature, there exists a relatively small range of commercially
available AEMs and ionomers that are commonly utilized for AEM-based electrolyzer
research. A summary of commercially available anion conducting materials is pro-
vided in Table 1.1. As seen in Table 1.1, the A-201 membrane and AS-4 ionomer
produced by Tokuyama Corporation are currently the most utilized commercially
available anion conducting materials. However, direct communication with a repre-
sentative from Tokuyama Corporation has revealed that the A-201 and AS-4 products
have been discontinued and no alternative materials are currently being offered by
the company.

Fortunately, two of the last publications utilizing the A-201 membrane by Vincent
et al. [44] and Pushkareva et al. [46] have directly compared the in-situ performance
of the A-201 membrane to other commercially produced membranes. Figure 1.6
shows the in-situ performance of the A-201 membrane compared to the Fumapem
FAA membranes (Figure 1.6a) as well as the Aemion and Sustainion membranes
(Figure 1.6b). The polarization curves provided in Figure 1.6a show that the perfor-
mance of the A-201 and Fumapem FAA-3 membranes are very similar. FAA-3-PK,
a PEEK reinforced Fumapem FAA-3 membrane, is shown to suffer from increased
ohmic losses compared to the other AEMs [44]. The poorer performance of the FAA-
3-PK membrane is likely due to its increased thickness (80 pm) compared to the
relatively thinner A-201 and FAA-3 membranes (28 and 40 pm, respectively). Vin-
cent et al. also investigated the stability of the AEM electrolyzer cells fabricated with

Table 1.1 — Summary of companies providing commercially available AEMs and

ionomers.
Company Membrane Designation Ionomer Designation References *
Tokuyama Corporation A-201 AS-4 [24, 41-49]
Dioxide Materials Sustainion —b [46, 50, 51]
FuMA-Tech Fumapem FAA-3 ¢4 Fumion FAA-3 [32, 52-57]
Tonomr Innovations Aemion AF Aemion AP © [37, 46, 51, 57-59]

& References within literature for which the respective membrane or ionomer has been utilized
b Dioxide Materials produces an alkaline ionomer solution denoted as Sustainion XB-7 for
alkaline fuel cells, but it is not clear that it has ever been tested in an AEM electrolyzer
¢ Available in a variant containing a polyether ether ketone (PEEK) reinforced backbone
denoted as FAA-3-PK

4 FuMA-Tech has recently renamed their ‘Fumapem’ line of products as ‘Fumasep’, but it is
referred to as Fumapem throughout this work

¢ JIonomr Innovations provides the Aemion polymer material in a powdered form
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Figure 1.6 — Polarization curves for AEM cells utilizing various AEMs available com-
mercially from Tokuyama Corporation (A-201), Dioxide Materials (Sustain-
ion), FuMA-Tech (Fumapem FAA-3), and Ionomr Innovations (Aemion).

the A-201 and FAA-3 membrane variants by operating the cells at 500 mA /cm? for
200 hours with a feed of aqueous KoCO3 to the anode at a temperature of 60°C. Vin-
cent et al. found that after 31 hours of operation, the FAA-3 membrane degraded to
the extent that the AEM cell was no longer operable and a postmortem investigation
revealed holes in the membrane. Conversely, the FAA-3-PK and A-201 membranes
remained operable for the full 200 hours and had a net degradation rate of 0.50 and
2.38 mV per hour, respectively. Vincent et al. concluded from the results of their
work that if the mechanical strength of the FAA-3 membrane could be improved,
that it may be considered as a better option than the A-201 membrane in an AEM-
based electrolyzer because the FAA-3 membrane has a similar performance, but is
roughly 40% thicker. Since membrane resistance is proportional to thickness [7], the
performance of the FAA-3 membrane may become better than the A-201 membrane
if it is cast in a thinner form. Lastly, it is of note that the AS-4 ionomer formerly
produced by Tokuyama Corporation and the Fumapem ionomer by FuMA-Tech were
not compared in the work by Vincent et al. as they utilized an ionomer produced by
Enapter (formerly Acta SpA'l).

Wright et al. developed a proof-of-concept cell for using the Aemion membrane

in an electrolyzer by combining it with Pt|C-based electrodes and operating the cell

1 Acta SpA commercially produced an ionomer, HER catalyst, and OER catalyst for AEM
electrolyzers, but became Enapter in 2017 and subsequently focused on producing a modular AEM
electrolyzer unit, and not individual AEM electrolyzer components [60].
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with 1 mol/L KOH feed [37]. However, since AEM-based water electrolysis was
not the sole focus of the work conducted by Wright et al., the proof-of-concept cell
containing the Aemion membrane was only operated at a modest current density of 25
mA /cm?. Nonetheless, the successful operation of the cell with an Aemion membrane
was demonstrated for greater than 100 hours. For comparison purposes, Wright
et al. also utilized an FAA-3 membrane to operate an electrolyzer under the same
conditions, but at a lower current density of 20 mA /cm?. Wright et al. found that the
FAA-3 membrane based cell became inoperable after 9.5 hours and hypothesized that
it was due to membrane degradation resulting in electronic short-circuiting. From the
work conducted by Vincent et al. [44] and Wright et al. [37], it is hypothesized that
the unsupported FAA-3 membrane may not be suitable for AEM water electrolysis
due to issues regarding material stability.

The in-situ performance of the A-201 membrane compared to the Aemion mem-
brane produced by Ionomr Innovations and the Sustainion membrane produced by
Dioxide Materials is shown in Figure 1.6b. The materials (other than the AEM),
fabrication method, and operation of the cells remained the same for each test. Al-
though the A-201 membrane yields the best cell performance at current densities
< 800 mA/cm?, it is clear that the AEM electrolyzer that utilizes the Sustainion
membrane has lower ohmic losses, which results in a higher cell performance at ele-
vated current densities. The performance of the cell utilizing the Aemion membrane
is poorer than the cells utilizing the A-201 and Sustainion membranes at both low
and high current densities. The lower ohmic losses associated with the AEM cell
constructed with the Sustainion membrane are further highlighted by the fact that
the thicknesses of the A-201, Aemion, and Sustainion membranes are reported as 28,
38, and 50 pm, respectively. Pushkareva et al. utilized NiFe;O4 on Ni fiber paper
for the anode and NiFeCo on stainless steel fiber paper for the cathode and fed the
AEM-based cells with 1 M KOH at 60°C. Rather uniquely, Pushkareva et al. utilized
5 wt.% Nafion solution as the ionomer within their CLs. However, because Nafion
is a cationic ionomer, the Nafion within the CLs functions as a binder and is not
responsible for conducting anions within the CLs. Pushkareva et al. suggests that the
use of a cationic binder with anionic membranes results in the formation of bipolar
junctions between the anionic and cationic materials. Moreover, the potentials of the
bipolar junctions are affected by the specific AEM utilized and that this effect may
yield the relatively better performance of A-201 at lower current densities. Lastly,
Pushkareva et al. did not test the short-term or long-term degradation of the cells
fabricated with the various membranes and therefore the relative in-situ stability of
the A-201, Aemion, and Sustainion AEMs is unknown.
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Although all of the materials discussed and summarized in Table 1.1 may be
utilized to produce an operable AEM-based electrolyzer, Aemion was chosen as the

primary material for the current work for the following reasons:

¢ The A-201 membrane and AS-4 ionomer materials can not be procured from

Tokuyama Corporation.

o Work from Vincent et al. [44] and Wright et al. [37] has demonstrated that
FAA-3 by FuMA-Tech may not be a suitable membrane material for AEM water
electrolysis. Additionally, the Fumion FAA-3 ionomer solution by FuMA-Tech
contains N-methyl-2-pyrrolidone (NMP), which is not to be sprayed in any

manner outside of a fume hood due to its hazardous vapors [61].

¢ Although the performance of Sustainion by Dioxide Materials may be better
than Aemion, Sustainion is currently the least used material in literature, and
is therefore not well documented—this makes it difficult to compare and contrast

initial experimental results.

Fortin et al. utilized the commercially available Aemion membrane to fabricate
an AEM electrolyzer capable of achieving current densities of 2 A /cm? at potentials
of approximately 1.8 V using 1 mol/L KOH at 60°C [57]. Fortin et al. utilized cells
fabricated using Aemion membranes to test the effect of the membrane thickness and
ion exchange capacity (IEC), ionomer type, operational temperature, and short-term
cell stability. Noting that the IEC of a membrane is a measure of the number of
exchangeable ions per membrane dry weight [34], Fortin et al. utilized two Aemion
membranes with different [ECs. To compensate for the lower conductivity of hydrox-
ide ions compared to protons, a focus of AEM research is to increase the IEC [34].
Thus, Fortin et al. utilized the aforementioned methodology developed by Ziv and
Dekel to compare the conductivities of Aemion membranes with IECs of 1.4-1.7 and
2.1-2.5 (respectively termed as AF1-HNN5 and AF1-HNNS). Fortin et al. found the
ionic conductivity of the higher IEC AF1-HNNS8 to be more than two-times greater
than the conductivity of the lower IEC AF1-HNN5 (56 vs. 102 mS/cm).

The in-situ performance obtained by Fortin et al. for electrolyzers containing the
AF1-HNN5 and AF1-HNN8 membranes with varying thicknesses is provided in Ta-
ble 1.2. Since the jR-corrected potentials for all of the cells are the same, it is possible
to directly attribute the differences in performance to the resistance of the membranes.
As expected based upon the relative difference in conductivities between the AF1-
HNNS8 and AF1-HNN5 membranes, the performance of the AF1-HNN8 membrane,
for a given membrane thickness, is better than that of the AF1-HNN5 membrane.
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Table 1.2 — Performance data obtained by Fortin et al. for AEM electrolyzers using
Aemion membranes of varying IECs and thicknesses using 1 mol/L. KOH

at 50°C [57].
Thickness Voltage * HFR "  jR-corrected voltage ¢
Membrane (nm) @1A/em? (V) (mQ-cm?) @1 A/ecm? (V)
AF1-HNN8-25 25 1.75 131 1.62
AF1-HNN8-50 50 1.80 174 1.62
AF1-HNNb5-25 25 1.81 196 1.62
AF1-HNN5-50 50 1.92 300 1.62

# From polarization curve data

> The high frequency resistance (HFR) is taken from the intercept of the real
impedance axis in the high-frequency region of the Nyquist plot

¢ Determined by subtracting the voltage drop due to the HFR at 1 A/cm? from
the overall cell voltage

Furthermore, it is observed that for a given IEC that the thinner 25 pm membranes
result in better performance than the thicker 50 pm membranes. Lastly, it is of
note that the thicker AF1-HNNS&-50 membrane has a very similar performance to the
thinner and lower IEC AF1-HNN5-25 membrane. This result is expected because as
per Eq. (1.8), the resistance of the material is inversely proportional to conductivity
and proportional to thickness. Since the conductivity of the AF1-HNNS5 is half that
of AF1-HNNS8, but AF1-HNN5-25 is half the thickness of AF1-HNNS8-50, the two
materials produce similar results.

Regarding stability, Fortin et al. tested the various Aemion membrane materials at
500 mA /cm? in 0.1 M KOH at 50°C for approximately 750 minutes. The percentage
change in voltage, high frequency resistance (HFR), and charge transfer resistance
(CTR) over the test time is provided in Table 1.3. As seen from the data, the

Table 1.3 — Stability data obtained by Fortin et al. for AEM electrolyzers using Aemion
membranes of varying IECs and thicknesses using 1 mol/L. KOH at 50°C
[57].

Membrane Voltage Increase (%) HFR Increase (%) CTR? Increase (%)

AF1-HNNS-25 24 2 22
AF1-HNNS8-50 3.5 -0.4 18
AF1-HNNb5-25 4.5 4 29
AF1-HNN5-50 8.1 8 80

2 The charge transfer resistance (CTR) is determined from the difference in the
intercept of the high and low-frequency region of the Nyquist plot
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degradation of performance was less for the higher IEC AF1-HNNS8 membranes than
the lower IEC AF1-HNN5 membranes. Moreover, the notably higher increase in the
CTR versus the HFR suggests that the degradation in performance for all of the tests
was more substantially due to CL degradation than membrane degradation. Since the
AF1-HNNB8-50 membrane demonstrated relatively good performance and stability, as
well as the fact that its increased thickness should make it easier to handle during
the electrode fabrication process, the Aemion AF1-HNN8-50 membrane and ionomer
(AP1-HNNS) is used as the primary membrane and ionomer material for the current

work.

Porous Transport Layers

PTLs, which are also be referred to as current collectors or gas diffusion layers (GDLs)
by some, are responsible for simultaneously transporting and distributing water, pro-
duced gases, and electrons between the CLs and the bipolar plates. Water provided
to the cell through the flow channels within the bipolar plates must be transported
through the PTLs and distributed to the CLs to be reacted. Conversely, the hydro-
gen and oxygen gases, produced at the cathode and anode CLs, respectively, must be
transported through the PTLs to the flow channels within the bipolar plates. Lastly,
electrons must transfer to the cathode, and from the anode, through the PTLs. As
with other cell components, the PTLs must have high stability, as well as high elec-
tronic conductivity, sufficient transport properties, and provide mechanical support
for the membrane [15].

As discussed by Carmo et al. in their comprehensive review of PEM-based water
electrolyzers [15], there is an optimal porosity and pore size distribution for PTLs
used in electrolysis. The porosity, defined as the ratio of void space to total volume of
the material, may inhibit cell performance if it is too high or too low. That is, PTLs
with relatively high porosities promote the facile supply and removal of water and
produced gases. However, relatively high porosities also result in decreased electronic
conductivity due to the reduced amount of electron conducting solid-phase content.
Of course if the porosity is relatively low, then the transport of water and produced
gases will be obstructed and result in increased mass transport losses.

Common materials utilized for the PTLs in AEM water electrolysis are carbon,
stainless steel, Ni, and Ti [23]. Carbon fiber cloths and carbon fiber papers!? are

commonly utilized in PEM-based fuel cells due to their low-cost, good electronic con-

12Carbon cloths contain woven fiber filaments resulting in a fabric-like material while carbon
papers contain randomly arranged fibers bonded together with a binder that results in a relatively
stiffer and denser material [7].
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ductivity, and high porosity [7], and have subsequently been commonly utilized for
the cathode PTL in AEM-based electrolyzers [23, 28]. Commercially available Toray
90 carbon paper, with a porosity of 75% and a thickness of 280 nm [62], has been fre-
quently utilized as the cathode PTL in AEM electrolysis [32, 43, 49, 57]. Conversely,
the long-term utilization of carbon, or carbon-based materials, in the anode is ruled
out due to its instability under the OER conditions [28]. As such, stainless steel, Ni,
and Ti-based materials are utilized for the anode PTL in AEM water electrolysis with
Ni as the standard. Stainless steel-based materials under the alkaline OER conditions
typically have high stability due to the formation of a passivation layer, but are not
commonly utilized due to the low interfacial electronic conductivity of the passivation
layer [28]. Due to the acidic OER conditions, carbon-based materials also corrode
and breakdown when used in the anode of a PEM-based electrolyzer and therefore
Ti-based materials are the standard for PEM water electrolysis. This is likely why
Leng et al. chose to utilize a Ti-based PTL in one of the first publications on AEM
water electrolysis [24], and why others [32, 57, 59] have subsequently chosen to do the
same as it is not clear that any formal comparison between Ni and Ti-based PTLs has
been conducted. Although Ni foam PTLs are commonly utilized as the anode PTL
in AEM water electrolysis [23, 28|, no singular commercially available material has
frequently been utilized in related literature. Thus, the current work utilizes Toray
90 as the cathode PTL and a Ni felt PTL by Bekaert as the anode PTL (Bekipor
Nickel, 250 pm thickness, 60% porosity, 20 pm fibre diameter).

1.3.2 AEM Electrolyzer Assembly and Fabrication Methods

The membrane electrode assembly (MEA), which is comprised of the membrane, cath-
ode CL, anode CL, and their respective PTLs, may be assembled using two primary
methods. The first method, which has been primarily used for AEM water electroly-
sis, is the catalyst coated substrate (CCS) method. For the CCS method, the CLs are
deposited onto the cell’s PTLs and then sandwiched against the membrane during
cell assembly. As an alternative to the CCS method, the catalyst coated membrane
(CCM) method has the CLs deposited onto the membrane with the PTLs sandwiched
with the membrane during cell assembly. The CCM method has characteristically
been utilized for preparing PEM-based electrolyzers. The CCM method reduces the
ionic transport losses between the CLs and the membrane while simultaneously yield-
ing an MEA that is less prone to dimensional changes when the membrane, which
swells upon absorbing water, dries out within the cell [15]. Lastly, it is possible to cre-

ate an MEA that contains one electrode fabricated using one of the methods and the
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other electrode with the other method; e.g., a cell may contain a cathode produced
with the CCM method and an anode produced with the CSS method, or vice-versa.

A recent review of CCS versus CCM MEA assembly methods conducted by Miller
et al. concluded that, in general, the two methods lead to similar performing AEM-
based electrolyzers [28]. Within their review, Miller et al. compared 28 instances
in which published work utilized the CCS fabrication method to 15 instances in
which the CCM method was utilized. Comparing the current densities required to
reach a cell voltage of 1.8 V, Miller et al. found the average current density reported
for AEM-based electrolyzers fabricated using the CCS method to be 226 mA /cm?
vs. 239 mA /em? for the CCM method!®. However, comparing cell assembly methods
based upon cell performances from many different AEM cell investigations, as stated
by Miller et al., is not straightforward since standard materials and testing protocols
do not exist. As such, Ito et al. [49] and Park et al. [63] have both investigated the
relative performance of AEM-based electrolyzers assembled using the CCM and CCS
MEA fabrication methods while attempting to hold all other aspects related to cell
materials and operation the same. The work conducted by Ito et al. compared CCM
and CCS anodes (all cathodes were CCM-based) and ultimately concluded that a cell
fabricated with a CCS anode yielded higher cell performance and stability. However,
due to inconsistencies in their electrode fabrication method (blade coating vs. spray
coating), cell materials (PTFE binder used for CCS electrodes and AS-4 ionomer
used for CCM electrodes), and catalyst loadings (varied as much as 50% cell-to-cell),
the work conducted by Ito et al. is not a fair comparison between the two methods.
Alternatively, Park et al. compared cells with both electrodes either being CCM- or
CCS-based, and by using consistent cell materials and catalyst loadings, was able
to demonstrate a higher cell performance and stability using the CCM method [63].
For this reason, and the fact that CCM versus CCS investigations for PEM fuel cells
have demonstrated lower charge transfer resistances and higher performances with
the CCM method [64, 65|, the CCM method was utilized for the majority of the
current work.

Regardless of whether the CCS or CCM MEA assembly method is utilized, the
most popular electrode fabrication method used for coating the AEM, or PTLs, is
spray coating using compressed air [24, 32, 41, 44-46, 48, 50, 55-57, 59, 63]. However,
other unique electrode fabrication methods such as ultrasonic spray coating [37],

electrodeposition of the catalysts [42, 43|, and plasma spraying [58, 66|, have also

13As an aside, a comprehensive review in 2013 by Carmo et al. found the average potential
required for a PEM-based electrolyzer operating at a current density of 1000 mA /cm? to be 1.76 V
based upon over 80 publications [15].
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been utilized. The decal method, in which a substrate material, such as PTFE, is
first coated with catalyst ink and then hot pressed on each side of the membrane
at temperatures in excess of 100°C and pressures of roughly 4 MPa, is a common
method utilized for producing PEM-based electrolyzer MEAs [15]. However, as stated
by Miller et al. [28], the decal method with hot-pressing may not be suitable for
AEM-based CCMs since anion conducting materials, such as those from Tokuyama
Corporation and FuMA-Tech, have low heat-resistance and cannot tolerate the high
temperatures required [49, 63].

An alternative electrode fabrication technique that has been used to fabricate
PEM-based fuel cells [67-70] and electrolyzers [33] is inkjet printing. Mandal et
al. produced PEM-based CCMs for electrolysis by depositing IrO, and Pt|C inks
in a drop-by-drop fashion onto a Nafion membrane with a commercially available
inkjet material printer. Scanning electron microscopy (SEM) was used to show that
the produced CLs were uniform and well adhered to the membrane. The drop-by-
drop deposition of inkjet printing allows for the accurate control of electrode catalyst
loadings since the loading is controlled by the number of layers of catalyst ink printed
onto the membrane. Despite the benefits demonstrated for CCM MEAs fabricated
using the inkjet printing method, it has not yet been used to produce an AEM-based
CCM. Since the inkjet printing fabrication method allows for the accurate control of
catalyst loadings, produces electrodes well adhered to the membrane, and has not
been used for AEM water electrolysis, a primary goal of the current work is to utilize
inkjet printing to fabricate an AEM-based CCM.

Catalyst Inks for Electrode Fabrication

Common electrode fabrication methods such as air and ultrasonic spray coating, and
less common methods such as inkjet printing, require catalyst inks in which the
catalyst material, and ionomer (if applicable), is suspended within a solvent solution.
Regarding catalyst inks specifically utilizing Aemion ionomer, both Wright et al. [37]
and Fortin et al. [57] have previously developed catalyst inks to fabricate AEM-based
electrodes (Koch et al. [59] has subsequently used the same ink recipes developed by
Fortin et al., but with a newer version of the Aemion ionomer denoted by AP2). A
summary of the various catalyst inks containing Aemion AP1 is provided in Table 1.4.
Wright et al., the developers of Aemion, produced a Pt-based catalyst ink using water
and methanol as the ink solvent. The catalyst ink was produced by first adding water,
followed by methanol, to the Pt|C catalyst. An Aemion ionomer dispersion, which
was separately produced by dissolving the solid-form of Aemion AP1 in methanol to

form a 10 wt.% ionomer solution, was then added to the catalyst slurry in a drop-
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Table 1.4 — Summary of Aemion AP1-based catalyst inks used in literature.

Property Wright et al. [37] Fortin et al. [57]
Catalyst Material 46.4 wt.% Pt|C, TKK® 60 wt.% Pt|CP Ir black®
Ionomer Solution Solvent Methanol (CH30H)  Ethanol:H,O (10:1 wt.% ratio)
Ionomer Solution Solid Content 10 wt.% 2.5 wt.%

Ink Solvent (wt.% ratio) Methanol:H,O (3:1) IPA:H,0 (1:1)

Ink Solid Content (ionomer + catalyst) 1 wt.% 2 wt.%

Ink Tonomer Content in Solid Phase 15 wt.% 25 wt.% 7 wt.%

# Tanaka Kikinzoku Kogyo Co., Japan
> The catalysts used by Fortin et al. were procured from Alfa Aesar

wise manner while the ink solution was rapidly stirred. The resulting catalyst ink
contained 1 wt.% solids (ionomer + catalyst), which was further comprised of 15
wt.% Aemion (85 wt.% Pt|C) and the solvent was 3:1 (wt.% ratio) methanol:water.
Fortin et al. produced Pt|C- and Ir black-based catalyst inks with Aemion AP1-HNNS8
using ethanol and water as the solvent for the ionomer solution (10:1 wt.% ratio),
and isopropanol (IPA) and water as the solvent for the ink (1:1 wt.% ratio). The
solid wt.% of Aemion in the ionomer dispersion was 2.5 wt.%. To produce the inks,
the 1:1 IPA-water solvent was first added to the catalyst and sonicated in an ice bath
for 15 minutes. The ionomer dispersion was then added to the catalyst slurry in a
drop-wise manner and the ink was sonicated for an additional 10 minutes in the ice
bath. The solid wt.% content in both the Pt|C and Ir black inks was 2 wt.%, which
contained 25 and 7 wt.% ionomer, respectively.

Since Wright et al. and Fortin et al. utilized ultrasonication spray-coating and
traditional spray coating, respectively, to produce their electrodes, their ink require-
ments were different than for inks used for inkjet printing. Catalyst inks used for
inkjet printing must fullfill requirements regarding viscosity, density, and surface ten-
sion (covered in more detail in Chapter 2). As such, Saha et al. utilized glycerol
as an additive to increase the viscosity of their catalyst ink, which was also com-
prised of IPA, in one of the first publications in which inkjet printing was used to
produce CCMs [68]. Consequently, Shukla et al. also initially utilized glycerol within
their Nafion-based catalyst inks [69], but later used ethylene glycol (EG) as it has a
lower boiling point [71]. Later yet, Shukla et al. compared results obtained from fuel
cells fabricated with EG and propylene glycol (PG), and found that PG-based inks
dried faster and resulted in a higher porosity within the CL than EG-based inks [72].
Shukla et al. demonstrated that fuel cells produced using PG-based inks had a higher
performance than cells produced using the EG-based inks and suggested that it was

due to improved mass transport due to the higher CL porosity. As such, the work
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conducted herein utilizes PG as a catalyst ink additive to appropriately increase the

viscosity of the catalyst inks for inkjet printing.

1.3.3 AEM Electrolyzer Operation

Using the components discussed in Section 1.3.1, along with the fabrication methods
described in Section 1.3.2, it is possible to create an AEM-based water electrolyzer.
However, said electrolyzer may be operated using a variety of different liquid alkaline
electrolytes, or even water, and as stated in Section 1.2, may be fed to either, or both,
of the cell’s electrodes. The following discusses how different cell operation methods

affect AEM-based water electrolyzer performance and stability.

Operating Temperature

A number of studies have been conducted to determine the optimal operational tem-
perature for an AEM-based electrolyzer [24, 27, 41, 44, 46, 55, 57, 63], and the average
operating temperature has been found to be 56°C [28]. Due primarily to kinetic ad-
vantages, electrolyzer performance is expected to increase with increasing operational
temperature [14]. However, if the operating temperature is increased too high then
the presence, as well as the rate, of cell degradation mechanisms may be increased
as the anion conducting materials have limited thermal stability [28, 73]. Since the
maximum allowable operating temperature for AEM-based electrolyzers is likely lim-
ited by the anion conducting material utilized, a summary of studies conducted for
cell operating temperatures in which Aemion, Fumapem FAA-3, and Sustainion were
utilized is provided in Table 1.5. Although long term cell stability has not been in-
cluded in Table 1.5, all of the cells tested had the highest performance when operated
at the highest temperature tested. Since the operation of AEM water electrolyzers
using Aemion, Fumapem FAA-3, and Sustainion membranes has been demonstrated
at 60°C, and this value is near the aforementioned average of 56°C, cells tested for
the current work were operated at 60°C. Note that an operational temperature of
60°C indicates that both the cell endplates and liquid electrolyte fed to the cell were
heated to, and maintained at, 60°C.

Liquid Electrolyte

Although one of the potential benefits of AEM-based electrolysis over conventional
alkaline water electrolysis is the ability to operate with deionized water, as opposed
to highly caustic solutions of KOH (> 5.3 mol/L [16, 17]), the operation of AEM
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Table 1.5 — Summary of variable temperature studies conducted with electrolyzers
with commercially available AEMs.

Temperatures Tested Optimal Temperature®

Author Membrane Material °C] °C]

Fortin et al. [57] Aemion AF1 40, 50, & 60 60

Park et al. [63] Fumapem FAA-3 50, 60, & 70 70

Carbone et al. [55] Fumapem FAA-3 30, 40, 50, 60, & 80 80

Vincent et al. [44] Fumapem FAA-3 40, 60, & 80 80
Aemion AF1,

Pushkareva et al.”[46] Fumapem FAA-3, 40, 50, & 60 60

and Sustainion

2 Determined as the temperature at which the cell demonstrated the lowest polarization
losses

b Pushkareva et al. separately tested AEM-based cells based upon Aemion, Fumapem FAA-3,
and Sustainion membranes at 40, 50, and 60°C

water electrolyzers with deionized water has not been widely demonstrated in litera-
ture [28]. Studies by Leng et al. [24] and Vincent et al. [44] have both investigated the
operation of an AEM-based eletrolyzer with deionized water and liquid electrolytes
such as 1 mol/L KOH. Leng et al. determined the lifetime of their A-201-based CCM
to be & 27 hours when operated at 200 mA/cm? with deionized water fed to the
cells cathode. Upon feeding 1 mol/L. KOH to the cells anode (directly following
the 27 hours of operation with water), Leng et al. observed that the cell recovered
and slightly improved upon its initial performance. From their observation, Leng et
al. concluded that the degradation of the cell was mainly due to the degradation of
the ionomer and/or the membrane-electrode interface. Leng et al. utilized a liquid
electrolyte to demonstrate that their cell lacked ionic conductivity within the elec-
trodes and between the electrodes & the membrane when operated with deionized
water. The work conducted by Leng et al. suggests that issues stemming from low
ionic conductivities within or between cell components may be partially resolved by
operating with a liquid electrolyte rather than DI water.

In their study of A-201, Aemion, and Sustanion membranes, Pushkareva et al.
tested the in-situ performance of each of the membranes using solutions of 0.1, 0.5,
and 1.0 mol /L KOH fed simultaneously to the cells anode and cathode electrodes [46].
Pushkareva et al. found that the HFR for each of the membrane types decreased as
the KOH concentration increased from 0.1 to 1.0 mol/L. KOH, but decreased most
significantly for the A-201 membrane (446 to 133 mQ-cm?), followed by the Aemion
membrane (234 to 120 mQ-cm?), and decreased the least for the Sustanion membrane

(256 to 97 mQ-cm?). Due to the significant differences in resistances for the different
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membranes tested with the same electrolytes, Pushkareva et al. suggested that it
was the CL-membrane interface that lead to the different resistances for the different
membrane materials. In a similar fashion, Fortin et al. operated their Aemion-based
cells with 0.1 and 1.0 mol/L KOH and found that operation with 1.0 mol/L. KOH
yielded a higher performance [57]. Through their analysis, Fortin et al. suggested
the change in performance may be attributed to ionic transport limitations within
the electrode, or at the electrode-membrane interface and/or diffusion of hydroxide
species to the catalyst surface, but did not investigate the matter further. Due to the
complexities involved in further studying how changing the electrolyte effects the cell
performance or stability, the current work utilizes 0.85 mol/L KOH with a discussion
on the relative difference between operating with 0.85 and 1.0 mol/L provided in
Chapter 3.

Electrolyte Feed Method

It has been demonstrated in literature that the liquid electrolyte fed to an AEM-based
electrolyzer may be fed to either the cathode, anode, or the cathode and anode [28].
Since the feed method may be changed, there have been a number of studies pub-
lished that investigate the behavior of AEM-based electrolyzers under different feed
methods. A summary of the feed methods tested by various authors is provided in
Table 1.6 while a summary of the authors’ conclusions are provided in Table 1.7.
From the conclusions presented in Table 1.7 for the work conducted by Park et
al. [52] and Leng et al. [24], it is clear that anode or both anode and cathode feed
is better than cathode only feed. The reason for this observation, however, is not
known as neither Park et al. nor Leng et al. discuss the topic in any detail. The
work done and conclusions made by Hnat et al. [74] suggests that cathode only feed
leads to the degradation of nickel in the anode, but Leng et al. did not use nickel
in the anode of their cell, yet still observed notable cell degradation using cathode
only feed. From the work conducted by Cho et al. [48] and Hnat et al. [74], there

Table 1.6 — Summary of studies performed on the different feed methods for an AEM-
based electrolyzer.

Author Anode Only Cathode Only Anode and Cathode

Park et al. [52] v v
Cho et al. [48] v v
Hnat et al. [74] v
Leng et al. [24] v v
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Table 1.7 — Summary of conclusions for studies performed on the different feed methods
for an AEM-based electrolyzer.

Author Conclusion

Park et al. [52] Feeding both electrodes with 1 mol/L. KOH was the only fea-
sible option. Feeding only the cathode or deionized water to
both electrodes resulted in relatively straight vertical lines in
the polarization curves (i.e., extremely poor performance).

Cho et al. [48]  Results are relatively hard to interpret because Cho et al. uti-
lized PTFE as the binder in the electrodes and demonstrated
that the performance of the cell drastically increased as the
cell was cycled with cyclic voltammetry and the electrode mor-
phologies were altered. Nonetheless, results show that anode
only operation offers the highest performance, but it is difficult
to make a conclusion regarding stability.

Hnét et al. [74] Demonstrated that feeding both electrodes drastically in-
creases and decreases the concentration of KOH in the cathode
and anode, respectively. This observation is due to the pro-
duction and diffusion of water to the anode that results in a
bulk transfer of water from the cathode to the anode. This
result was shown to have a negative impact on cell stability
as nickel becomes unstable at pHs < 9. Hnat et al. suggests
that anodic feed is the most preferential since it ensures that
the water required at the cathode must diffuse from the anode
and therefore stops the anode from becoming diluted by wa-
ter. Further suggests that anodic feed has the added benefit
of producing relatively dry hydrogen gas.

Leng et al. [24] Results show that anode only feed results in stable cell per-
formance for 50% longer than cathode only feed. Of note is
that Leng et al. did not use any nickel-based components for
their cells. I.e., cathode only feed led to some form of increased
degradation not based on nickel as discussed by Hnat et al.

is evidence to suggest that anode only feed is better in terms of performance and
possibly better in terms of cell degradation than operating with both anode and
cathode feed. As such, a high-level comparison of the work conducted in literature
suggests that feeding the anode of an AEM-based cell is the best feed method, but
no one has produced a systematic analysis of the different feed methods to try and
determine more specifically why anode feed may be the best. Simultaneous anode
and cathode feed is used for the current work since it allows for a direct comparison
with the results obtained by Fortin et al. [57] and Koch et al. [59] who have tested

Aemion-based water electrolyzers.
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1.4 Objectives

Given the information provided throughout Section 1.3, the primary objective of the
current work is to study the suitability of inkjet printing as a fabrication method for
AEM-based electrolyzers. To complete this primary goal, three secondary goals must

also be completed:

1. Catalyst Ink Development:
Catalyst inks containing Pt|C and IrO,, along with Aemion ionomer, must be

developed for use for inkjet printing cell electrodes.

2. AEM-Based Test-Station Development:
A cell test-station, capable of operating with up to 1 mol/L KOH fed to either,
or both, of the electrodes, and that safely handles the produced gases, must be
produced.

3. CCM Fabrication and Cell Testing:
To assess the suitability of the inkjet printing fabrication method, CCMs must

be fabricated and cells must be assembled and tested.

The catalyst ink development and characterization is the focus of Chapter 2 while the
development of the test-station, as well as CCM fabrication and cell assembly /testing

results, are covered in Chapter 3.
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Chapter 2

Catalyst Ink Development and
Characterization

As stated in Section 1.3.1 on electrocatalysts, Pt|C and IrO, have commonly been
utilized as the respective HER and OER catalysts in PEM- and AEM-based elec-
trolysis. For this reason, and because the work conducted herein is to function as
a reference baseline with which to compare alternative catalyst materials, Pt|C and
IrO, have been used as the HER and OER catalyst, respectively. To utilize the inkjet
printing method to fabricate electrodes, the catalyst materials must be suspended in
a catalyst ink solution.

For drop-on-demand inkjet material printers that utilize piezoelectric actuators to
initiate drop formation, the drop behavior is commonly characterized by the Weber
(We) and Ohnesorge (Oh) numbers [75, 76]:

We — inertial ‘forces _ Uzpd’ and 2.1)
surface tension forces v
Oh = viscous forces v We _n (2.2)

surface and inertial forces Re Vpd

where p, 7, and « are the density (kg/m?), dynamic viscosity (Pa-s), and surface
tension (N/m) of the catalyst ink, respectively, while v is the velocity of the jetted
ink (m/s), and d is the characteristic length (nozzle diameter (m) [76]). Derived from
the Weber and Ohnesorge numbers, Fujifilm has provided a set of ink characterization
requirements for use with their Dimatix Material Printer (DMP)-2800 series inkjet
printer used for the current work [77]. That is, the viscosity should be between 10—
12 mPa-s and the effective particle diameter within the inks must be less than 1/100"
the size of the nozzle diameter (i.e., < 210 nm for the current work [77]) to avoid
blocking the nozzles during the printing process. As evidenced from the definitions of

the Weber and Ohnesorge numbers, there are also requirements regarding the surface
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tension of the ink, but this has not been investigated for the current work.

2.1 Methodologies for Characterizing Catalyst
Inks

To characterize developed catalyst inks, the density, dynamic viscosity, and the ap-
proximate particle sizes within the ink have been determined. Since the inkjet printing
process is commonly done at temperatures above room temperature, the aforemen-
tioned properties must be determined at temperatures in the domain of ~ 30°C. More
specifically, for the DMP-2800 series inkjet printer used for the work herein, the min-
imum setpoint temperature for the cartridge head containing the nozzles is 32°C. As

such, all experiments have been conducted at 32°C, unless stated otherwise.

2.1.1 Viscosity Measurements

Since the solvent solutions used for the catalyst inks are commonly binary or ternary
mixtures of different chemicals, the required viscosity data is not readily available in
literature. Additionally, the concentration of solid-content within the inks (ionomer
and catalyst material) may be sufficient to have an effect on the viscosity of the
ink. To add further complication, the minimum nozzle temperature of 32 °C is not
a common temperature used for tabulated data in literature. As such, the viscosity
of the catalyst inks and their solvent solutions were determined experimentally using
glass capillary kinematic viscometers. Glass capillary kinematic viscometers were
used because the temperature of the experiment may be controlled using a water
bath, low sample volumes may be used (< 3 mL), and they are relatively inexpensive
compared to automated alternatives.

For this work, an uncalibrated size No. 100 Cannon-Fenske Routine viscometer (2
10 mm?/s) and a calibrated size No. 2 Zeitfuchs Cross-Arm viscometer (3-15 mm?/s)
were used. The uncalibrated Cannon-Fenske Routine viscometer was procured ini-
tially and then the Zeitfuchs Cross-Arm viscometer was procured to test opaque
liquids and to perform an approximate calibration for the uncalibrated viscometer.
Since the Cannon-Fenske Routine viscometer does not have to be removed from the
water bath and cleaned between consecutive tests of a given sample (as the Zeitfuchs
Cross-Arm viscometer must be), it was used for testing transparent solvent solutions.
Conversely, since the Zeitfuchs Cross-Arm viscometer is a reverse flow viscometer, it
was used to test the viscosity of opaque catalyst inks.

To perform an approximate calibration of the Cannon-Fenske Routine viscome-
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ter, a temperature controlled water bath was set up using a 4000 mL glass beaker
(Pyrex No. 1000, Fischer Scientific), a 1.15 kW drop-in immersion heater (#3583K92,
McMaster Carr), and an in-house built temperature control box (details provided in
Appendix A.1). An annotated image demonstrating the setup of the Cannon-Fenske
Routine viscometer in the water bath along with the heater and its thermocouple is
provided in Figure 2.1. Note that the makeshift plumb bob pictured in Figure 2.1 is
used to ensure that the thermocouple and viscometer are properly positioned within
the water bath. The Cannon-Fenske Routine viscometer was charged with ethy-
lene glycol (EG, Fischer Chemical) following the process detailed in ASTM Standard
D446 [78] and set up in the temperature controlled water bath, which had a stabilized
temperature of 32°C. The temperature of the water bath was verified to be 32°C us-
ing a glass thermometer (Kessler 76 mm partial immersion thermometer). After the
EG sample and viscometer were equilibrated within the water bath for 20 minutes,
the procedure outlined in ASTM Standard D446 was followed to measure the time
required for the EG to flow from the upper timing line to the lower timing line twice.
The two recorded flow times had an average of 765.2 seconds and agreed within the
1.5% determinability set by ASTM Standard D445 [79] for transparent liquids. The

Cannon-Fenske Routine viscometer was then replaced by the Zeitfuchs Cross-Arm

Temperature

Control Thermocouple

Water

Immersion Heater
Makeshift Plumb Bob

Figure 2.1 — Annotated image of setup containing a glass capillary viscometer used to
determine experimental kinematic viscosity values of catalyst inks.
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viscometer in the water bath and the process outlined in ASTM Standard D446 was
used to measure the time required for the EG to flow from the bottom timing line to
the top timing line (the viscometer and EG were again equilibrated for 20 minutes
prior to performing the test). After removing the Zeitfuchs Cross-Arm viscometer
from the water bath and thoroughly cleaning it, the experiment with EG was con-
ducted a second time—the two measured flow times had an average of 1172.5 seconds
and agreed within the 1.0% determinability set by ASTM Standard D445 [79] for
opaque liquids.

As per ASTM Standard D446 [78], the constant for the Cannon-Fenske viscometer

was then calculated using the following relationship,

Cep = (2.3)
where:

Ccr is the calculated constant for the Cannon-Fenske viscometer, mm?/s?,
Czc is the known constant of the Zeitfuchs Cross-Arm viscometer, mm?/s?,
tor is the average flow time of EG for the Cannon-Fenske viscometer, s, and

tzc is the average flow time of EG for the Zeitfuchs Cross-Arm viscometer, s.

The calibration constant for the Zeitfuchs Cross-Arm viscometer taken from the cal-
ibration document provided in Appendix A.2 was adjusted for use at the University
of Alberta using a gravitational acceleration constant of 9.813 m/s? [80]. Using the
obtained data and the known calibration constant for the Zeitfuchs Cross-Arm vis-
cometer, the calibration constant for the Cannon-Fenske Routine viscometer was
found to be

(0.009474 mm?/s)(1172.5 s)
765.2 s

Cor = = 0.01452 mm?/s”.

The same process was used to calculate a viscometer constant of 0.01468 mm?/ s” using
silicone oil (5 mm?/s, Sigma-Aldrich). As per ASTM Standard D446 [78], the two
experimentally determined calibration constants for the Cannon-Fenske viscometer
should differ by less than 0.3%, however, in this case they differed by 1.1%. As such,
the calibration of the viscometer is referred to as an approximate calibration. The
final calibration constant of the Cannon-Fenske viscometer was taken as the average
between the two obtained values, 0.01460 + 3.4 (107°) mm?/s?, where the detailed
uncertainty calculations are provided in Appendix B.1.

The experimental setup used to determine the viscosity of a given catalyst ink or

solvent solution was the exact same as discussed for the calibration process shown
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in Figure 2.1. As per ASTM D445 [79], the unknown kinematic viscosity of a given
ink was determined using two time measurements that were either within 1.5% or
1.0% of one-another depending upon whether the solution was transparent or opaque,
respectively. In the event that the two obtained time values were within the stated

determinability, then the viscosity was found using the following relationship,
v = Clag., (2.4)

where v is the determined kinematic viscosity (mm?/s), C is the calibration con-
stant of the used viscometer (mm?/s?), and t,,,. is the average of the two obtained
times (s). Conversely, if the two time measurements were not within the required de-
terminability, then the viscometer was thoroughly cleaned, dried, and the experiment

was repeated.

2.1.2 Density Measurements

As with the viscosity, the rather complex composition of the solvent mixtures and the
varying concentration of solid-content in the inks makes it difficult to estimate the
density from literature. As such, a best estimate of the density has been determined
experimentally by measuring the mass of the ink as the volume is systematically
increased from 2-10 mL in 1 mL increments. This process was done using a 10
mL graduated cylinder (Kimax 20024, +0.1 mL uncertainty) and a mass balance
(Entris 124i-1S by Sartorius, 0.1 mg resolution). The density of the fluid was then the
resulting slope of the masses plotted against the volumes. Determining the slope of the
plot using a linear regression has provided the lowest uncertainty in the determined
density. To validate this method, the density of deionized water and methanol at
room temperature were found to be 1.001 + 0.013 g/mL and 0.796 + 0.010 g/mL,
respectively. Detailed information on how the uncertainties were obtained for the
density values is provided in Appendix B.2. Both of the densities calculated using
this method are in agreement with values reported in text (0.997 and 0.787 g/mL for
water and methanol, respectively, at 25°C) [81].

The experimental methodology was further developed to only require 5 mlL of
the sample since the developed catalyst inks contain rare PGMs (a lower volume
requires less of the expensive catalyst). Since the density is used to calculate the
dynamic viscosity using the kinematic viscosity, and the dynamic viscosity must have
an uncertainty of < 2% for dynamic light scattering experiments [82], the uncertainty
in the density must also be < 2%. To reduce the uncertainty in the experimentally

determined density values, the sample volume was increased from 1-5 mL in 1 mL
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increments as stated before, but the test was repeated four times. The density from
each test was determined following the aforementioned process using the line of best
fit, and then the final density was taken as the average of the four determined values.
To validate this method, the density of water and methanol were again obtained
(0.986 g/mL 4+ 1.62% and 0.784 g/mL + 1.53%, respectively) and found to be within
uncertainty of the known values reported in text (refer to Appendix B.2 for details
on the uncertainty analysis). For reference, the uncertainty associated with a single
test using only 5 mL was found to be > 3%.

As an aside regarding the density measurements, to obtain densities that are in
agreement with literature, the linear regression cannot be forced through zero. That
is, if the linear regression was forced through zero, then the density of water was found
to be 0.970 + 0.006g/mL, which is not in agreement with values from literature. It
appears that the graduated cylinder used had an offset such that the absolute volume
being measured was notably incorrect, but that the relative change in volume was
accurate. This hypothesis may be verified by using the resolved density, i.e., the slope
of the line, to convert the zero-intercept of the linear regression, i.e., a negative mass,
to a volume and then compare the calculated zero-intercept volume for multiple fluids.
If the calculated zero volume for multiple fluids is the same, then it demonstrates that
there is a valid offset for the graduated cylinder. However, because the zero-intercept
determined by the linear regression is an extrapolation of the data, the corresponding
uncertainty in the intercept itself, and consequently the calculated offset volume, is
very large and this method cannot actually be used to validate the hypothesis. This is
all to say that it was very important to validate the described experimental method
by finding the densities of fluids with known values before attempting to measure
unknown densities.

Although it may be possible to create a water bath on the mass balance in an effort
to control the temperature of the sample during the experiment, the density of water
decreases =~ 0.003 g/mL from 20 to 32°C [83], which is notably lower than the uncer-
tainty in the experimentally determined density at room temperature (0.013 g/mL).
Although more significant, the density of methanol decreases ~ 0.012 g/mL from
20 to 32°C [84], which is similar to the uncertainty in the experimentally determined
density at room temperature (0.010 g/mL). Thus, since the density of the given chem-
icals vary approximately 1% from room temperature to the desired temperature of
32 °C, there are diminishing returns on attempting to control the temperature of the
experiment. L.e., the density measurements were conducted at room temperature be-
cause the accuracy of the experimental method would have to be improved to justify

controlling the temperature.
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2.1.3 Particle Size Measurements

Dynamic light scattering (DLS) may be used to analyze the stability and particle
size distribution of the developed catalyst inks. In DLS, suspended particles are
probed optically by a monochromatic light source (i.e. a known single wavelength).
Particles suspended in the media scatter incident rays such that the rays obtain a time-
dependent phase. Each individual ray that is scattered will have a time-dependent
phase shift, or a spectral frequency shift from the central frequency of the light source,
that is linked to the time-dependent position of the particle that scattered it [82]. At
an angle 6 from the incident light, this frequency shift may be observed or detected
as a change in light intensity'. Measured over time, random particle motion due to
Brownian motion forms random fluctuations in observed light intensities. In DLS, the
speed of the particles due to Brownian motion is indirectly measured by measuring
the rate at which the intensity of the scatterd light fluctuates [85]. The underlying
principle of DLS is that the size of the particles is related to the rate with which the
intensities fluctuate. That is, small and thereby faster moving particles will result in
more rapid fluctuations in the observed intensities, while larger and thereby slower
moving particles will result in less rapid fluctuations [86].

Practically, the random fluctuations in observed light intensities with respect to

time are processed using an autocorrelation function, referred to as G®(7) [82, 87].

T

GO ()= 2 ST I (t+7) (2.5)

-
where
t is the absolute or arbitrary time,
7 is the time difference, or delay, between observed intensities,
I(t) is the observed intensity at time ¢, and
T is the total measurement time.

For small time differences (i.e., low values of 7) particles are not given sufficient time
to change from their initial state. As a result, intensity fluctuations for low values
of 7 are relatively similar to one another. This similarity in intensities yields larger
values for the autocorrelation function, G® (7). Conversely, as the time difference

between observed intensities increases (i.e., for larger values of 7), the initial and

!The optical phase shifts, or spectral frequency shifts, may be compared with all scattered light
(homodyne), or compared to a portion of the unaffected incident light (heterodyne).
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final state of the particles causing the light to be scattered differ from one another.
The result being that intensities observed for the two states are dissimilar and values
of G (1) decrease. Eventually, the two states compared to one another for sufficiently
large values of 7 will be completely dissimilar and G®(7) will remain constant for
increasing values of 7. Thus, the normalized intensity autocorrelation function for
particles in Brownian motion has the form of an exponential decay [82, 86]. As such,

the normalized form of G® (1) may be written as follows,
GP(r) = A1+ Bexp (-I'7)], (2.6)
where
A is the baseline, or normalization factor,

B is the intercept of the correlation function that is an instrument dependent factor,

and
I' is the exponential decay rate.

The decay rate may then be related to the diffusion coefficient, D, of homogeneous

spherical particles via the following relationship,
I' = D¢ (2.7)

where ¢ is the modulus of the scattering vector given by,

4 0
g = % sin <§) , (2.8)

wherein
n represents the real part of the refractive index of the media,
A is the wavelength of the incident light, and

0 is again the angle with which the light intensity is detected relative to the incident
light.

As stated in ISO 22412 [82] on particle size analysis with DLS, the particle size of
the sample is not directly determined, but instead the diffusion coefficient is related
to the particle size via the Stokes-Einstein equation,
kgT
= 2.9
where
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D is again the diffusion coefficient, m? /s,

kp is the Boltzmann constant, J/K,

T is the absolute temperature, K,

1 is the dynamic viscosity of the media, Pa-s, and

d is the diameter of the non-interacting spherically shaped particles, m.

Thus, the chronological workflow for obtaining the size of particles suspended within

a media from DLS is as follows:
1. Optically probe the suspended particles with a known single wavelength

2. Obtain the resulting intensity fluctuations of light scattered by the particles as

a function of time

3. Apply an autocorrelation function to the light intensity fluctuations to obtain

an expression for an exponential decay

4. Determine the decay rate of the exponential decay and relate it to the diffusion

of the particles

5. Utilize the Stokes-Einstein equation (Eq. (2.9)) to estimate the diameter of the

particles

Of course for practical cases of particle analyses, determining particle sizes is far
more complex than the aforementioned workflow may indicate. That is, Eqgs. (2.5)
to (2.7) and (2.9) are applicable for homogeneous spherical particles that are monodis-
persed and only undergoing translation. However, as stated within ISO 22412,
Egs. (2.5) to (2.7) and (2.9) can be used to analyze measurements of non-spherical
and non-homogeneous particles, where both translational and rotational diffusion are
present, but then an apparent or hydrodynamic particle size is determined [82]. Fur-
ther, as per ISO 22412, the polydispersity, i.e., a measure of the particle distribution
broadness, of a sample is handled by statistically analyzing the varying decay rates
(I"). That is to say that different sized particles within a sample will result in differing
diffusion coefficients that are proportional to the slope of the autocorrelation func-
tion. As such, the time autocorrelation function for the scattered light (Eq. (2.6)) is

written in terms of the time autocorrelation function for the scattered electric field?,

2The autocorrelation function for the scattered electric field may be understood as a mathemat-
ical interpretation of the particle motion [87].
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g(r) [88],
G®@j:A[y+Bgﬂxﬂf}, (2.10)

where ¢\ (7) may further be written as a function of the normalized distribution of

decay rates, C (I'),
g V(1) = / C (') exp (—I'r)dT. (2.11)
0

The so-called probability density function of C' (T") accounts for the effect that larger
particles scatter more light and is strongly related to the particle size distribution [87].
As per the cumulants method defined in ISO 22412, the exp (—I'7) term is then

expanded about exp (f‘T) where T is the average decay rate defined as follows,

r:/mrcwmp (2.12)

However, the expansion is truncated after the second order term such that Eq. (2.10)
becomes
GP(r) ~ A[l+ Bexp (—2I'7 + pa7?)] | (2.13)

where p5 is the second moment (variance) of C(I'). Fitting Eq. (2.13) to the ex-
perimentally determined autocorrelation function, the values of B, I', and uy are
determined [87]. The value of I is then used in place of I" in Eq. (2.7) to find the dif-
fusion coefficient (D), which is then used in the Stokes-Einstein equation (Eq. (2.9))
to determine an average hydrodynamic particle size within the sample. Additionally,
the polydispersity index of the sample, PI, which is a measure of the broadness of
the distribution, is defined as [82]

pr="12 (2.14)

T2-

r

For the current work, a Litesizer 500 by Anton Paar was used for both conduct-
ing and obtaining data for DLS experiments. The aforementioned process required
to obtain the average hydrodynamic particle size and the polydispersity index via
the cumulants method is automatically completed for the user by the Kalliope soft-
ware by Anton Paar. In the event that the experimental autocorrelation function
contains multiple distinct decay rates, the advanced cumulant algorithm used by the
Kalliope software fits the first decay to determine the hydrodynamic diameter of the
sample [85].

Of more use than the results obtained by the cumulants method is the intensity-
weighted particle distribution. To determine the particle distribution within the sam-

ple, the Kalliope software compares the experimental correlation function with a set
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of calculated correlation functions and tries to find the combination which fits best
to the experimental data. This is done in part by recognizing that solutions for C(I")
must be greater than zero (cannot have negative distributions), and that the integral
of the distribution must be one. The process of reconstructing the particle size dis-
tribution is relatively complex and utilizes both a non-negative least squares matrix
algorithm and a so-called Tikhonov regularization [87].

Prior to analyzing the developed catalyst inks, the bias uncertainty of the Lite-
sizer 500 was validated using a certified reference material and the procedure outlined
in ISO 22412 on particle size analysis using DLS [82]. The validation process and
corresponding analysis is provided in Appendix B.3. The results obtained by the
Litesizer for the reference standard met the requirements for bias stated within ISO
22412, and exceeded the requirements for repeatability. That is, the polydispersity
index is required to be less than 10% while the standard deviation in the particle size
for multiple measurements must be less than 2%. For the results obtained by the
Litesizer, the largest polydispersity index was 7.34% and the standard deviation in
the particle size was 0.9%.

To perform a particle size experiment, approximately 1 mL of a given catalyst ink
was placed within a quartz cuvette, and the cuvette was inserted into the Anton Paar
Litesizer 500. The Kalliope settings commonly used to perform an experiment are
provided in Figure 2.2. Note that the developed catalyst inks were generally opaque
such that no light was able to transmit through the samples, and for this reason,
the measurement angle used was back scattering. When using back scattering, the
angle at which the light intensity is detected (f) is 175°. As shown in Figure 2.3,
the Litesizer 500 is also capable of side scattering (6 = 90°) and forward scattering
(0 = 15°). Regarding the input parameters for the material, platinum was selected
for samples containing Pt|C or IrO, because the refractive index and absorption of
the scattering material is only required for Mie theory if the intensity size distribu-
tion is transformed into a volume- or number-weighted distribution [89]. To confirm
that the material properties do not affect the reported DLS results, recalculations®
were performed using material properties for platinum, graphite, and iridium and the
results (particle size distribution, hydrodynamic diameter, and polydispersity index)
were all the exact same. Regarding the viscosity, it was assumed that the tested
samples were Newtonian such that the data obtained using glass capillary kinematic
viscometers was valid for use with DLS. Where applicable for particle size distribu-

tions, a sample print (> 10 printed layers) or attempted print (< 5 printed layers) of

30btained DLS results may be recalculated using the Kalliope software where the material and
solvent properties may be changed.

41



the ink on aluminum foil has been included.
2.1.4 Refractive Indices of Solvent Solutions

As stated in Section 2.1.3, the refractive index of the solvent solution is required when
performing a DLS experiment. A general interpretation of the refractive index is that
light travels faster through materials with relatively low refractive indices, and slower
through materials with relatively higher indices [87]. The refractive index of a given
media, n;, is defined as follows,

n; = —, (2.15)

Vi
where ¢ is the speed of light in vacuum and v; is the speed of light in the given
medium. The Litesizer 500 by Anton Paar determines the light intensity through the
cuvette and the sample at various lens positions, wherein the light passes through
the lens prior to the cuvette as shown in Figure 2.3. Note that forward scattering
is used when performing refractive index experiments. Adjusting the focus position
of the lens over various lengths and measuring the intensity results in a curve with
a maximum. At the maximum intensity, the light beam has been bent back to the
detector window and the bending of the light by the sample has been compensated by
adjusting the focussing lens. The lens position which corresponds to the maximum

intensity is then an indirect measure of the sample’s refractive index [87].

Input parameters Series configuration

Comment Focus Series
Test of standardized PtC Nafien Ink: -~
1.25 wt.% solid-phase
15.2 wt.% Nafion ionomer

Mode Type

Position Keep focus position
6mL of ink
Gravimetric Recipe:

Keep filter
57.5 mg TKK PtC catalyst (46.6 wt.% Pt) ~

Material

Material unknown Parameter values

General
Mame
Measurement cell Quartz
Refractive index
Measurement angle

- Absorbance coefficient 14
Target temperature “C m

Equilibration time hh:mrm:ss

Solvent

Analysis model

Cumulant model

Quality

Mode
Mumber of runs

Time for each run

Filter

Mede

Optical density

10

00:00:08 hh:mm:ss

Mame

Refractive index

Viscosity

1.3861

53053 mPas

Figure 2.2 — Sample input parameters set for the Kalliope software when performing
a DLS particle size series test with the Anton Paar Litesizer 500.
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Avalanche Photodiode
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Scattering Scattering
Movable Detector Detector

Optical (6 =15°)
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O I Mirror
- S Transmittance
T e Photodiode
Laser Light S,
Source Back Scattering Ink Sample
Detector (6 = 175°) (within quartz cuvette)

Lens (6 =90°)

Figure 2.3 — Simplified optical setup of the Anton Paar Litesizer 500 (adapted from
[87]).

In an effort to validate the refractive index results obtained by the Anton Paar
Litesizer 500, two experiments were conducted to determine the refractive index of
PG at 32°C. The first test yielded a refractive index of 0.979 while the second was
0.786; the errors associated with these values were 31.5% and 45.0%, respectively,
compared to the known value of 1.429 [90]. Due to the inconsistency of the experi-
mentally determined refractive index values, and their high errors compared to the
known value, the refractive indices of the various solvent solutions were not deter-
mined experimentally. Further, due to the significant difference in the experimentally
determined values (19.7%), it was hypothesized that the Litesizer 500 was highly sen-
sitive to any contaminants in the sample or on the quartz cuvette and that a clean-lab
absent of dust and other containments may be required to obtain accurate data.

In leu of the experimentally determined refractive index values, a sensitivity test
was performed using a result obtained for the certified reference material discussed in
Section 2.1.3. For the test, the DLS result for the reference material was recalculated
using a refractive index of 1.3299 and 1.4290, which correspond to water and PG,
respectively [90, 91]. These refractive index values were used as they are the lower
and upper bounds for the various chemicals used for the current work (water, PG,
IPA, and methanol). The recalculated hydrodynamic diameters varied 33.8 nm with
the lower refractive index of water yielding a smaller particle size and vice versa for the
value corresponding to PG. The change of 33.8 nm corresponds to 15.7% compared
to the known certified mean diameter of the sample of 215 nm. As such, a refractive
index value of 1.3861 corresponding to a 1:1 wt.% ratio of PG and water at 32°C [90]
was used for DLS tests with an understanding that the resulting particle sizes may

vary in excess of 15% due to the refractive index alone.
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2.2 Results and Discussion for Catalyst Ink Devel-
opment

Prior to beginning catalyst ink development using Aemion AF1-HNNS ionomer, the
standardized Nafion-based Pt|C catalyst ink developed by S. Shukla [72] that has
commonly been used to produce inkjet printed electrodes was produced and charac-
terized to serve as a baseline with which to compare developed inks to. The Pt|C ink
contained 1.36 wt.% solids (catalyst and ionomer content), 15 wt.% ionomer in the
solid-phase, and the solvent solution contained 47 wt.% PG, 48 wt.% IPA, and the
remaining wt.% was comprised of the ionomer solution solvent. To create the cata-
lyst ink, 57.5 mg of Pt|C catalyst (46.7 wt.% Pt, Tanaka Kikinzoku Kogyo (TKK)
Company, Japan) was mixed with 1812 mg of PG and 1851 mg of IPA. All mass
measurements were conducted using an Entris 124i-1S lab balance by Sartorius with
a resolution of 0.1 mg. The ink was then sonicated for 30 minutes in a water bath
(Branson 1800, 40 kHz), and the 202.9 mg of Nafion ionomer solution (Liquion so-
lution LQ-1105 1100 EW, 5 wt.%, Ion Power) was added to the ink in a drop-wise
fashion with a 15 second delay between drops. To further disperse the catalyst ink
and break down agglomerates, the ink was probe sonicated at a frequency of 20 kHz
(Qsonica S-4000, 2 minute on, 1 minute off, 15 minutes total, 20% amplitude). The
ink was then degassed in the water bath for 30 minutes and left atop a magnetic stirrer
platform (350 rpm) prior to the density, viscosity, and DLS tests being performed.
The results for the density, viscosity, and DLS experiments conducted with the
Nafion-based Pt|C ink are summarized in Table 2.1 while the particle size distributions
are provided in Figure 2.4. Note that the viscosity used to obtain the DLS results
was for the complete catalyst ink found using the Zeitfuchs Cross-Arm viscometer.
Although the average hydrodynamic diameter of the catalyst ink (258 nm) is greater
than the recommended maximum size of 210 nm, the catalyst ink has been successfully
used for inkjet printing electrodes using the Dimatix printer many times (> 100).
This result suggests that the recommended maximum particle size of 210 nm is either
somewhat flexible and particles may be larger than this (the particle size distributions
in Figure 2.4 show sizes up to 1 pm), or the absolute value of the particle sizes obtained
from DLS are overpredicted. Given that the maximum particle size provided by
Fujifilm is a recommendation and there are a number of inputs required for DLS
(each with their own associated uncertainty), each of the above hypotheses could be
correct. As such, the particle sizes obtained for developed inks will not be analyzed

on an absolute basis, but relative to the baseline results obtained for the Nafion-based

Pt|C ink.
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Table 2.1 — Summary of ink characterization results obtained for baseline Nafion-based
Pt|C catalyst ink.

Density, p (g/cm?) 0.885 + 0.014
Dynamic Viscosity?, n (mPa-s) 5.31 £0.09
Hydrodynamic Diameter®, d (nm) 258 + 46
Polydispersity Index®, PI (%) 22.9+4.7

# The uncertainty in the dynamic viscosity has
been obtained as per Appendix B.4

> The plus-minus values for the hydrodynamic di-
ameter and polydispersity index have been taken
as the standard deviation in the 10 DLS repeti-
tions conducted

Although the viscosity of the Nafion-based Pt|C catalyst ink was found to be lower
than the minimum requirement provided by Fujifilm (5.31 vs. 10 mPa-s), it is likely
that other properties such as the surface tension result in the ink having sufficient
properties to be printable. This result again suggests that there is flexibility in the
guidelines provided by Fujifilm.
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Figure 2.4 — Intensity-weighted particle size distributions obtained from DLS for base-
line Nafion-based Pt|C catalyst ink. Note that R1 through R10 refers to
repetition one through ten, respectively, in the chronological order tests
were conducted.
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2.2.1 Aemion-Based Pt|C Catalyst Ink

To begin catalyst ink development with Aemion AP1-HNNS ionomer, the work by
Wright et al. [37] was used as a starting point since the work by Fortin et al. [57] had
not yet been published. The general catalyst ink recipe from Wright et al. contained

three primary parameters:
1. the wt.% of solid-phase ionomer content?,
2. the wt.% of methanol to water in the solvent solution, and
3. the wt.% of the total solid content within the ink.

Note that the solid content within the ink is comprised of both the catalyst and the
solid-phase portion of the ionomer solution. To utilize the generalized catalyst ink
recipe based upon relative weight percentages by Wright et al., a system of linear
equations was developed to convert the recipe to gravimetric form. Although Wright
et al. did not include an additive to increase the viscosity of their catalyst ink, an
additional variable for the wt.% of PG in the liquid-phase of the catalyst ink was
included since it was anticipated it would be required for inkjet printing. Moreover,
the methanol used by Wright et al. was generally referred to as an alcohol in the
system of equations since other alcohols, such as IPA, may be used. The derivation

of the system of linear equations is provided in Appendix C.

Aemion Pt|C Ink 0.1

The developed system of linear equations was used to produce a gravimetric Pt|C-
based catalyst ink recipe following the recipe specified by Wright et al. [37] with
1 wt.% solid content comprised of 15 wt.% ionomer content, and a 3:1 wt.% ratio
of methanol:water (PG content of 0%). Since the Aemion AF1-HNNS ionomer was
received in powdered form, as opposed to the previously discussed Nafion ionomer
which comes in a 5 wt.% liquid solution, the first step for producing an ink was to
dissolve the ionomer into a solution. The ionomer solution was produced using 1 g of
Aemion AP1-HNNS ionomer powder dissolved in 19 g of methanol (> 99.9%, Sigma-
Aldrich) using a magnetic stirrer to produce a 5 wt.% ionomer solution®. The Aemion

ionomer solution was left atop the magnetic stirrer in a Nalgene bottle until its later

4Recall from Section 1.3.1 that the solid form of the ionomer is commonly dissolved into its own
solution, and then added to the catalyst ink.

50f course the resulting volume of ionomer solution was far greater than would be required for
producing a single ink, but the intent was to produce an ionomer solution that may be used to
produce multiple inks.
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use. To create the catalyst ink, 1251 mg of deionized water (18.2 M2, Millipore
Gradient Milli-Q) was added to 42.9 mg of 46.7 wt.% Pt|C catalyst (TKK Company,
Japan), followed by 3611.1 mg of methanol. The 152.1 mg of previously prepared
ionomer solution was then added in a drop-wise fashion to the vial during bath son-
ication (15 second delay between consecutive drops). Following the addition of the
ionomer, the catalyst ink was left atop the magnetic stirrer overnight before being
tested. The resulting ink was named Aemion Pt|C Ink 0.1. Note that the ink was
only bath sonicated during the addition of the ionomer, which required approximately
20 minutes.

The viscosity of the 3:1 wt.% ratio of methanol:water used for Aemion Pt|C Ink 0.1
was obtained using the Cannon-Fenske viscometer and the approximate particle size of
the ink was analyzed using DLS. Note that the viscosity used to obtain the DLS results
was for the solvent solution only, and did not contain solid content (catalyst and
ionomer). As seen in Figure 2.5a, the resulting particle distributions for the catalyst
ink were unimodal and consistent, with the exception of repetition seven (R7). All
repetitions (R1-R10) were conducted in chronological order with a one-minute delay
between repetitions. The hydrodynamic diameter of the ink was determined to be
624 + 10 nm with a polydispersity index of 17.2 +4.9%. Since the DLS test required
approximately one hour, the consistent particle size distributions indicated that the

catalyst ink with Aemion ionomer is stable.
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Figure 2.5 — Intensity-weighted particle size distributions obtained from DLS for
Aemion Pt|C Ink 0.1. The viscosities for the ink solvent solutions with-
out solid-content were obtained using the Cannon-Fenske viscometer.
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Although the viscosity of the ink’s solvent solution was much lower than the
Nafion-based baseline (0.995 vs. 5.31 mPa-s), a test print with the DMP-2800 printer
verified that the ink was not jettable, presumably due to its low viscosity. To increase
the viscosity of the ink it was diluted with PG resulting in a 1:1 wt.% ratio between
the existing ink and PG—the resulting particle distributions for the PG-diluted ink
are provided in Figure 2.5b. Although the particle distributions obtained for the
diluted ink were not as consistent as the non-diluted ink, the ink was found to be
jettable using the DMP-2800 printer. However, printing the diluted catalyst ink onto
aluminum foil resulted in an apparent puddling of the ink, as seen in the subset
of Figure 2.5b, not previously observed with the Nafion-based baseline ink. It was
hypothesized that the observed puddling of the ink was due to an excessive amount
of PG, and that the PG must be considered in the initial ink recipe as to not add
too much. Of note from the results obtained for Aemion Pt|C Ink 0.1 was that
a stable catalyst ink compatible with the DMP-2800 printer was produced without

using probe sonication.

Aemion Carbon Black Ink 0.1

Due to the relatively high cost of Pt|C catalysts, further Aemion-based ink devel-
opment was conducted using less expensive carbon black (CB). Using the aforemen-
tioned linear system of equations, a new ink recipe was produced with 1 wt.% solid
content comprised of 15 wt.% ionomer content, a 3:1 wt.% ratio of methanol:water,
and 40 wt.% PG in the solvent solution. The CB-based ink was produced in a similar
manner as Aemion Pt|C Ink 0.1, but with CB (TKK Company, Japan) in place of
the Pt|C, and PG was added to the ink. The previously produced solution of 5 wt.%
Aemion AP1-HNNS ionomer was again used for Aemion CB Ink 0.1.

As seen in the particle size distributions in Figure 2.6, producing Aemion CB
Ink 0.1 with PG added before or after the addition of the Aemion ionomer produced
starkly different particle distributions. That is, adding PG before the ionomer (Fig-
ure 2.6a) resulted in less consistent particle distributions (PI = 26.6 4+ 6.4%) with a
hydrodynamic diameter of 902 + 133 nm. Conversely, adding PG after the ionomer
(Figure 2.6b) yielded more consistent particle distributions (PI = 24.5 4+ 3.2%) with
a hydrodynamic diameter of 261 + 20 nm. Note that each of these samples were
tested at different temperatures as a final decision regarding the test temperature
had not yet been decided, but that the viscosities were found at the respective DLS
test temperatures. As with Aemion Pt|C Ink 0.1, the Aemion CB Ink 0.1 samples
were produced without probe sonication, and the sample with PG added after the

ionomer was successfully printed using the DMP-2800 printer (sample image provided
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Figure 2.6 — Intensity-weighted particle size distributions obtained from DLS for
Aemion CB Ink 0.1. Viscosities for ink samples with solid-content obtained
using Zeitfuchs Cross-Arm viscometer.

in subset of Figure 2.6b). It is hypothesized that the sample produced with PG added
after the ionomer produced more favorable DLS results as the ionomer is better able
to disperse within a less viscous solution. For context, the viscosity of a 3:1 wt.%
ratio of methanol:water was found to be 0.995 £ 0.016 mPa-s while the viscosity of a
3:1 wt.% ratio of methanol:water with 40 wt.% PG was found to be 2.17£0.04 mPa-s
at the same test temperature (32°C).

Aemion Pt|C Ink 0.2

Following the promising results obtained for Aemion CB Ink 0.1, a similar ink recipe
was used to produce a Pt|C-based ink. As before, 46.7 wt.% Pt|C catalyst (TKK
Company, Japan) was used to produce a catalyst ink with 1.25 wt.% solid content
comprised of 15 wt.% ionomer content, a 3:1 wt.% ratio of methanol:water, and 40
wt.% PG in the solvent solution. The solvent solution of this ink remained the same
as that used for Aemion CB Ink 0.1, but the solid content was increased to 1.25 wt.%
as a higher solid content is preferential for producing printed electrodes in a more
timely manner. That is, a higher solid content yields more catalyst and ionomer per
printed layer, thus requiring less layers to achieve a given catalyst loading. From the
learnings obtained from Aemion CB Ink 0.1, the PG was added to the ink after the
addition of the Aemion ionomer (5 wt.% solution). As seen in Figure 2.7, the DLS

results for the catalyst ink indicate that the ink is stable with a sufficient particle size
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Figure 2.7 — Intensity-weighted particle size distributions obtained from DLS for
Aemion Pt|C Ink 0.2. DLS test performed with a viscosity of 2.17 +
0.04 mPa-s for the ink solvent solution without solid content.

for printing (d = 520 & 22 nm). This ink was also produced without the use of probe
sonication and was successfully used to produce a number of Aemion-based CCMs
(electrochemical results for the CCMs provided in Chapter 3).

Aemion Pt|C Ink 0.3

Although Aemion Pt|C Ink 0.2 was successfully used to produce a number of CCMs,
the ink was further developed by using a higher wt.% Pt|C and a lower wt.% solution
of Aemion ionomer. Moreover, the wt.% of PG in the ink’s solvent solution was
increased to 54.2% (corresponding to a molar ratio of 0.3 within the solvent solution)
and the methanol in the solvent solution was replaced by IPA. The justification for

these changes are as follows:

1. Utilizing a higher wt.% Pt|C:
60 wt.% Pt|C catalyst with Ketjenblack CB (HyPlat, South Africa) was uti-
lized instead of 46.7 wt.% Pt|C as cathodes with higher catalyst loadings were
produced, and a higher Pt wt.% catalyst requires less layers to achieve a given

catalyst loading.

2. Utilizing a lower wt.% Aemion AP1-HNNS8 ionomer solution:
During concurrent catalyst ink development for an Aemion-based IrO,, ink, it

was observed that the viscosity of the ionomer solution decreases as the ionomer
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wt.% is decreased, which in-turn was favorable for producing consistent catalyst
inks. As such, a transition was made to using 2 wt.% Aemion ionomer solutions

instead of 5 wt.%. More detail on ionomer solutions is provided in Section 2.2.2.

Utilizing a 0.3 molar ratio of PG in the ink solvent solution:
To further increase the viscosity of the inks the PG content was increased to
54.2 wt.% corresponding to a molar ratio of 0.3 within the solvent solution. The

molar ratio was chosen from the work of Khattab et al. [92].

Utilizing IPA in place of methanol in the ink solvent solution:

Although methanol was still used as the solvent for the ionomer solution, the
methanol in the ink solvent solution was changed to IPA since Aemion-based
materials (both AP1-HNN8 amd AF2-HNNS) are insoluble in IPA. A 3:1 wt.%
ratio of alcohol:water was maintained in the solvent solution where the alcohol

content includes the IPA and the methanol from the Aemion ionomer solution.

Particle distributions obtained from DLS for Aemion Pt|C Ink 0.3 are provided

in Figure 2.8 where Figs. 2.8a and 2.8b demonstrate the difference between a non-

probe sonicated and a probe sonicated sample, respectively. For the probe sonicated

sample, a lower amplitude was used compared to that used for the baseline Nafion

ink (10 vs. 20%), but was sonicated for a longer period of time (30 minutes total

vs. 15). Although the effect of probe sonication amplitude and time was not studied
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Figure 2.8 — Intensity-weighted particle size distributions obtained from DLS for

Aemion Pt|C Ink 0.3. Viscosities of ink samples with solid-content (ionomer
only) obtained using Zeitfuchs Cross-Arm viscometer (n = 9.47 £+ 0.15
mPa-s).
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in depth, it was hypothesized that a lower amplitude would be less impactful on the
Pt|C catalyst as it has been demonstrated that higher probe sonication power can
decrease the electrochemical surface area (ECSA) of Pt|C-based electrodes in fuel
cells [93]. The apparent decrease in the average hydrodynamic diameter particle size
from 348 + 30 nm to 170 + 5 nm before and after probe sonication, respectively, was
qualitatively noted to improve the printability of the catalyst ink and reduce the
frequency of nozzle blockages with the DMP-2800 printer.

Since Aemion Pt|C Ink 0.3 was the primary ink used to produce cathode elec-
trodes, the viscosity of the ink was studied more in depth than the other inks. As
seen from the summary of viscosity data provided in Table 2.2, the viscosity of the ink
recipe without the catalyst, i.e., only the solvent solution and the ionomer, was no-
tably greater than the viscosity of the solvent solution on its own (9.47 vs. 5.23 mPa-s,
respectively). Further, the addition of the catalyst only resulted in a slight increase
of the viscosity compared to the sample of the solvent solution and ionomer (9.84
vs. 9.47 mPa-s, respectively). Although there was a difference of 2°C between their
tests, it was also observed that the viscosity of Aemion CB Ink 0.1 was notably larger
than that of its solvent solution (4.67 vs. 2.17 mPa-s, respectively). As such, it may
be concluded for the current work that although viscosity data for solvent solutions
may be used for approximate DLS tests, viscosity data including the solid content,
especially the ionomer, must be considered if more accurate DLS data is desired.
Of course this conclusion is strongly contingent on the assumption that the samples
exhibit Newtonian behavior and that the tested viscosity matches that of the sample
when tested with DLS. As a final consideration regarding viscosity data, recent work
by Adamski et al. has demonstrated that the viscosity of Aemion-based solutions may

decrease by 15% or more over 30 minutes of bath sonication (42 kHz) [94]. Thus,

Table 2.2 — Summary of density and viscosity data obtained for Aemion Pt|C inks and
solvent solutions. Each sample is unique, with the exception of Aemion CB
Ink 0.1 which was tested at two temperatures. For the viscometer used, CF
= Cannon-Fenske and ZC = Zeitfuchs Cross-arm.

. Temperature Density Viscosity
Sample Viscometer (°C) (g/cm?) (mPa-s)
3:1 water:methanol CF 32 0.853 £0.013 0.995 £ 0.016
3:1 water:methanol w/ 40 wt.% PG CF 32 0.921 £0.015 2.174+0.04
3:1 water:methanol w/ 54.2 wt.% PG ZC 32 0.937+£0.015  5.23+0.08
. 25 5.18 £0.08
Aemion CB Ink 0.1 ZC 30 0.920 £ 0.015 467 4 0.08
Aemion Pt|C Ink 0.3 (no catalyst) ZC 32 0.937£0.015  9.47+0.15
Aemion Pt|C Ink 0.3 ZC 32 0.936 £0.015 9.84+0.16
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small changes in the ink production process may yield notable differences in the ink’s

viscosity which further propagate to notable differences in DLS results.

2.2.2 Aemion-Based IrO, Catalyst Ink

The development of an Aemion-based IrO, catalyst ink began once Aemion Pt|C
Ink 0.2 had been developed since an IrO,-based ink was then required to produce
a complete CCM with a cathode and anode. As a result, learnings obtained from
the development of an Aemion-based Pt|C catalyst ink were directly applied for the
development of an Aemion-based IrO,, catalyst ink. Additionally, the same system of
linear equations used for converting general ink recipes to gravimetric-based recipes

was used for this work (refer to Appendix C).

Aemion IrO, Ink 0.1

An initial Aemion-based IrO, ink was produced with 6 wt.% solid content comprised
of 15 wt.% ionomer content with a solvent solution containing a 3:1 wt.% ratio of
methanol:water and 40 wt.% PG. The solid content of the ink was increased above
that of the Pt|C-based inks as IrO, has a higher density than Pt|C. That is, assuming
the density of Pt|C to be similar to that of CB since its volume/content is primarily
comprised of the CB [95], the density of IrO, is approximately five-times higher [96,
97]. The catalyst ink was prepared in the same manner as Aemion Pt|C Ink 0.2 with
the same 5 wt.% ionomer solution added before the PG, but with IrO, catalyst (TKK
Company, Japan) used in place of Pt|C. As with the initial Pt|C-based inks, no probe
sonication was used for the initial IrO,-based ink (only bath sonication during the
addition of the ionomer).

Data for the particle size distributions for Aemion IrO, Ink 0.1 over a period of
452 hours is provided in Figure 2.9. The initial test of the ink provided in Figure 2.9a
only contains five DLS repetitions as the other five were rejected due to a poor fit
to the experimental data (fit errors of 1072 vs. 107107 for adequate results). The
ink was found to be initially inconsistent with a relatively large particle size (PI =
24.6 +9.8 %, d = 4.45 + 0.94 pm). However, as seen in Figure 2.9b, after 452 hours
on the magnetic stirrer at 350 rpm, the catalyst ink became more consistent and the
hydrodynamic diameter greatly reduced (PI = 19.3 +11.3 %, d = 1.45 4+ 0.05 pm).
Figure 2.9c demonstrates how the hydrodynamic diameter only decreased slightly
over the initial 200 hours, but then greatly reduced over the next 150 hours, followed
by a slight increase over the remaining 115 hours. Although the particle size of the
ink greatly reduced over the test time, the ink was not tested with the DMP-2800
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(c) Hydrodynamic diameter of Aemion IrO, Ink 0.1 as a function of ink age (stored on magnetic
stirrer between tests, 350 rpm). Error bars indicate the standard deviation in hydro-
dynamic diameter obtained from conducting 10 DLS repetitions (with the exception
of t = 0 where 5 tests were used).

Figure 2.9 — Various DLS results obtained for Aemion IrO, Ink 0.1 over a period of
452 hours. Data obtained using n = 2.17 mPa-s for a solvent solution
containing a 3:1 wt.% ratio of water:methanol with 40 wt.% PG.

printer since it was deemed that waiting hundreds of hours for a catalyst ink to be
usable was not acceptable from a practicality standpoint.

In an effort to determine why the particle distributions within Aemion IrO, Ink
0.1 were relatively large, the IrO, catalyst and Aemion ionomer, in the same amounts
used for the catalyst ink, were separately tested in a 3:1 wt.% ratio of methanol:water.

For the Aemion ionomer sample, a 5 wt.% solution of Aemion ionomer in methanol
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was added to the methanol-water solution in the same drop-wise manner as it was
added to the catalyst ink. Each of the tested solutions were prepared in the same
manner as the catalyst ink, but with the absence of PG and either the ionomer
or the catalyst. The resulting particle size distributions for the IrO, catalyst and
Aemion ionomer solutions are provided in Figs. 2.10a and 2.10b, respectively. Since
the IrO, distributions in the solution were relatively small (d = 172+ 2 nm), and the
Aemion ionomer was found to be similar to Aemion IrO, Ink 0.1 after hundreds of
hours (1425 4+ 54 vs. 1450 + 51 nm, respectively), it was concluded that the particle
size of the IrO, ink was dominated by the Aemion ionomer. Furthermore, it was
hypothesized that the initial particle size of the catalyst ink was greater than that of
just the ionomer in the 3:1 wt.% ratio of methanol:water due to either the addition
of the PG, or an interaction between the IrO, catalyst and the Aemion ionomer (or
lack thereof). It was thought that the latter was more probable given that the same
solvent solution with PG had been used to produce Aemion Pt|C Ink 0.2 with a
hydrodynamic diameter of 520 + 22 nm. As such, it was hypothesized that if the
particle size of the ionomer could be reduced, that the particle size of the IrO,-based

ink would also be reduced.
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(a) IrO, catalyst (equivalent to 85 wt.% of the (b) Aemion AP1-HNNS8 ionomer (equivalent to
solid content). 15 wt.% of the solid content).

Figure 2.10 — Comparison of intensity-weighted particle distributions of IrO, and
Aemion ionomer in a 3:1 wt.% ratio of methanol:water (n = 0.995 mPa-s
used for both tests).
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Aemion IrO, Ink 0.2

Building on the information obtained from Aemion IrO, Ink 0.1, a new ink was
developed by first studying Aemion AP1-HNNS ionomer solutions with varying solid
content (2-5 wt.%) in methanol. Varying the ionomer wt.% was motivated by the
desire to reduce the particle size of the Aemion ionomer solution and the fact that
Fortin et al. [57] had utilized a 2.5 wt.% Aemion ionomer solution while Wright et
al. [37] used a 10 wt.% solution. Perhaps Fortin et al. had found it beneficial to use a
lower wt.% Aemion-based ionomer solution, but did not directly discuss the matter
in their work.

DLS data obtained for the various Aemion AP1-HNNS8 ionomer solutions is pro-
vided in Figure 2.11 where preliminary results obtained using the preset Kalliope
settings for a methanol-based sample are provided in Figure 2.11a and updated re-
sults with experimentally determined viscosity values are provided in Figure 2.11b.
Note that the transmittance data provided in Figure 2.11a is a direct measurement
of how much light passes through the sample relative to the incident light. Based
upon the increasing transmittance and decreasing apparent particle size with de-
creasing wt.% in Figure 2.11a, it was initially concluded that the lower the wt.%,
the more dissolved and dispersed the ionomer is within the methanol. Moreover, the
relatively large hydrodynamic diameters for the ionomer solutions of 24 pm were
thought to be an apparent particle size representing the size of the Aemion polymer

chain. However, upon testing the viscosity of the various ionomer solutions with the

£ 4000] lis  E

~ 0 < :;/ 440} 15.5

£ 3500 140 T 400l lso =
k] ~ g @
= 135 ¢ Z 400 145 3
23000/ - &
2 1302 A& 380f |10 =
E =g 135 2
= 2500 [T 125 8 2 360 oy 30 7
g, d 190 & Z ——d 13.0 ¢
S 2000/ =z 30 los &
"E 115 8 | .

= 20 30 40 50 < S0 ‘ | 120

' ' ' . = 20 30 40 5.0

Aemion Content in Methanol (wt.%) Aemion Content in Methanol (wt.%)

(a) Preliminary results obtained with the pre-
set Kalliope settings for a methanol-
based sample. The same viscosity of
0.500 mPa was used for each test.

(b) Final results obtained with experimental
Cannon-Fenske viscosity data for
the ionomer solutions.

Figure 2.11 — Comparison of DLS results obtained for Aemion AP1-HNNS8 ionomer
solutions with varying solid content.
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Cannon-Fenske viscometer, it was found that the viscosity notably increased from
2.32 + 0.04 mPa-s for a 2 wt.% solution to 5.54 £ 0.09 mPa-s for a 5 wt.% solution.
As seen in Figure 2.11b, the recalculated particle sizes for the ionomer solutions us-
ing the experimental viscosities were are all relatively similar varying by as little as
50 nm. This result demonstrated the importance of using sample-specific viscosities
when performing DLS experiments.

Although the particle size of the Aemion ionomer was not actually reduced by
decreasing the solution solid-content, an IrO,-based catalyst ink with 5 wt.% solid
content comprised of 15 wt.% ionomer and a solvent solution with a 3:1 wt.% ratio
of methanol:water and 40 wt.% PG was produced using a 2 wt.% Aemion ionomer
solution. The solid content of the ink, termed Aemion IrO, Ink 0.2, was decreased
to 5 wt.% from 6 wt.% to match the solid content of the Nafion-based IrO, catalyst
ink commonly used by M. Mandal to produce inkjet printed anodes for PEM-based
electrolyzers [33]. The resulting particle distributions for Aemion IrO, Ink 0.2 after
21 hours atop the magnetic stirrer (350 rpm) is provided in Figure 2.12. Compared to
Aemion IrO,, Ink 0.1 with an age of 452 hours, the new ink had a lower hydrodynamic
diameter (1320 £ 42 vs. 1451 £ 51 nm, respectively), and was more consistent (PI
of 15.7 £ 7.2 vs. 19.3 &+ 11.3%, respectively). Thus, although the particle size of
Aemion IrO, Ink 0.2 was not reduced to the size of the baseline Nafion Pt|C ink
(258 £46 nm), or even Aemion Pt|C Ink 0.2 (520 & 22 nm), the ink was better suited
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Figure 2.12 — Intensity-weighted particle size distributions obtained from DLS for
Aemion IrO, Ink 0.2. DLS test performed with a viscosity of 2.17 +
0.04 mPa-s for the ink solvent solution without solid content.
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for printing than Aemion IrO,, 0.1 and could be produced in a timely manner. This ink
was successfully used to produce a number of Aemion-based CCMs (electrochemical
results for the CCMs provided in Chapter 3) with a sample print image provided in
the subset of Figure 2.12.

Aemion IrO, Ink 0.3

Although Aemion IrO, Ink 0.2 was successfully used to produce a number of CCMs,

two primary issues were encountered with the ink:

1. The relatively large particle size of the ink and/or its high solid content resulted
in many of the DPM-2800 printer cartridge nozzles being blocked during the

printing process.

2. Using a 2 wt.% Aemion ionomer solution resulted in too much methanol in the
catalyst ink such that pinholes were observed to form in the Aemion membrane
during CCM fabrication (even if the solid content of the ink was < 5% and the

methanol in the ink’s solvent solution was replaced with IPA).

As such, a new catalyst ink was produced with 3.5 wt.% solid content comprised of
15 wt.% ionomer with a solvent solution containing a 3:1 wt.% ratio of alcohol:water
and 54.2 wt.% PG. The ink was produced using a 4 wt.% Aemion ionomer solution
such that the overall methanol content in the ink solvent solution was maintained
below 15 wt.% (4 wt.% was thought to be preferential to 5 wt.% as it has a lower
viscosity). For reference, the Aemion IrO, catalyst ink that resulted in pinholes in
the membrane contained 25 wt.% methanol in the solvent solution. In addition to
lowering the ink solid content, increasing the PG content, and using a different wt.%
ionomer solution, the primary alcohol in the ink was also changed to IPA as was done
for Aemion Pt|C Ink 0.3. Also as with Aemion Pt|C Ink 0.3, the IrO,-based ink
was probe sonicated (10% amplitude, 1 minute on, 1.5 minutes off, 30 minutes total
sonication) as it was qualitatively found to decrease the frequency of nozzle blockages
with the DMP-2800 printer.

This ink, and slight variations of it, were used to produce a number of inkjet
printed anodes for CCM fabrication. For the variations, the ink preparation method
and ink recipe primarily remained the same, but the solid content was adjusted (£ 1%)
depending on the printability of the ink. That is, depending on the batch of printer
cartridge heads from Fujifilm, a 3.5 wt.% solid content could be used (Figure 2.13a),
or a lower wt.% such as 2.5 wt.% (Figure 2.13b) was required.
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Figure 2.13 — Intensity-weighted particle size distributions for Aemion IrO, Ink 0.3
(n =9.47 mPa-s used for both tests).

2.2.3 Summary of Developed Catalyst Inks

The final recipes and corresponding properties for the catalyst inks developed as part
of this work are compared to the Nafion-based baseline ink in Table 2.3. The densities
of the developed inks are greater than the Nafion-based baseline owing to the use of a
higher PG content and the inclusion of water. The increased viscosity of the Aemion-
based inks may be due to the specific properties of the Aemion AP1-HNNS vs. Nafion
ionomers and the use of an increased PG content. By using low wt.% solutions of
the Aemion ionomer (< 5 wt.%) and adding PG to the catalyst ink solution after
the addition of the ionomer, the average particle size within the developed inks was
found to be similar to that of the Nafion-based baseline ink. As such, this work
has demonstrated that catalyst ink consistency and particle size reduction may be
improved by dispersing the ionomer within a catalyst solution with a relatively low
viscosity. Stated otherwise, one should ensure that the viscosity of both the ionomer
solution and the catalyst slurry are both as low as possible prior to the addition of
the ionomer to the catalyst ink. Lastly, this work has demonstrated the usefulness of

DLS as a tool for both catalyst ink characterization and development.
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Table 2.3 — Final Pt|C and IrO, catalyst ink recipes and their corresponding charac-

teristics.
Property Nafion Baseline Pt|C Ink 0.3 IrO, Ink 0.3
wt.% of total solid content 1.36 1.25 3.5
wt.% of solid-phase ionomer content 15 15 15
alcohol to water ratio in solvent solution —= 3 3
wt.% of PG in solvent solution 47 54 54
wt.% of ionomer solution used 5} 2 4
Density, p (g/cm3) P 0.885+0.014  0.936+0.015 0.959+0.023
Dynamic Viscosity, 7 (mPa-s) P 5.31£0.09 9.85+0.16 10.54+0.3
Hydrodynamic diameter, d (nm) © 258+46 348+30 150+4
Polydispersity Index, PI (%) © 22.944.7 25.145.7 17.14£6.9
Particle Distribution ¢ Fig. 2.4 Fig. 2.8a Fig. 2.13a

@ The solvent solution for the Nafion-based baseline Pt|C ink developed by S.Shukla [98]
did not contain water, and was instead comprised of 47 wt.% PG, 48 wt.% IPA, and
the remaining wt.% was comprised of the solvent solution for the ionomer used

> The reported density and viscosity values were found using the Zeitfuchs Cross-arm
viscometer for the catalyst inks including the solid-content components (catalysts and
ionomer)

¢ The referenced particle size distributions for the developed Aemion-based Pt|C and IrO,,
catalyst inks were found using = 9.47 4+ 15 mPa-s, which is the viscosity of the ink
solvent solution with 15 wt.% ionomer content
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Chapter 3

Electrode Fabrication and
Electrolyzer Testing

Following the development of Aemion-based Pt|C and IrO, catalyst inks usable for
inkjet printing electrodes, the remaining secondary goals of the current work were
completed herein: the development of a test-station for testing AEM-based elec-

trolyzers, as well as electrode fabrication and cell assembly/testing.

3.1 Methodologies for Electrode Fabrication and
Electrolyzer Testing

The development of the test-station for operating AEM-based electrolyzers is sepa-
rated into a section on the physical hardware (Section 3.1.1) and a section on the
in-house developed software used for performing experiments (Section 3.1.2). Infor-
mation regarding the test-station is followed by sections on CCM fabrication using
inkjet printing (Section 3.1.3) and electrolyzer cell assembly (Section 3.1.4). Lastly,
the methodologies used for performing polarization curve, stability, and electrochem-
ical impedance spectroscopy experiments are covered in Sections 3.1.5 and 3.1.6,

respectively.

3.1.1 Electrolyzer Test-Station Hardware

As per the operation of AEM-based electrolyzers discussed in Section 1.3.3, to test

an electrolyzer cell there are a number of requirements:
¢ the cell must be fed with DI water or a caustic electrolyte such as aqueous KOH,

o the liquid fed to the cell, as well as the cell itself, must be heated to temperatures
< 100°C,
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o the cell must be powered using a direct current (DC) power supply,

o the cell and cell feed must be isolated from the ambient atmosphere such that

COy cannot enter the system,

¢ the produced oxygen and hydrogen gases must be separated from the circulated

feed liquid, and
o the current/voltage data must be acquired and recorded.

To satisfy these requirements, a test-station, as shown in Figure 3.1, was developed
and built in-house. A schematic of the test-station is provided in Figure 3.1a while
an annotated picture is provided in Figure 3.1b.

As an overview, the gas disengagement units (GDUs) function to both store and
heat the feed liquid for the test-station, and function as two-phase gas-liquid sep-
aration units. The GDUs were designed and assembled in-house with more details
on their design provided in Appendix A.3. The liquid stored within the GDUs is
circulated to the electrolysis cell via a peristaltic pump. The peristaltic pump uti-
lized (Gilson Minipuls 3) has a multi-channel head configuration such that all three
feed methods are possible with the system (anode only, cathode only, or both an-
ode and cathode). The multiphase gas-liquid mixtures leaving the electrolysis cell
flow back to the GDU units wherein the gas is bubbled through the liquid in the
GDU and leaves the system to ventilation through one-way low pressure differential
check valves (1/3 psig cracking pressure). Oxygen from the anode GDU exits the
system through the check valve to the ambient atmosphere while hydrogen from the
cathode GDU exits the system through the check valve to lab ventilation. A cal-
ibration of the peristaltic pump flow rate yielded V = 0.175N,, £ 0.3 where V is
the resulting flow rate in mL/min (per electrode stream) and N, is the speed of the
Gilson Minipuls 3 pump head in rpm. A detailed description of the experiment used
to obtain the aforementioned flow rate expression and corresponding uncertainty is
provided in Appendix B.5. Heat for the GDUs and electrolysis cell is provided via
ohmic heaters controlled with in-house designed temperature control boxes that uti-
lize a PID (more detail provided in Appendix A.1). The type-T thermocouples used
for the test-station have a tolerance of £1°C as per ASTM E230 [99]. Power for the
system is provided using a DC power supply (B&K Precision 9202) controlled by an
in-house developed software. The in-house developed software also provides current
and voltage data acquisition (DAQ) for the system using an Arduino (more detail

provided in Section 3.1.2).
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(b) Annotated picture of test-station.

Figure 3.1 — Test-station developed for conducting experiments with AEM-based elec-

trolyzers. GDU = gas disengagement unit used for two-phase gas-liquid
separation.
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Wetted materials for the test-station were limited to high density polyethylene
(HDPE), 316 stainless steel (316 SS), polytetrafluoroethylene (PTFE), EPDM, and
nitrile (Buna-N). These materials were selected as they are reported to be stable when
in contact with both aqueous KOH [100, 101] and hydrogen gas [102, 103]. Since the
PVC-based tubing commonly used with the Gilson Minipuls 3 pump had been noted
to mechanically break down when operated with deionized water for performing PEM-
based water electrolysis experiments, and PVC is reported to only be stable in 2 mol /L
KOH up to a temperature of 60°C [101], the peristaltic pump tubing was changed
to a Norprene-based tubing from McMaster-Carr! (#51075K21). The two tubing
materials were compared by using them to operate a PEM-based water electrolyzer
with results provided in Section 3.2.2. In a study of the corrosion behavior of stainless
steels in ~ 6 mol /L. KOH, a temperature of 130°C, and a pressure of 2.9 MPa, it was
found that steels such as 316 SS generally show poor corrosion resistance. As a result,
the report suggested that 316 SS be monitored diligently in long term operation with
solutions of aqueous KOH and to ensure the operating temperature does not exceed
120°C. It was hypothesized, however, that since the operating parameters for the
current work (< 1 mol/L. KOH, < 80°C, and & atmospheric pressure) are well below
those for the reported study, that the 316 SS used for the GDU immersion heaters
and tubing fittings would be corrosion resistant. For an additional level of safety for
operation with solutions of aqueous KOH the electrolyzer cell and GDUs were kept
within an HDPE secondary containment in case of a spill. In an effort to maintain the
temperature of the feed liquid to the cell from the GDUs, all PTFE tubing connecting
the various components was insulated with Buna-N/PVC foam insulation (R-value
of 2).

3.1.2 Electrolyzer Test-Station Software

To perform galvanostatic and potentiostatic experiments with the AEM-based elec-
trolyzer test-station a software was developed to control the station’s DC power supply
and record current/voltage data. Front-end development for the software’s graphical
user interface (GUI) was completed using the Qt Designer application (version 5.9.7)
and back-end development was completed with the PyQt5 package (version 5.14.1)
within Python (version 3.7.4).

A flow diagram illustrating how the software performs an experiment is provided

in Figure 3.2. As indicated in the flow diagram, when an experiment is started the

'No information regarding the chemical compatibility of Norprene with solutions of aqueous
KOH is available in the DECHEMA KOH Corrosion Handbook [101], but it was selected as it “has
the chemical resistance to withstand a variety of acids and other harsh substances” [104].
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Figure 3.2 — Flow diagram illustrating how the test-station software performs an
experiment. Note that the softwares main GUI thread runs simultaneously
as the process above but is not pictured.

information within the GUI is read and a ‘worker’ thread is initiated to run the
experiment. Within the worker thread, the power source (B&K Precision 9202) and
Arduino (Arduino UNO SMD R3) are communicated with and the experiment is
conducted by looping through the setpoints passed from the GUI. Throughout the
experiment, current values are obtained directly from the power source while voltage
values are obtained from the Arduino. Voltage values obtained from the Arduino
were verified to be within £1 mV using a Fluke true-RMS 287 multimeter. Although
voltage data could be obtained from the power source (as is done for the current), the
Arduino is used to directly obtain voltage data at the cell to eliminate inaccuracies
caused by the voltage drop through the power source current leads connected to the
cell. Once all setpoints for the experiment have been looped through, the power source
and Arduino are set to non-operational within the worker thread, the worker thread
emits the data obtained back to the software’s main thread, and the main thread

ends the worker thread. The decision is then made whether to conduct another
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experimental iteration? or not. In case of the latter, all experimental information
obtained from the GUI, as well as the experimental data obtained, is saved to an
Excel file. At any time during an experiment the experiment may be terminated and

the data obtained up until that point is saved to an Excel file.

3.1.3 Catalyst Coated Membrane Fabrication

Using the Pt|C and IrO, catalyst inks developed in Chapter 2, AEM-based CCMs
were fabricated using inkjet printing. The equipment used for the printing process is
demonstrated in Figure 3.3. The printing process used was based upon the work of
S. Shukla [98] and Mandal et al. [33]. More specifically, a commercial inkjet material
printer (Dimatix DPM-2800 series, Fujifilm) was used with cartridge heads containing
16 nozzles (21 pm diameter) spaced 254 pm apart that produce 10 pL droplets. An

(a) Dimatix 2800 series piezoelectric inkjet —(b) Printer cartridge and cartridge
printer [105]. head.

(c) Stainless steel plate used for holding the AEMs in place during
printing. Shown in the image are three CCMs and a
piece of aluminum foil sandwiched onto the printers
platen prior to printing the anodes.

Figure 3.3 — Equipment used for inkjet printing CCMs.

2Tf, for instance, multiple polarization curve tests are conducted consecutively.
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image of the Dimatix printer is provided in Figure 3.3a while the cartridge (1.5 mL
volume) and cartridge head are provided in Figure 3.3b. During the printing process
the cartridge head prints along the z-axis shown in Figure 3.3c, resets to x = 0 once
it has traversed the required distance, shifts down the y-axis, prints along the x-axis
again, and continues on in the same manner until the desired area has been printed.
The catalyst loadings of the CCM CLs, as discussed in Section 1.3.2, were controlled
by the number of layers printed onto the membrane. Three CCMs with a geometric
area of 5 cm? were commonly produced simultaneously with an additional CL printed
onto a piece of aluminum foil. The CL printed onto the aluminum foil was used to
measure the catalyst loading by measuring its change in mass during the printing

process. The catalyst loading was determined using the following formula,

Am (1 - wtinklnmr) Wieyst
A

catalyst loading (mgcatalyst/ cm?) = (3.1)

where
Am is the change in mass measured from the aluminum foil, mg,
WinkInmr 18 the ionomer content within the catalyst ink, wt.%,

wteyse 1s the catalyst loading on the support if a supported catalyst, such as Pt|C,

is used, wt.%, and
A is the geometric area printed on the aluminum foil, cm?.

Note that catalyst inks with IrO, have no support such that wt.ys simply becomes
unity.

In the work by S. Shukla [98] and Mandal et al. [33], the Nafion membrane and
aluminum foil were held in place during the printing process using the printers built-in
vacuum platen. For the current work, however, it was found that the swelling of the
AEMs was too great to be held in place using the printers vacuum platen. As such,
a stainless steel plate, as shown in Figure 3.3c, was developed to hold the AEMs in
place during the printing process. The printers platen was also maintained at 60°C
during the printing process to increase the evaporation rate of the solvent printed
onto the membranes.

Due to the possibility of Pt poisoning from iodide [106], the Aemion AF1-HNN8-
50 membrane was converted from its as-received iodide form to chloride form prior
to CCM fabrication. The Aemion AF1-HNN8&-50 membrane was cut into individual

1.75 x 1.75 inch square pieces and converted to chloride form by placing them into
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a plastic container (HDPE) with a gasketed lid containing 300 mL of 1 mol/L aque-
ous KCI (Sigma-Aldrich, P3911, > 99%). A plastic plate was submerged into the
container to lightly sandwich the membrane against the bottom of the container to
ensure the membrane remained relatively flat during the conversion process—this was
done to ease the handling of the membrane as otherwise it would roll up as it swelled
due to the water. With a magnetic stirrer added to the container to help facilitate
the exchange of ions, the sealed container was left atop the magnetic stirrer platform
(< 150 rpm) for a minimum of 20 hours. The complete conversion of the membrane
to chloride form from iodide form was not confirmed such that the membrane pieces
may have been in a mixed chloride-iodide form. A schematic illustrating how the
membrane pieces were loaded into the container setup used for the conversion process
is provided in Figure 3.4. Following the conversion of the membrane to the apparent
chloride form, the membrane pieces were rinsed using degassed deionized water to
remove any excess KCI salt.

After the membrane pieces had been converted and rinsed, they were mounted
into the printer as demonstrated in Figure 3.3c, and the cathodes were printed. Due

to swelling and dimensional changes of the membrane during the printing process,

Container Lid‘

Magnetic Stirrer ﬂ .
Tubing \m’.

=]

Plastic Plate CNG

Membrane Pieces

Container Base

Figure 3.4 — Exploded schematic illustrating how AEMs were held flat during the
conversion process. Note that the lid contained built in clips that clamped
it to the base (not shown in schematic).
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the area printed for the cathodes was increased 15% above 5 cm? (24.0 x 24.0 mm

2 could

instead of 22.4 x 22.4 mm) so that the anodes, which were printed as 5 cm
be more easily printed to cover the area of the cathodes—this concept is illustrated
in Figure 3.5. Note that this concept is not demonstrated with a photograph be-
cause the increased electrode size of 2.56 mm? is difficult to discern as the AEMs
commonly wrinkled as a result of the printing process (CCM images are provided in
Section 3.2). The cathodes were over printed instead of the anodes since the cath-
ode catalyst loadings were generally much lower than the anode catalyst loadings,
and therefore required much less time to print, even with an increased size. Once
the desired catalyst loading had been achieved, the CCMs were removed from the
printer, covered for protection against debris such as dust, and allowed to dry for a
minimum of 12 hours. Following the drying process, the cathode electrodes were im-
aged using a transmitting optical microscope (Micromaster, BS200, Fisher Scientific)
and analyzed for any surface defects. The anodes were then printed on the opposite
side of the membrane with the desired loading, allowed to dry in the same manner
as the cathodes, and imaged using a stereoscopic microscope (Leica S8 APO). The
completed CCMs were then either used for testing, or carefully stored between sheets

of paper within a plastic bag with a detailed label for later testing.
Cathode
%J_’y
Membrane
Anode
.//\0

Figure 3.5 — Schematic of a single CCM with an oversized cathode.

3.1.4 Electrolyzer Cell Assembly

The fabricated CCMs were assembled into electrolyzer cells following the arrangement
illustrated in Figure 3.6 where Figure 3.6a is an exploded view of the general cell
hardware and Figure 3.6b is an exploded view of the MEA and cell gaskets. Unless
otherwise stated, the cells were assembled with the components listed in Table 3.1.

The bipolar plates used for the current work were fabricated in-house with parallel
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(a) General cell hardware with zoomed in view of the bipolar plate’s parallel flow channels.
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(b) Laminated MEA with gaskets and assembly alignment pins.

Figure 3.6 — Exploded schematics illustrating the assembly of AEM-based electrolyzer.
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Table 3.1 — Cell materials used for assembling AEM-based electrolyzers.

Component Material Used
End Plates Liquid-Compatible Plates from Scribner Associates
Current Collectors Gold-Plated Copper from Scribner Associates

Cathode Bipolar Plate Graphite with Extended Parallel Flow Channels
Anode Bipolar Plate Titanium with Extended Parallel Flow Channels

Gaskets Compressible PTFE Sheet
Cathode PTL Toray 90 from Fuel Cell Store (TGP-H-90)
Anode PTL Bekipor Nickel from Bekaert (2Ni 18-0.25)

channels extending beyond the active area of the CCM-—detailed drawings for the
plates are provided in Appendix A.4. The CCMs were laminated using conventional
3 mil (= 75 pm) thick lamination sheets with a square cutout removed from where
the sheets would otherwise overlap the CLs of the CCM. Small 1/8'® inch holes added
to the laminated CCMs aided in assembling cells as alignment pins passed through
holes in the laminated CCMs, cell gaskets, and the bipolar plates for each electrode.
Unless otherwise stated, the laminated CCMs were converted to hydroxide form using
0.85 mol/L aqueous KOH (Sigma-Aldrich, #221473, > 85% (< 2% K»CO3 and 10—
15% water)) following the same procedure used to convert the membrane to chloride
form (but with aqueous KOH instead of KCl) as discussed in Section 3.1.3. As with
the membranes converted to chloride form, the converted CCMs were rinsed with
degassed deionized water to remove any excess salt.

The cell end plates procured from Scribner Associates came fabricated with na-
tional pipe thread (NPT) holes such that through-hole tube fittings were added to
the plates. The use of the through-hole tube fittings allowed for PTFE tubing to pass
directly through the cell end plates and current collectors directly into the bipolar
plates. As such, the materials of the end plates and current collectors, which may
be susceptible to corrosion from KOH fed to the cell, were not wetted during cell
operation.

Liquid and gas transported in and out of the cell through PTFE tubing was sealed
into the cell using EPDM rubber o-rings situated in the current collectors and PTFE
gaskets sandwiched between the laminated CCM and the bipolar plate of each elec-

2 cutouts removed

trode. As with the lamination sheets, the cell gaskets had 5 cm
from the center where they would otherwise overlap with the printed electrodes. The
compression of the PTLs and electrodes was controlled by changing the thickness of
the gaskets and using a sufficient amount of torque for the cell bolts during cell assem-

bly. Using gaskets of different thicknesses changed the pinch of the cell MEA, which

71



is defined as the difference between the total gasket + lamination sheet thickness and
the cumulative thickness of the CCM and the PTLs,

Pinch = [cathode CL + anode CL + cathode PTL + anode PTL| —
[cathode gasket + anode gasket + 2 (lamination sheet)] . (3.2)

With a positive pinch value, as demonstrated schematically in Figure 3.7, the MEA
is compressed the pinch amount during cell assembly as the two total thicknesses are
equalized by the planar bipolar plates. For the current work, a pinch of 50 pm was
used, the lamination sheets were each 75 pm thick, the electrodes were each assumed
to be 2 pm thick based upon Ref. [33], and the cathode and anode PTLs were 280
and 275 nm thick, respectively. As such, gaskets with a thickness of 180 pm (7 mils)
were used based upon the calculation from Eq. (3.2).

Based upon the work of others within the Energy Systems Design Laboratory
(ESDLab) at the University of Alberta, a torque of 50 in-1b was applied to each of the
cell bolts in a star-like pattern. The homogeneous compression of the MEA within the
cell was qualitatively checked using a two-sheet pressure measurement film (Prescale
LLW, Fujifilm). As explained by J. Kracher [107], the raised edges of the flow field
channels should be subtly visible in the pressure film such that the compression of
the CLs and PTLs is not too low or too high—this is demonstrated in Figure 3.8.
If the compression is too high, then the porosity within the PTLs and CLs may be
too low and limit mass transport within the cell. Conversely, if the compression is
too low, then higher contact resistances between the MEA components will lead to
higher ohmic losses [107].

The PTFE gaskets commonly used were compressible (Rockwell R58 minimum
hardness [108]) and made up of two sheets of different thicknesses to obtain the de-

sired overall thickness (for each electrode). Other gasket materials such as Kapton

_}
Cathode Gasket Cathode PTL \
¢ Pinch
Lamination Sheet
Anode Gasket
)

Figure 3.7 — Cross-sectional schematic of gasketed MEA demonstrating the concept
of pinch. Note that the pinch calculation, as per Eq. (3.2), does not include
the membrane thickness since the membrane is present in both calculated
thicknesses.
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Figure 3.8 — Pressure film measurement demonstrating proper compression of the
MEA and sealant of the cell.

polyimide and PTFE-coated fiberglass were used for select tests. The PTFE-coated

fiberglass gaskets were used for limited testing as only select thicknesses were avail-
able.

3.1.5 Polarization Curves and Stability Testing

Cell polarization curve and short-term stability experiments (< 10 hours) were con-
ducted using the AEM-based electrolyzer test-station hardware and software de-
scribed in Sections 3.1.1 and 3.1.2. Polarization curve experiments were conducted
first to determine the performance of the cells, and stability experiments were con-
ducted thereafter for select higher performing cells. During the experiments the cells
were operated at 60°C and fed with solutions of 0.85 mol/L KOH (also at 60°C) to
both the anode and cathode electrodes at a flow rate of 4 mL/min (8 mL/min total).

Polarization curve experiments were conducted galvanostatically (constant cur-
rent) in a stepwise manner. The first current density step of 1 mA/cm? was held
for four minutes to allow the cell to begin operating while all subsequent steps, as
described in Table 3.2, were held for two minutes. The initial current density of

1 mA /ecm? was used to judge whether the cell would operate properly, or if there was

Table 3.2 — Description of galvanostatic current densities used for performing a polar-
ization curve experiment. Each step held for two minutes.

J Domain (mA/cm?) Aj Step (mA/cm?)

5-50 5
50-200 25
200-600 50
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an issue with the cell/experimental setup. Properly operating cells would commonly
begin at low voltages of &~ 800-900 mV and increase to ~ 1.3-1.4 V. In the event
that the voltage did not increase to > 1.3 V, it indicated there was an issue with
the cell and/or the test-station. Experiments were generally conducted up to a max-

imum current density of 600 mA /cm?

or until the cell reached a potential of 2.2 V,
whichever occurred first. Cell performance testing began with a polarization curve,
followed by EIS, and then the same procedure was repeated two additional times (3x
pol. curves & 3x EIS total). The cell and GDU temperatures, as well as liquid flow
through the system, were maintained during the entirety of the testing process. Data
acquisition occurred at a frequency of once per second while plotted data points for
a given current density step are averaged over the last five seconds of obtained data
(a brief discussion on this topic is provided in Section 3.2.2).

Cell stability was generally interpreted from the relative change in performance
observed between consecutive polarization curves (the performance almost always
worsened). However, a limited number of potentiostatic (constant voltage) experi-
ments were conducted to further assess cell stability. The stability tests were per-
formed approximately 12 hours after the polarization curve experiments and during
that time the cell was sealed from its environment using fittings installed into the cell
end plates. Prior to being isolated from the test-station, the cell was flushed with
deionized and degassed water. Since the cell was disconnected from the test-station
it cooled to room temperature prior to stability testing. Furthermore, the KOH so-
lutions (0.85 mol/L) within the GDUs were replaced with newly prepared solutions.
For the potentiostatic cell stability tests the cells were operated at 1.8 V for periods
of either 30 minutes or one hour with EIS performed before and after with a total
cumulative test time of two hours; i.e., the cells were tested with EIS, operated at
1.8 V for the allotted test time (30 minutes or one hour), retested with EIS, and then
the same process was repeated until the total potentiostatic operational time was two

hours.

3.1.6 Electrochemical Impedance Spectrometry

In an effort to differentiate between the activation, ohmic, and mass transport losses
within the tested cells, electrochemical impedance spectrometry (ELS) was utilized.
Galvano EIS was used such that a small sinusoidal current perturbation (j(¢) =
Jo cos (wt)) is applied to the cell resulting in a phase-shifted sinusoidal voltage response

(V (t) = Vo cos (wt + ¢)) [7]. Converting to complex notation the impedance may be
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written in terms of a real and imaginary component,

g Vo ezw-t+z¢ _ E it _
jOGWt jO
Lype = Ly COS @

Zim = Zo’L sin ¢

Zo (cos ¢ + isin @)

where Z; is the impedance magnitude and ¢ is the phase shift [7]. Plotting Z,.
and —Z;,,, obtained from many orders of magnitude in frequency (for the perturba-
tion) results in a Nyquist impedance plot. EIS experiments were performed with a

potentiostat (SP-300, Biologic) using the parameters outlined in Table 3.3.

Table 3.3 — Primary parameters used for EIS experiments.

Current Density (mA/cm?) 20 300 600
Amplitude (mA /cm?)? 4 (20%) 30 (10%) 60 (10%)
High Frequency (kHz) 200 200 200
Low Frequency (mHz) 50 500 500
Points/Decade 15 15 15

2 Value in parentheses is the amplitude as a percentage of the
tested current density

Nyquist plots obtained from EIS are commonly interpreted using equivalent cir-
cuits. A relatively simplistic model of an electrochemical cell may be created using
only resistors and capacitors. The equivalent circuit representation of an ohmic pro-
cess is simply a resistor and since a resistor is frequency (time) independent, and
therefore does not contain an imaginary component, manifests itself as a point along
the real axis of a Nyquist plot [7]. The equivalent circuit for an electrochemical re-
action is more complex, but is commonly approximated as a capacitor and resistor
in parallel. If reaction kinetics are approximated by the Tafel equation then the cor-
responding impedance may be approximated as a resistor (referred to as Faradaic
resistance) [7]. The build up of electronic charge in the electrode and ionic charge
in the electrolyte at the interface between the electrode and the electrolyte may be
approximated as a capacitor (referred to as double-layer capacitance) [7]. The parallel
combination of a resistor and capacitor manifests itself as a semicircle in a Nyquist
plot with the diameter of the semicircle proportional to the Faradaic resistance. De-
rived from this information, the equivalent circuit used for the work herein is provided
in Figure 3.9. Note that R accounts for both electronic and ionic ohmic losses. The
equivalent circuit was used to determine the cells’ total ohmic resistance as the real-

axis intercept in the high frequency domain—this is referred to as the high frequency
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Figure 3.9 — Equivalent circuit used for interpreting Nyquist plots obtained from
EIS [7].

resistance (HFR). Similarly, the charge transfer resistance (CTR) of the cells was
determined by subtracting the HFR value from the real-axis intercept in the low fre-
quency domain—this yields the aforementioned semicircle diameter for the Faradaic

resistance.

3.2 Results and Discussion for Electrode Fabrica-
tion and Cell Testing

Contained herein are the results obtained for inkjet printed electrodes for AEM-based
water electrolyzers. A focus on the printing process and the CCM electrodes produced
therefrom is provided in Section 3.2.1. Section 3.2.2 then covers subtopics related to
the validation of the test-station and cell hardware such as gasket materials, gasket
thicknesses, membrane materials, and bipolar plate flow patterns. A brief discussion
on cell repeatability is provided in Section 3.2.3 followed by proof-of-concept CCM-
and CCS-based results in Section 3.2.4. The obtained cell performances are compared
to literature in Section 3.2.4 and lastly, stability testing results are briefly discussed
in Section 3.2.6.

3.2.1 Electrode Fabrication

A total of 16 CCMs were fabricated for this work following the methodologies dis-
cussed in Section 3.1. Images of a sample CCM are provided in Figure 3.10 where
the cathode is shown in Figure 3.10a and the anode is shown in Figure 3.10b. To
compare the obtained cathode microscopy images to that of a Nafion-based electrode,
Pt|C Ink 0.3 (with Nafion ionomer in place of Aemion AP1-HNNS ionomer) was used
to produce a cathode electrode. The Nafion-based ink (which used Liquion solution
LQ-1105 1100 EW?, 5 wt.%, Ton Power) was produced in the same manner as Aemion

3The equivalent weight (EW) refers to the grams of polymer per equivalent of sulfonate groups
(IEC = 1000/EW) [109].
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(a) Cathode (Aemion Pt|C Ink 0.3). (b) Anode (Aemion IrO,, Ink 0.3).

Figure 3.10 — Images of a sample CCM produced using inkjet printing. Membrane =
Aemion AF1-HNNS8-50.

Pt|C Ink 0.3 with 15 wt.% ionomer content in the solid-phase. Optical transmission
microscopy images of both the Aemion- and Nafion-based inks printed onto Aemion
AF1-HNN8-50 membrane are provided in Figure 3.11. The Aemion-based electrode
(Figure 3.11a) demonstrates numerous so-called small-scale “inconsistencies” while
the Nafion-based electrode (Figure 3.11b) contains fewer small-scale inconsistencies,
but contains relatively large-scale so-called “cracks”. The cracks contained in the
Nafion-based electrode have previously been demonstrated in literature [33, 110],
but the smaller-scale inconsistencies have not been. It is hypothesized that the small-
scale inconsistencies shown in Figure 3.11 were caused by the swelling and subsequent
shrinking of the Aemion AF1-HNN8-50 membrane during the electrode fabrication
process. The different frequencies with which the small-scale inconsistencies occurred
in Figs. 3.11a and 3.11b may be a result of the different ionomer materials used
(Aemion vs. Nafion).

During CCM fabrication a number of issues were encountered that resulted in the
failure of CCMs prior to being tested. One of the primary issues that was encountered
was the swelling of the membrane during the printing process. While the membrane

was observed to swell during both cathode and anode CL fabrication, it was more pro-
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(a) Aemion cathode (Aemion Pt|C Ink 0.3).  (b) Nafion cathode (Pt|C Ink 0.3 with Nafion).

Figure 3.11 — Comparison of cathodes fabricated using Aemion AF1-HNNS8 and Nafion
ionomers. The Nafion-based electrode was produced using Pt|C Ink 0.3 with
Nafion ionomer in place of Aemion AF1-HNNS8 (15 wt.% ionomer within
the solid-phase of the ink). Both electrodes were printed onto Aemion AF1-
HNNS8-50 membrane.

nounced during anode CL fabrication since the anodes had higher catalyst loadings,
and subsequently required more ink (and therefore ink solvent), to be printed onto
the membrane. The height of the DPM-2800 printer head often had to be adjusted to
5.5 mm above the platen to avoid contacting the membrane as it swelled during the
printing process. In one instance the printer head contacted the printed CL on the
swelled membrane which resulted in a notable defect in the electrode (Figure 3.12a)
compared to a regular CCM CL from the same batch (Figure 3.12b). Since the mem-
brane is 50 microns thick and contacted the printer head at a height of 5.5 mm, the

- 'Scale = 1 mm

(a) Electrode contacted by printer head. (b) Regular printed electrode.

Figure 3.12 — Microscopy images demonstrating the difference between a cathode
contacted by the printer head and a regular electrode from the same CCM
batch.
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membrane swelled in excess of 5 mm out-of-plane?

. Membrane swelling was subse-
quently managed by delaying the printing process between layers (commonly three
minutes) to allow the ink solvent to evaporate from the membrane and thereby reduce
swelling. In certain extenuating circumstances (such as using a 2.5 wt.% solid content
IrO, ink) additional heat was imparted to the CCMs between printed layers using
two 75 W incandescent lightbulbs placed approximately 20 cm from the CCMs.
Another issue that resulted in the failure of CCMs was the apparent interaction
between the catalyst inks and the Aemion AF1-HNN8-50 membrane. As seen in
Figure 3.13, the catalyst ink appeared to react with the membrane and result in a
notable defect in the CL (Figure 3.13a) compared to a regular CCM CL from the same
batch (Figure 3.13b). During the fabrication of anode CLs for another separate batch
of CCMs a pinhole was noticed in one of the CCMs, and upon further inspection as
shown in Figure 3.14, pinholes were found in each of the three CCMs. The holes were
hypothesized to be caused by the high methanol content in the IrO, ink (Aemion IrO,

Scale'= 1~ mm:

(a) Electrode with reaction. (b) Regular printed electrode.

Figure 3.13 — Microscopy images demonstrating the difference between a partially
reacted CCM and a regular electrode from the same CCM batch.

-
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Figure 3.14 — Microscopy images of holes formed during anode fabrication for three
separate CCMs from a single batch.

4The DPM-2800 printer head can technically be raised to 26.5 mm above the platen, but is
typically set between 5.0-5.5 mm in the ESDLab.
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Ink 0.2). IrO, Ink 0.2 was produced using a 2 wt.% solution of Aemion AP1-HNNS§
ionomer in methanol, whereas 5 wt.% had previously been used, and as a result,
the ink contained a higher methanol content. Due to this observation, Aemion IrO,
Ink 0.3 was produced using a 4 wt.% solution of Aemion ionomer to decrease the
methanol content in the final ink, and subsequently no CCMs formed holes during
the electrode fabrication process.

The white horizontal lines that appear throughout Figs. 3.10a, 3.12b, 3.13b and 3.14
are hypothesized to be due to either non-operational nozzles within the printer car-
tridge head and/or cohesive forces within the catalyst ink. More specifically, the
cathodes that demonstrate the white lines were imaged using a transmitting opti-
cal microscope that shines light through the sample, and therefore the white lines
correspond to areas void of the printed electrode. Recalling from Section 3.1.3 that
the printer head prints along the z-axis, which is parallel to the horizontal lines, any
nozzles that do not print due to blockages may result in unprinted lines in the imaged
electrodes. Similarly, the printer head shifts along the y-axis between printed passes,
which is perpendicular to the horizontal lines, and if the ink printed during a previous
pass cohesively binds together and begins to dry, then subsequently printed passes
may not bind together and result in the observed lines.

Both the swelling and catalyst ink/membrane interaction issues encountered dur-
ing CCM fabrication were observed to be more substantial during anode CL fab-
rication since the anodes take longer to produce than the cathodes. There was a
high degree of variability, but the cathodes typically required ~ 15 layers to achieve
a desired loading of 0.1 mgp;/cm? while the anodes required roughly twice as many
layers (a2 30) to achieve a desired loading of 1 mgy,o, /cm?. As a result, it is suggested
that the anodes are fabricated first for future CCMs such that time and resources are
not dedicated to producing cathode CLs for CCMs that ultimately fail due to issues
during anode CL fabrication.

Generally, it was found that producing AEM-based CCMs using inkjet printing
had a relatively high failure rate of ~ 30% (5 failures out of 16 CCMs produced
for this work), irrespective of cell assembly or resulting cell performance. Since one
of the primary issues encountered during CCM fabrication was membrane swelling,
CCMs were fabricated using a newly developed membrane by Ionomr Innovations
Inc. termed Aemion AF2-HNNS8 which has been demonstrated to have a 60% lower
area change compared to Aemion AF1-HNN8 when saturated with water [111]. The
batch of Aemion AF2-HNN8-50 CCMs was fabricated using Aemion Pt|C Ink 0.3
(using 40 wt.% Pt|C by HyPlat) for the cathode and Aemion IrO, Ink 0.3 for the
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anode. The catalyst inks used contained the AP1-HNNS8 ionomer®. Note that the
Aemion AF2-HNN8-50 membrane was received in a mixed chloride-iodide form and
was not converted to a fully chloride form prior to CCM fabrication based upon the
work of Koch et al. [59].

Images of a sample CCM fabricated with Aemion AF2-HNN8-50 are provided in
Figure 3.15 where, based upon the recommendation provided above, the anode was
produced first and imaged with the transmitting optical microscope (Figure 3.15a)
and the cathode was printed second and imaged with the stereoscopic microscope
(Figure 3.15b). The CCMs produced with the AF2-HNN8 membrane were generally
easier to produce compared to CCMs with the AF1-HNN8 membrane as the newly
developed membrane swelled very little during the printing process. In fact, the

new membrane swelled so little that the printing process was expedited by changing
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(a) Anode (Aemion IrO, Ink 0.3). (b) Cathode (Aemion Pt|C Ink 0.3).

Figure 3.15 — Images of a sample CCM produced using inkjet printing. Membrane =
Aemion AF2-HNNS8-50.

5Tonomr Innovations Inc. produces a corresponding Aemion AP2-HNNS ionomer that may be
used for catalyst inks in the future, but doing so was deemed beyond the scope of the current work
since the inks were developed using the AP1 ionomer.
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the printing settings® (i.e., more solvent could be continually printed onto the mem-
brane since swelling was not an issue). Changing the printing settings appeared to
in turn remove the white lines seen in the electrodes produced onto Aemion AF1-
HNNS8 (Figure 3.15a vs. Figure 3.10a). The decreased frequency of the previously
mentioned small-scale inconsistencies in Figure 3.15a may be due to a combination of
the decreased swelling of the Aemion AF2-HNN8 membrane and the changed printing
settings. The CCMs produced using the Aemion AF2-HNN8-50 membrane were not
tested in-situ as this work focused on the use of Aemion AF1-HNNS&-50.

3.2.2 Validation of Test-Station Equipment & Cell Hardware

Since AEM-based water electrolyzers had not previously been operated using the cell
hardware and test-station equipment discussed in Section 3.1, a number of exper-
iments were conducted to ensure that the hardware and equipment functioned as
required. As an initial validation of the test-station equipment, a PEM-based water
electrolyzer was assembled and tested using the methodologies and equipment de-
scribed in Ref. [33], and then the same cell was tested with the equipment discussed
in Sections 3.1.1 and 3.1.2. The intent of this experiment was to verify that the devel-
oped AEM-based test-station could be used to reproduce expected polarization curve
results. Note that the equipment utilized in Ref. [33] by Mandal et al. is referred
to herein as the “PEM-based test-station”. Information for the PEM-based CCM
operated with both test-stations is provided in Table 3.4 with additional information
regarding CCM fabrication and cell assembly provided in Ref. [33].

Using the PEM-based test-station the cell was first conditioned” at a tempera-
ture of 80°C with deionized water fed to the anode (also at 80°C) at a flow rate of

Table 3.4 — Summary of PEM-based CCM properties tested to validate the function-
ality of the AEM-based water electrolyzer test-station.

Property Value

Membrane Material Nafion 211

Cathode Catalyst & Loading TKK 46.7 wt.% Pt|C, 0.11 mg/cm?
Cathode Ionomer Content 30 wt.% Nafion (1100 EW)
Anode Catalyst & Loading Umicore Ir, 0.97 mg/cm?
Anode Ionomer Content 5 wt.% Nafion (1100 EW)

5The printing spacing of the cartridge head was adjusted such that there was approximately a
48% overlap of printed passes along the y-axis.

"Mandal et al. conditions their PEM-based cells by applying current densities of 0.02, 0.1, 0.2,
and 1 A/cm? for 15 minutes and 5 minutes at 2 A/cm? [33].
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12.6 mL/min. The polarization curve test was then conducted directly following cell
conditioning using the PEM-based test-station with results provided in Figure 3.16.
The cell was then disconnected from the PEM test-station, connected to the AEM-
based test-station, and the system was heated to 80°C (the cell cooled to =~ 75°C
during the transition). To validate the functionality of the Norprene pump tubing
with the Gilson Minipuls pump, polarization curve experiments were conducted using
the Gilson PVC peristaltic pump tubing (the tubing used by Mandal et al.) and then
the Norprene-based tubing. Since the internal diameters of the tubings were different,
the pump speed was adjusted such that the flow rate for both tests was maintained
at 8.4 mL/min®. This flow rate was lower than that used with the PEM-based test-
station, but is similar to the flow rate used by Mandal et al. in their published work
(9 ml/min [33]), and is in far excess of the required stoichiometric flow rate at 2 A /cm?
(0.06 mL/min as per Faraday’s first law [112]).

As seen from the results provided in Figure 3.16, the three polarization curves
obtained for the PEM-based cell are very similar for j < 800 mA/cm?, but begin

to diverge thereafter. The 20 mV increase at 2 A/cm? between the curve produced
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—+PEM Test-Station by Mandal et al. [33]

—— AEM Test-Station with Gilson PVC tubing
-o- AEM Test-Station with resistant Norprene tubing

Figure 3.16 — Polarization curves obtained for a PEM-based water electrolysis cell
using an existing test-station setup used in Ref. [33] and the test-station
developed for this work. Cell was operated at 80°C with deionized water
fed to the anode at 8.4 ml/min (AEM Test-Station) or 12.6 mL/min (PEM
Test-Station).

8This is the maximum flow rate with the Norprene tubing as determined in Appendix B.5.
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using the AEM-based test-station with PVC tubing and the PEM-based test-station
is not unexpected?. Conversely, the decreased performance for the curve obtained
using the Norprene-based tubing for j > 1400 mA /cm? is hypothesized to be due to
issues regarding the supply of water since none of the PEM-based water electrolyzer
results by Mandal et al. demonstrate mass transport losses [33]. The PVC peristaltic
pump tubing by Gilson is calibrated with retaining stops on both ends to ensure
that the tubing is properly tensioned when fitted into the pump head. Since the
Norprene-based tubing was not procured from Gilson, and therefore does not contain
the calibrated retaining stops, the tubing may not be properly tensioned within the
pump head and consequently not function properly. However, because the maximum
operational current density for the AEM-based water electrolyzers tested for this work
was only 600 mA /cm?, it was deemed that the Norprene tubing would be sufficient
for use, but that properly calibrated tubing by Gilson should be used in the future!®,
especially if operating at elevated current densities. Apart from the limited issues
encountered with the peristaltic pump tubing, the developed test-station functioned
as expected and was used to successfully produce results consistent with other test

equipment.

Steady-State Operation of AEM-Based Cells for Polarization Curves

To demonstrate that the cell performance (voltage) is steady state at the end of each
of the galvanostatic steps used to produce a polarization curve, the complete data for
a sample AEM-based water electrolyzer is provided in Figure 3.17. Although some
of the steps at higher current densities (j > 75 mA/cm?) in Figure 3.17 increase in
voltage, it is hypothesized that the increase is not due to transient effects, but is
instead due to the instability of the cell’s electrodes (refer to Section 3.2.6 for more
information on cell stability). As such, the reported voltage values in the polarization
curves are given as the average over the last five seconds at a given current density

step.

Cell Gasket Material and Thickness

Materials commonly used for cell gaskets in the ESDLab at the University of Alberta
include PTFE, PTFE-coated fiberglass, and Kapton polyimide. Due to the avail-

90mne potential source for the slight decrease in ohmic performance could be due to ions intro-
duced to the system from the ohmic heater within the GDU. The effect of using immersion heaters
of this nature is currently under investigation at the ESDLab.

0Gilson offers a tubing made of polypropylene (PP) and according to the DECHEMA Corrosion
Handbook on KOH, variants of PP are permanently resistant to < 50 wt.% aqueous KOH up to
100°C [101].
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Figure 3.17 — Demonstration of steady state operation at each galvanostatic step used
to produce a polarization curve for a sample AEM-based water electrolyzer.
Further details for the tested cell provided in Table 3.5 as ‘FAA-3 CCM’.

ability of thicknesses and practical considerations'!, cells were initially tested with
gaskets composed of 2 mil Kapton polyimide and 5 mil PTFE (the two materials
were combined to achieve the desired thickness of 7 mil/electrode). Using three cells,
one with a Fumapem FAA-3-based CCM and two with Aemion AF1-HNNS8-based
CCMs, the mixed Kapton polyimide/PTFE gasket combination was compared to
PTFE-only gaskets. For the PTFE-only gaskets, 2 mil and 5 mil thicknesses were
again combined to achieve the desired 7 mil thickness/electrode. A summary of the
electrode characteristics for the tested cells is provided in Table 3.5.

As seen in Figure 3.18, the FAA-3-based cell assembled with PTFE and Kapton
polyimide gaskets was found to have good performance. However, upon reusing the
same gaskets for the Aemion-based cell, the performance was found to drastically re-
duce. Using PTFE gaskets for a cell assembled with an Aemion-based CCM from the
same batch as the previously tested Aemion-based cell, the performance improved to,
and closely matched, the performance of the FAA-3-based cell. Thickness measure-
ments (No. 227-211 micrometer, Mitutoyo) taken near the edge of the square cutout
in the middle of the mixed Kapton polyimide/PTFE gasket combination after cell
disassembly indicated that the thickness had reduced by & 2 mil (the thickness of the
Kapton polyimide used) for both electrodes. The reduction in gasket material may

1 The Kapton polyimide material has an adhesive backing such that it could easily be combined
with gaskets of other thicknesses.
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Table 3.5 — Summary of CCMs tested for comparing PTFE and Kapton polyimide
gasket materials.

Characteristic Batch of 1 FAA-3 CCM Batch of 2 Aemion CCMs
Membrane Fumapem FAA-3-50 Aemion AF1-HNNS8-50
Anode Catalyst Loading 1.0 mgy0, /cm? 0.97 mgro, /cm?
Anode Catalyst Ink Aemion IrO, Ink 0.2 Aemion IrO, Ink 0.2
Anode Tonomer Loading 15 wt.% of CL 15 wt.% of CL
Cathode Catalyst Loading 0.20 mgp,/cm? 0.23 mgp;/cm?
Cathode Catalyst Ink Aemion Pt|C Ink 0.2 Aemion Pt|C Ink 0.25%
Cathode Ionomer Loading 15 wt.% of CL 25 wt.% of CL

@ An uncharacterized ink with the same solvent solution as Aemion Pt|C Ink 0.2,
but with 60 wt.% Pt|C (HyPlat). Additionally contained 25 wt.% ionomer as
opposed to 15 wt.% used for all other inks
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Figure 3.18 — Polarization curves comparing cells assembled with Kapton polyimide
and PTFE gaskets (7 mil thickness per electrode). Cells operated at 60°C
with 0.85 mol/L KOH fed to both electrodes.

have resulted in the over compression of the MEA or poor cell sealing. The same
measurements conducted for the PTFE-only gaskets after cell disassembly indicated
no change in the thickness. As such, it was concluded that Kapton polyimide should
not be used for testing as it was found to not be stable under the operating conditions
of the cell, which may impact the cell in an unknown manner (i.e., possible contami-
nation of the cell). Note that polyimides, such as Kapton, have been documented to

have a lack of resistance to 2 mol/L KOH at room temperature [101], and therefore
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it is hypothesized that the observed instability of the Kapton polyimide is due to the
KOH solution within the cell.

Limited electrolyzer testing was conducted with PTFE coated fiberglass gaskets to
analyze how non-compressible 6 mil gaskets would compare to the compressible 7 mil
PTFE gaskets discussed above. Note that the PTFE coated fiberglass gasket material
was only available in 3, 5, 6, and 10 mil variants such that a direct comparison of
7 mil thick gaskets was not possible. The characteristics of the Aemion AF1-HNNS8-50
CCMs tested with the two different gasket thicknesses are provided in Table 3.6 while
the resulting cell performance and Nyquist plots are provided in Figure 3.19. As seen
in Figure 3.19, the performance of the cell with the thinner gaskets was much poorer,
notably in the kinetic region. From the Nyquist plot it is clear that the CTR for the
cell with 6 mil gaskets was much greater than the CTR for the cell with 7 mil gaskets
(3411 vs. 2319 mQ-cm?, respectively), which matches the poorer kinetic performance
observed in the polarization curves.

The change in porosity of the PTLs due to the compression of the MEA may be

estimated using the following relationship [113],

ep=1-1(1—c) (3.3)

where ¢ and t are the porosity and PTL thickness, respectively, and state 1 is before
compression and state 2 is after. Assuming that the pinch of the cell is evenly split
between the two electrodes, and the compression is exhibited entirely in the PTLs,
then each of the PTLs is compressed 50 and 25 pm when using the 6 and 7 mil gaskets,
respectively (recall the pinch is calculated as per Eq. (3.2)). As such, the estimated
change in porosities for the Toray 90 and Bekipor Ni PTLs when using the 6 and 7 mil
gaskets, as per Eq. (3.3), are provided in Table 3.7. The estimated decrease in PTL
porosity when using the thinner 6 mil gaskets is approximately double that of when
using the thicker 7 mil gaskets. Although the absolute porosity of the PTLs when

Table 3.6 — Summary of CCMs tested for comparing 6 mil and 7 mil gasket thicknesses.

Characteristic Batch of 2 Aemion CCMs
Membrane Aemion AF1-HNN8-50
Anode Catalyst Loading 1.0 mgy,0, /cm?
Anode Catalyst Ink Aemion IrO, Ink 0.3
Anode Tonomer Loading 15 wt.% of CL
Cathode Catalyst Loading 0.11 mgp;/cm?
Cathode Catalyst Ink Aemion Pt|C Ink 0.3
Cathode Ionomer Loading 15 wt.% of CL
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Figure 3.19 — Polarization curves and Nyquist plots for Aemion-based cells assembled
with 6 and 7 mil thick gaskets (per electrode). EIS data for Nyquist plots

obtained at 20 mA /cm?.

Table 3.7 — Summary of PTL thicknesses and estimated porosities with 6 and 7 mil

thick gaskets.

State Toray 90 [62] Bekipor Ni [114]
Thickness (nm) Porosity (%) Thickness (nm) Porosity (%)
Initial (uncompressed) 280 75.0 275 60.0
With 6 mil Gasket 255 69.6% 250 0l.1*
With 7 mil Gasket 230 72.5% 225 56.0%

2 Estimated using Eq. (3.3)

using the 6 mil gaskets was estimated to still be > 70% and 51% for the Toray 90
and Bekipor Ni PTLs, respectively, it is hypothesized that the notable change in the

relative porosity for the Toray 90 PTL may be significant due to changes in the pore
size distribution. That is, Toray 90 contains PTFE (5 wt.% in this case) such that
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it is hydrophobic, which is often a desirable attribute for fuel cell gas diffusion layers
(GDLs) to help expel produced water. However, in the case of alkaline electrolysis
water is a reactant in the cathode, and a change in the pore size distribution will
change the water transport properties of the layer which may further result in a lack
of reactant in the CL'2. Although Toray 90 was still used for all of the cells tested
herein, it is recommended that an alternative cathode PTL material such as AvCarb
MGL280 [117], which has the same thickness and porosity as Toray 90, but no PTFE
content, is tested in the future.

Although the specific thickness of the gaskets used, 6 mil vs. 7 mil, is not generally
applicable for AEM-based electrolyzers since it is dependent upon the MEA compo-
nents, the results herein demonstrate how important it is to select the proper gasket
thicknesses during cell assembly. While the absolute thickness of the gaskets used is
not generally applicable, the pinch value is. That is, the MEA components, including
the cell gaskets, may be selected such that the MEA is compressed 50 pm during
cell assembly. Future tests may be required to analyze how a lower pinch (< 50 pm)

affects cell performance.

Fumapem FAA-3 and Aemion AF1-HNNS8-50 Membranes

Most tests were conducted with Aemion AF1-HNNS8-50 membranes, but a single
batch of CCMs was produced using Fumapem FAA-3-50 membrane (Fuel Cell Store).
During the production of the FAA-3-based CCMs, one CCM failed (tore) while re-
moving the tape used to hold it in place during the printing process. Another CCM
from the batch failed during cell assembly as the membrane had wrinkled during the
printing process, was left to fully dry, and cracked during cell assembly as the mem-
brane in its dry state was flattened by the cell hardware. It was due to this result
that all other CCMs were converted to hydroxide form prior to cell assembly and
subsequently assembled into cells while fully hydrated with water (while hydrated
the membrane becomes dimensionally flexible (non-brittle)). Of note is that a CCM
fabricated with Aemion AF1-HNNS& was also assembled into a cell dry, but did not
crack as the FAA-3 membrane did. Similarly, none of the CCMs fabricated with
Aemion AF1-HNNS tore while removing the tape used to hold them in place during
the printing process. As such, it was anecdotally concluded that the Aemion AF1-

12Using the Young-Laplace equation for relating the invading capillary pressure to pore radii
for the PTL [115] (Pnon—wetting — Pwetting = —2ycos(8)/r), the required invading pressure will
increase if the radii decreases (recall § > 90° for hydrophobic materials [116]). If it is assumed
that the pressure within the PTL remains constant irrespective of PTL compression (i.e., the PTL
remains under ambient conditions), then a reduction in pore size radii will result in fewer pores
being infiltrated.
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HNNB8-50 membrane exhibits better physical properties than the Fumapem FAA-3-50
membrane. This anecdotal conclusion is supported by the physical data for the two
materials as Aemion AF1-HNNS has a lower Young’s modulus (higher flexibility) and
higher ultimate tensile strength'® [37, 118].

The performance of the only operational FAA-3 CCM from the batch was provided
in Figure 3.19 above. As stated, the performance of the FAA-3 cell was very similar
to an Aemion AF1-HNNS8-based cell with similar catalyst loadings and tested under
the same conditions (CCM details provided in Table 3.6). Despite Aemion AF1-
HNNS8 having a reportedly higher hydroxide conductivity compared to FAA-3 (103
vs. 51 mS/cm at 40°C, respectively [38, 119]), and the same thickness (50 pm), the
cells assembled with the two different CCMs had a very similar HFR as seen from
the Nyquist plots provided in Figure 3.20 (171 and 167 mQ-cm?, respectively). The
difference in the CTR for the two cells is not hypothesized to be due to the different
membrane materials, but other differences in the CCMs such as ionomer content and
catalyst loadings (refer to Table 3.5). Further testing is required to confirm that the
two materials produce similar performing cells and to analyze how the two different
materials behave when subject to longer testing. Note that FAA-3 has demonstrated
reasonably high durability for up to 1000 hours of cell voltage cycling, but Aemion

membranes have not been tested under the same time durations [73].
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Figure 3.20 — Nyquist plots for CCMs produced using Fumapem FAA-3 and Aemion
AF1-HNNS8-50 membranes. EIS data obtained at 20 mA /cm?.

13The Young’s modulus for Aemion AF1-HNNS8 (C1~ form, dry) and FAA-3 (ionic form not
stated, 50% relative humidity) are respectively 940 + 40 MPa and 1400 4+ 400 MPa while their
ultimate tensile strengths are 50 + 2 MPa and 32.5 4+ 7.5 MPa [37, 118].
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Bipolar Plate Flow Pattern

While the majority of cells were tested using the extended parallel channel bipolar
plates discussed in Section 3.1.4, bipolar plates with a serpentine flow pattern were
also used. Following the observation, as seen in Figure 3.21, that CCMs would notably
swell out-of-plane when converted to hydroxide form and rinsed with deionized water,
non-laminated CCMs were tested. The non-laminated CCMs were observed to swell
in-plane as opposed to out-of-plane, which was hypothesized to have less of an effect
on the CCMs CLs. A cell assembled with the extended parallel flow channel plates
and a non-laminated CCM was found to be non-operational (could not generate a
potential > 1.2 V), which was hypothesized to be due to issues regarding the sealing
of the cell. The extended parallel flow channel pattern goes beyond the active area
of the CCM and therefore the membrane, which also goes beyond the active area of
the CCM, does not have rigid support where the flow channels are situated along the

2 area. Of course the membrane would have rigid support if

perimeter of the 5 cm
it extended beyond the length of the channels (beyond the horizontal manifolds in
Figure 3.22a), but this was not an option for CCMs already fabricated on membrane
pieces with a smaller size (1.75 x 1.75”). It was hypothesized that the non-rigid region
of the flow channels resulted in the poor sealing of the cell as the membrane could
not be firmly supported. In response to this issue, the serpentine flow field plates
were used. Images comparing the extended parallel and serpentine flow field plates
are provided in Figure 3.22. In contrast to the extended parallel channel flow field
pattern, the serpentine flow channel pattern (Figure 3.22b) is primarily restricted to
the active area of the CCM, such that the membrane is rigidly supported along the
perimeter of the active area by the plates and therefore forms a better seal for the

cell. Of note is that plates with a parallel channel (non-extended), could have been

Finger Tips for Image Scale’—\

Swelled CCMv

Lamination Sheets—)

Figure 3.21 — Image demonstrating a CCM swelled out-of-plane following conversion
to hydroxide form and rinsed with deionized water.
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(a) Extended parallel. (b) Serpentine.

Figure 3.22 — Images of different flow patterns used for cell testing. The graphite
plates shown were used for the cathode and respectively complimented by
titanium plates with the same flow pattern for the anode.

used for this same purpose, but the serpentine channel plates were used due to their
availability.

The cell performances obtained using the parallel extended and serpentine flow
pattern bipolar plates are provided in Figure 3.23. The characteristics of the CCM
tested with the extended parallel channel plates are provided in Table 3.6 above
while the CCM tested with the serpentine channel plates was the exact same, but
had catalyst loadings of 0.12 mgp; /cm? and 1.0 mgy,o, /cm? (the CCM tested with the
extended parallel channel plates had loadings of 0.11 mgp;/cm? and 1.0 mgry.o, /cm?).
Note that the CCM tested with the extended parallel channel plates was laminated as
per the information in Section 3.1.4 and tested with 7 mil PTFE gaskets. Conversely,
the CCM tested with the serpentine channel plates was non-laminated and tested
with 10 mil PTFE coated fiberglass gaskets. The 10 mil thick gaskets (per electrode)
were used such that a pinch of 50 pm was maintained in accordance with the results
discussed previously regarding gasket thicknesses. As seen from the polarization
curves in Figure 3.23, the two cells had a very similar initial performance, especially
in the kinetic region. However, subsequent testing for the cell using the serpentine
channel plates demonstrated that the cell was unstable (refer to ‘curve three’ in
Figure 3.23). It was suspected that the cell was initially stable as it was sealed, but
that at elevated current densities, and subsequently higher gas production rates as
per Faraday’s first law, the cell became unsealed, and therefore unstable. Snoop@®)
liquid leak detector was used to visually confirm that the cell was sealed from the
ambient environment, so it was hypothesized that the cell was unsealed internally,

not externally.
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Figure 3.23 — Polarization curves and Nyquist plots (EIS obtained at 20 mA /cm?)
for Aemion-based cells assembled with extended parallel and serpentine
channel flow patterns. Cells operated at 60°C with 0.85 mol/L KOH fed to
both electrodes.

From the Nyquist plots provided in Figure 3.23, the HFR for the cell tested
with the extended parallel channel bipolar plates was found to be 25% higher than
the HFR for the cell tested with the serpentine channel bipolar plates (153 vs. 116
m¢-cm?, respectively). The CTR data for the two cells could not be compared due
to the instability observed for the cell utilizing the serpentine bipolar plates (the
EIS data presented in Figure 3.23 was obtained after the first polarization curve).
So while there were issues associated with sealing both plate designs with a non-
laminated CCM, the serpentine channel plates produced a more viable cell with a
lower HFR. As noted, the sealing of the cell was not necessarily directly due to
the serpentine flow pattern, but because the flow pattern was restricted to within
the 5 cm? perimeter of the active area. Future tests with more stable CCMs will

be required to further analyze and validate the two flow patterns. Related to the
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sealing of the cells, it is recommended that cells are tested to determine if they are
adequately sealed prior to being operated. Tests of this nature, as per the United
States Fuel Cell Council (USFCC), may be performed using helium gas and a mass
flow controller [120]. Alternatively, the cell may be held at 1 V potentiostatically as
electrolysis will not occur, but shunt currents due to crossover will (i.e., the current

should remain approximately zero if the cell is properly sealed) [51].

3.2.3 Repeatability of CCM Cell Performance

In response to issues regarding the instability of some of the cell materials used,
and the swelling of the CCMs, a number of adaptations, as discussed above in Sec-
tion 3.2.2, were made to the cell assembly process. Since investigating each of these
adaptations regarding gasket materials, gasket thicknesses, removing the lamination
sheets, and changing the bipolar plate flow pattern required individually studying
new CCMs, the repeatability of these results was not verified. It is important to
recall that fabricating the CCMs themselves was not trivial as the failure rate was
~ 30%. Despite the number of changes made to the various cells tested, a number of
the resulting polarization curves, as seen in Figure 3.24, did generally demonstrate
similar performance. It is for this reason that the results from this work are refereed
to only as proof-of-concept as they must be further verified with more testing. Fur-
thermore, it is for this reason that a statistical analysis regarding the uncertainty in
the cell performances presented in the polarization curves has not been conducted. It
is hypothesized that if the learnings from Section 3.2.2 are used to test future CCMs
fabricated with the new Aemion AF2 membrane that demonstrates less swelling, that
repeatable results may be obtained.

As an aside, it was observed that the cells tested with a higher cathode catalyst
loading of 0.2 mgp;/cm? in Figure 3.24 had a similarly better performance compared
to the cells tested with a lower loading of 0.1 mgp,/cm?. This result is unexpected as
the OER in the anode has been reported to be the rate-determining reaction for alka-
line electrolyzers [18, 31] and therefore the anode IrO,, loading should be limiting, not
the Pt loading in the cathode. This result may be due to issues regarding the afore-
mentioned hydrophobicity of the cathode PTL used (Toray 90 with 5 wt.% PTFE) as
the higher catalyst loading may yield an electrode that is not as susceptible to water
transport issues (the thicker electrode may retain more water content). Although
this result was unexpected, it has been deemed relatively inconsequential given that
it must be further verified using an alternative cathode PTL, and furthermore, other

non-PGM based catalysts, which will require different loadings, will likely be studied
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Figure 3.24 — Polarization curves and Nyquist plots (EIS obtained at 20 mA /cm?)
for CCM-based cells with similar performances. Unless stated otherwise,
all cell electrodes (anode & cathode) contained 15 wt.% ionomer (AP1-
HNNB8 ionomer). Cells operated at 60°C with 0.85 mol/L KOH fed to both

electrodes.

in more detail in the future instead of Pt and Ir.

3.2.4 Proof-of-Concept CCM & CSS Cell Performance

While CCM fabrication and testing was the focus of this work, a single proof-of-

concept CCS-based cell was also fabricated using the inkjet printing method to com-

pare to the proof-of-concept CCM-based cell results. It was thought that despite

a reduction in the direct contact between the membrane and the CLs compared to
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a CCM-based cell, that the active area within the electrodes would be maintained
by use of the aqueous KOH. As such, it was hypothesized that the CCS-based cell
may have an improved kinetic performance compared to a CCM-based cell since the
catalyst inks may enter the PTLs during the fabrication process and thereby increase
the effective surface area of the electrodes.

The cathode for the CCS-based cell was produced by printing Aemion Pt|C Ink
0.3 onto Toray 90 with a loading of 0.13 mgp;/cm? while the anode was produced by
printing Aemion IrO, Ink 0.3 onto Bekipor Ni with a loading of 1.1 mgro, /cm?. The
loadings of the electrodes were measured by printing onto aluminum foil in the same
manner as described for CCM fabrication. However, since there was a concern that
the catalyst ink may flow through the pores of the PTLs and pass completely through
them, the change in mass of the PTLs (after drying overnight) was used to verify the
loadings found from the aluminum foil. The catalyst loadings found using the two
methods were found to be the same such that it was concluded that the printed inks
did not pass through the PTL materials'*. The CCS-based cell was assembled in
the same manner as a non-laminated CCM cell with 10 mil PTFE-coated fiberglass
gaskets and serpentine flow pattern bipolar plates. The non-laminated 2 x 2 inch
square piece of Aemion AF1-HNNS&-50 membrane used for the cell was converted to
hydroxide form following the procedure outlined in Section 3.1.4 prior to cell assembly.

As seen in Figure 3.25, the CCS-based cell out performed the CCM-based cell
produced with the same catalyst loadings and operated with the same cell hardware.
Although issues, as discussed above in the section on bipolar plates, were encountered
with the CCM-based cell such that the CTR could not be determined from the EIS
data, the HFR values of the CCM and CCS cells were found to be similar (116
and 102 mQ-cm?, respectively). As such, it was concluded that the primary reason
for the difference in performance between the CCM- and CCS-based cells was their
respective kinetic performances as initially hypothesized. Since the two cells were
fabricated using the same materials and loadings, the increased kinetic performance
of the CCS-based cell may indicate that the porosity of the CLs for the CCM-based
cell may be too low. That is, if the porosity of the CLs is too low, then the reactants
and products may not be sufficiently transported within the CL and therefore render
some of the electrode underutilized. Note that this result may again be impacted by
the use of the Toray 90 with PTFE content since the catalyst coated PTL may exhibit
different water transport properties than the native PTL used in the CCM-based cell.

The EIS data for the CCS-based cell at various current densities (20, 300, and

1 This was further verified by visual confirmation of no black catalyst ink material on the printer
platen following the fabrication process for both electrodes.
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Figure 3.25 — Polarization curves and Nyquist plots for proof-of-concept CCM- and
CCS-based Aemion AF1-HNN8-50 cells. Cells operated at 60°C with 0.85
mol/L KOH fed to both electrodes. Note that the EIS data for the CCM-

based cell is not provided due to issues with the cell sealing.

600 mA /cm?) is provided in Figure 3.25 to demonstrate the trends in the HFR and
CTR with respect to the current density. As expected for the HFR, the values remain

approximately constant since the resistance of the cell does not change with respect

to current density. Similarly, the CTR decreases with increasing current density as

expected based upon the Butler-Volmer equation since the increased overpotential

decreases the Faradaic resistance [7].

3.2.5 Comparison of Cell Performance to Literature

Due to practical considerations regarding the time required to produce relatively high

catalyst loadings using the inkjet printing method, electrodes were produced with cat-
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alyst loadings based upon the work of Mandal et al. for inkjet printed PEM-based
CCMs [33]. Mandal et al. printed PEM-based CCMs with catalyst loadings of ap-
proximately 0.1 mgp;/cm? and 1 mgy,o, /cm? for the cathode and anode, respectively.
However, compared to AEM-based electrolyzers fabricated using alternative methods
such as spray coating, these loadings, especially for the cathode, were quite low. Pub-
lished work by others using AEM-based materials by Ionomr Innovations Inc. have
used anode catalyst loadings of 1-3.5 mgr0, /cm? and cathode catalyst loadings of
0.5-1 mgpy/cm? [51, 57, 59]. Tt is for this reason that Figure 3.26 compares the best
proof-of-concept cell performances obtained in this work to those obtained by Fortin et
al. [57] and Koch et al. [59] based upon both current density, as well as a loading nor-
malized current density. The loading normalized current densities were determined by
dividing the current densities by the total catalyst loadings (mgp;/ cm2+mghox Jem?).
A comparative summary of the materials and testing conditions used herein and those
by Fortin et al. [57] and Koch et al. [59] is provided in Table 3.8.

Based upon the current density polarization curves (non loading normalized) in
Figure 3.26, it is clear that the cell performances obtained by Fortin et al. [57] and
Koch et al. [59] are better than those obtained herein for both the CCM- and CCS-
based cells. From the summary of HFR values provided in Table 3.9, the HFR value
for the CCS-based cell from this work (102 m{2-cm?) is similar to that obtained by
Fortin et al. (95 mQ-cm?) while being notably lower than the value obtained by Koch
et al. (270 mQ-cm?). The CCM-based cell from this work demonstrated in Figure 3.26
had a higher HFR value (171 mQ-cm?), but was still lower than the value obtained
by Koch et al. Note that the higher HFR value for the CCM-based cell compared
to the CCS-based was not necessarily due to the CCM architecture, but because the
cell was tested with the lamination sheets and the extended parallel flow channel
bipolar plates (CCM details provided in Table 3.5). If the ohmic losses of the cell are
approximated using the HFR, (n,pmic = jJHFR), then the cell by Koch et al. had the
highest ohmic losses, followed by the cells tested herein, and then the cell by Fortin
et al. It is not clear why the HFR for the cell by Koch et al. was so high, but it is
hypothesized to be due to the membrane since it contained a porous reinforcement
layer which may reduce its ionic conductivity. Nonetheless, it was concluded that the
poorer performance for the cells from this work compared to those from literature
was not due to the ohmic losses, but due to the activation losses.

Regarding the concentration of KOH used in this work compared to that used by
Fortin et al. [57] and Koch et al. [59] (0.85 vs. 1.0 mol/L, respectively), it has been
shown that the HFR may decrease by ~ 20% by increasing the KOH concentration
from 0.7 to 1 mol/L [66]. In the same study it was also demonstrated that the CTR
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Figure 3.26 — Polarization curves comparing the best proof-of-concept results obtained
herein to those from literature using similar materials and operating condi-
tions. For a complete comparison of the materials and operating conditions
refer to Table 3.8.

may increase by ~ 2% for the same change in KOH concentration [66]. As such, it is
hypothesized that the HFR values for the cells tested herein may decrease if operated
with 1 mol/L KOH, but that the CTR would not notably change.

Based upon the loading normalized cell performances in Figure 3.26, the cells
from this work exhibited slightly better performance than cells from literature until

75-150 mA /mgp¢10,, but are poorer thereafter. Since the poorer performance was
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Table 3.9 — Comparison of HFR values for the cells from this work and those from

literature.

Cell HFR (mQ-cm?)
This work (AF1-HNNS CCM) 171/116°
This work (AF1-HNNS CCS) 102
Fortin et al. [57] (AF1 HNN8-50 CCS) 95

Koch et al. [59] (AF2-HLE7-25 CCM) 270

*The HFR for the CCM-based cell tested with the
parallel channel bipolar plates and lamination sheets
(171 mQ-cm?) was greater than the cell tested with ser-
pentine channel flow pattern bipolar plates and without
lamination sheets (116 m{-cm?)

deemed not to be due to ohmic losses, it is hypothesized that the cells from this work
exhibit a relatively high exchange current density, which gives them a better initial
performance, but a relatively low Tafel slope, such that their performance is lower
at higher currents. Note that a thorough Tafel analysis was not conducted since the
activation losses could not be isolated to a single electrode (i.e., literature states the
anode is limiting [18, 31], but the performance was also found to vary depending
on the cathode catalyst loading in Figure 3.24). This hypothesis is supported by
the work conducted by Koch et al. as they demonstrated (operating with 0.3 mol/L
KOH) that the Tafel slope decreased from 92 to 73 mV /dec by decreasing the anode
ionomer content from 15 to 7 wt.% while keeping all other parameters the same [59].
Performing a similar study for the cathode, Koch et al. found that using 10 or 20 wt.%
ionomer content had a small effect on the overall cell performance. Fortin et al. also
used 7 wt.% ionomer content in their anode and used Fumion FAA-3 ionomer instead
of the AP1-HNNS8 ionomer as they found the FAA-3 ionomer resulted in a higher
performance. In short, the cell performance from this work was found to be poorer
than those from literature, which is hypothesized to be related to the composition of
the electrode (primarily the anodic ionomer loading), and not due to the electrode

fabrication method (inkjet printing vs. spray coating).

3.2.6 Cell Stability

The short term stability of the proof-of-concept CCM- and CCS-based cells was eval-
uated by operating them potentiostatically at 1.8 V for a period of two hours. As
seen in Figure 3.27, both the CCM- and CCS-based cells demonstrated an exponen-
tial decay in their operating current densities at 1.8 V. Note that the CCM-based
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Figure 3.27 — Current densities obtained during potentiostatic testing for select
Aemion-based cells. EIS performed every 60 minutes for the CCS-based
cell and every 30 minutes for the CCM-based cell.

cell results provided in Figure 3.27 are for a cell tested with the parallel channel
bipolar plates and lamination sheets (CCM details provided in Table 3.6). The stark
increase in current density every 30 minutes for the CCM-based cell and at 60 min-
utes for the CCS-based cell correspond to when EIS experiments were conducted.
Since the operating current densities partially increased back to their initial values
after performing the EIS tests, which required the cells to be disconnected from the
test-station power supply and connected to the potentiostat, it is hypothesized that
part of the exponential decay in the current density is operationally related and non-
permanent. However, because the current densities are not fully regained, it suggests
that the cells undergo some form of permanent degradation.

From the Nyquist plots provided in Figure 3.28, the HFR for the CCM-based
cell (Figure 3.28a) remained consistent during the short-term stability testing while
the HFR for the CCS-based cell (Figure 3.28b) initially increased and then remained
consistent as well. As for the CTR for the CCM- and CCS-based cells in Figure 3.28,
the values appeared to increase with operating time, with the exception of the last
test, in which it decreased for both cells. However, because the CTR requires the
low-frequency intercept, which, especially for the CCS-based cell, was prone to drift,
it is difficult to make concise conclusions from the EIS results. Note that the drift
correction option for the SP-300 Biologic potentiostat was used for the EIS tests, but
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Figure 3.28 — Nyquist impedance plots for CCM- and CCS-based cells during two
hours of potentiostatic stability testing. EIS data obtained at 20 mA /cm?.

that results still demonstrate drift, which may be an indication of cell instability (i.e.,
there is drift in the results because the cells degrade during the EIS tests). From
pre- and post-operational microscopy images of the CCM, as seen in Figure 3.29,
it was concluded that the decrease in cell performance was due to CL detachment
from the membrane. Note that the large black sections observed in Figure 3.29b are
sections where the CL did not delaminate from the membrane and correspond to wrin-
kled portions of the CCM. Conversely, the relatively consistent HFR values, which
are relatively unaffected by drift by virtue of being in the high-frequency domain,
suggest that the membrane was stable for the short-term potentiostatic testing. Al-
though Fortin et al. conducted their cell stability tests galvanostatically (500 mA /cm?,
0.1 mol/L KOH, and 50°C), they observed a similar result where the Aemion AF1-
HNN8 membrane was stable (consistent HFR), but the CTR increased as the CLs
were found to dissolve/delaminate [57].

Although little was done in this work to further investigate issues regarding the
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Figure 3.29 — Microscopy images of an Aemion AF1-HNN8-50 CCM before and after
water electrolysis operation.

stability of the CLs, a recent publication by Li et al. [73] on AEM-based water elec-

trolyzer durability discussed the following potential issues:

¢ Jonomer detachment:
The low gas permeability of alkaline ionomers makes it difficult to remove the
evolved gasses fast enough from the catalyst-ionomer interface at high current
densities, which can then lead to the detachment of the ionomer. Another
issue is that high TEC ionomers have high water uptake which decreases their

adhesion to the catalyst surface.

¢ Jonomer poisoning:
The phenyl groups commonly present in alkaline ionomers may be oxidized by
OER catalysts such as IrO,.

Potential mitigation strategies for the former issue include using less ionomer (which
should also improve performance), using low IEC ionomers (at the sacrifice of CL ionic
conductivity, and possibly, performance), operating at low temperatures (again, at
the sacrifice of performance), or using high IEC ionomers that have low to moderate
water uptake (properties commonly at odds with one-another). A mitigation strategy
for the latter issue is to use OER catalysts with low phenyl group adsorption energy,

which may be done by alloying materials such as Ir [73].
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Chapter 4
Conclusions & Future Work

To realize the potential of hydrogen gas as an alternative energy carrier used to dis-
place the use of non-renewable resources such as oil and gas, production technologies
such as anion exchange membrane (AEM) water electrolysis must be further devel-
oped by increasing performance while concurrently keeping costs low [23, 28]. While
the development of AEM-based water electrolyzers is primarily only at the labora-
tory stage [23], it is important to be able to fabricate electrodes in a controllable and
repeatable manner. As such, the principal objective of this work was to test the suit-
ability of inkjet printing as a fabrication method for AEM-based water electrolyzer
electrodes. Stemming from this primary objective, three additional secondary goals
were identified: catalyst ink development, test-station development, and electrode

fabrication/cell testing.

4.1 Conclusions

Regarding the primary and secondary goals for this work, Pt|C- and IrO,-based cat-
alyst inks containing Aemion AP1-HNNS8 ionomer were developed for inkjet printing,
the test-station was designed, tested, and validated, and a series of CCM- and CCS-
based AEM electrolyzers were tested. However, because the specific anion conducting
materials used for this work have more-or-less been deprecated (Ionomr Innovations
Inc. has developed an AP2 ionomer and AF2 membrane in place of AP1 and AF1),
the contributions from this work primarily stem from the developed methodologies.
From Chapter 2 on catalyst ink development, DLS was demonstrated to be a useful
tool for catalyst ink development as it can be used to observe the effect of different ink
formulation methodologies. For this work specifically, catalyst ink consistency was
improved by minimizing the viscosity of both the ionomer solution and the catalyst

slurry prior to their mixing. The use of DLS enables the elucidation of negatively
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contributing effects on the catalyst ink consistency (e.g., the ionomer and catalyst
solutions may be studied independently or together).

From Chapter 3 on electrode fabrication and cell testing, it was demonstrated
that, although electrode fabrication can be challenging when using materials that are
dimensionally unstable, the inkjet printing method can be used to produce electrodes
that perform similarly to literature (specifically for the catalyst loading normalized
results). Comparisons to literature are often difficult due to inconsistencies in cell
materials, operation, and testing procedures, however an attempt to generally com-
pare obtained results to published results up until the beginning of 2020 is provided
in Figure 4.1. The current densities obtained at 1.8 V for the CCM- and CCS-based
cells from this work fall between the 75 and 90" percentile compared to others in
literature. Furthermore, the values obtained herein (438 and 424 mA /cm? for CCS
and CCM, respectively) are both approximately double the average values. Of note is
that the value obtained by Fortin et al. [57] of 1845 mA /cm? at 1.8 V is an extremely
high outlier (not pictured in Figure 4.1).

In summary, the main contributions from this work are:

¢ The development of Pt|C- and IrO,-based catalyst inks with an anion conduct-

ing ionomer that are suitable for use with inkjet printing.

25 129 540
CCM | a ¢+ 225 |—0—| A - e A
4_| | This Work Koch et al.
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Figure 4.1 — Comparison of AEM-based electrolyzer current densities achieved at
1.8 V. Data for distributions obtained from Miller et al. [28] with 30 citations
for CCS data and 17 for CCM data. Distribution values do not incorporate
data from Fortin et al. [57], Koch et al. [59], or the results obtained from
this work.
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¢ The development of a test-station and suitable protocols to study the perfor-

mance of AEM-based water electrolyzers.

o The demonstration of the first inkjet printed electrodes (CCM- and CCS-based)
for AEM-based water electrolyzers.

4.2 Future Work

Since AEM-based water electrolysis is primarily only at the laboratory stage of de-
velopment, the equipment and methodologies from this work may be used to conduct
an immense number of future tests. From a broad perspective, each of the primary
literature review sections in Chapter 1 on cell materials (electrocatalysts, AEM mem-
branes and ionomers, PTLs, and bipolar plates), cell assembly and fabrication (CCM
or CCS), and operation (liquid electrolyte and feed method), may each be studied
as complex research topics. Moreover, the durability of the cells, which is highly
correlated with the aforementioned research topics, has also been highlighted by Li
et al. [73] to be a subject rife with future work.

From a more narrow perspective related specifically to the future work stemming

from Chapter 2:

o Surface tension measurements for the catalyst inks should be conducted such
that the Ohnesorge number may be determined. This may help guide future
ink development since the Ohnesorge number may be compared to values from

literature.

o Refractive index (RI) measurements should be further investigated and vali-
dated since the RI notably contributes to the uncertainty in the obtained DLS

results.

o Rheology tests of the ionomer solutions should be performed in an effort to
determine if the viscosities obtained from glass kinematic viscometers may be
used for DLS.

Stemming specifically from Chapter 3, newly developed AEM materials such as
Aemion AF2/AP2 or those by W7Energy (PiperlON [51]), must be tested in an effort
to obtain a repeatable baseline cell performance. Once repeatable results have been
obtained, any of the aforementioned research topics may be investigated. To obtain

repeatable results, the following experimental parameters are suggested:
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o Utilize Aemion AF2-HNNS8-50 membrane and AP2-HNNS ionomer owing to

their reduced swelling ratios.

o Utilize a non-laminated CCM with bipolar plates that have a flow field restricted

to the active area of the cell.

¢ Since PTFE in the cathode PTL was hypothesized to introduce issues for the
cell, it is recommended that a PTL with no PTFE content is utilized. If AvCarb
MGL280 [117] is used, then the same 6 mil PTFE-coated fiberglass gaskets may

be used to obtain a pinch value of 50 pm.

¢ To stay inline with the work conducted herein, the cell should be operated at
60°C with KOH fed to both the cathode and anode electrodes. To be more
inline with the work from literature, a higher KOH concentration of 1 mol/L
should be utilized.

¢ Polarization curve and EIS experiments may be conducted in the same manner
as for this work, but potentio EIS at 1.8 V should be used for the stability tests

to match the testing conditions.

Recalling that three CCMs are typically fabricated at a time, both intra- and inter-
batch CCM repeatability should be verified by comparing results obtained from CCMs
in the same batch, as well as results obtained from CCMs from different batches. Upon

doing so, some initial studies that may be conducted include:

¢ Anode ionomer content:
It should be verified that using a lower ionomer content of ~ 7 wt.% improves

cell performance.

o Cathode Pt|C loading:
A study should be performed with varying cathode catalyst loadings to verify
that the cathode is not limiting.

¢ Cathode PTL PTFE content:
Tests may be conducted with cathode PTLs with varying PTFE content to
investigate whether the hydrophobicity in the cathode PTL affects the cell per-

formance.
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Appendix A

Equipment Information

A.1 Temperature Control Box Design

Temperature control boxes equipped with PIDs were assembled to control the temper-
ature of the water bath used during viscosity experiments, as well as the electrolyzer
cell and liquid within the gas disengagement units (GDUs) for the AEM-based elec-
trolyzer test-station. The electrolyzer cell and GDUs were each controlled by their
own temperature control box. A bill of materials for a single temperature control box
is provided in Table A.1 while a general schematic of the box’s internal configuration
is provided in Figure A.1. The PID controller was used as-received without altering

the controllers operational parameters.

Table A.1 — Bill of materials for temperature control boxes used for AEM electrolyzer
test-station.

Description QTY.® Supplier Part No.P

5.997x4.99” Black Aluminum Box 1 Digikey  HM2554-ND
10A Circuit Breaker Power Receptacle Digikey = 486-2254-ND
10A Snap-in Panel Mount Power Receptacle Digikey  Q338-ND
Temperature PID Omega  CNT7823
Solid-State Relay 10A Omega  SSRL240DC10
Thermocouple Female Connector Omega  MPJ-T-F

— = = =

& Quantity required to assemble one temperature control box
b Part number given by supplier
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A.3 Gas Disengagement Unit Design

As discussed in Section 3.1.1, the anode and cathode GDUs used for the AEM-based
electrolyzer test-station function as two-phase gas-liquid separation units. Addition-
ally, the units store and heat the liquid fed to the electrolyzer cell (deionized water
or aqueous KOH). The stored liquid is isolated from the ambient atmosphere such
that CO, does not enter the system. A schematic of the in-house designed GDU is
provided in Figure A.2 with a corresponding bill of materials provided in Table A.2.
As seen in the bill of materials, the materials selected are limited to high density
polyethylene (HDPE), 316 stainless steel (316 SS), polytetrafluoroethylene (PTFE),
and nitrile (Buna-N). These materials were selected as they have been reported to
be resistant against both aqueous KOH [101] and hydrogen gas [102, 103]. Following
the assembly of the units, they were verified to be pressure tight up to 5 psig (well
beyond the 1/3 psig cracking pressure of the check valves used) by filling the units
with nitrogen gas, immersing them in a bath of water, and ensuring no gas bubbles

appeared in the water.
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Figure A.2 — Isometric exploded view of GDU design used for AEM electrolyzer test
station. Component numbers correspond to bill of materials in Table A.2.
All solidmodel components obtained from McMaster-Carr with the excep-
tion of the thermocouple and HDPE plastic jar obtained from Refs. [121,
122], respectively.
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The anode was manufactured from titanium

Plate Drawings

A.4 Extended Parallel Channel Flow Field Bipolar

Contained herein are the drawings used to produce the anode and cathode extended

while the cathode was manufactured from graphite.

parallel flow channel bipolar plates.
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Appendix B

Uncertainty Analysis

Measurement uncertainties may be broadly categorized into two forms; namely, bias
uncertainty associated with the measurement system and precision uncertainty asso-
ciated with the randomness of multiple measurements. If an arbitrary variable (z) is
subject to both bias (Axpi.s) and precision (AZprecision) Uncertainties, then the total
uncertainty (Axiota1) may be resolved by taking the L2 norm of the precision and bias

uncertainties as follows,

Axtotal = \/Axf)recision + Axl%ias’ (B]-)

Furthermore, uncertainties of both kinds propagate through calculations made with
raw data and must be accounted for. For a value (X) calculated from a general
function of the form f(x;) = X, the propagation of uncertainty may be resolved by

employing the following [123],

AX = > (g—imi)2, (B.2)

where:

x; are the dependent variables of X,
Ax; is the uncertainty associated with the i*" dependent variable, and

0 1is partial differentiation.

If f(x;) is strictly a multiplicative expression, then Eq. (B.2) simplifies to

AX =X, |Y (AA;Y (B.3)

i

where A is the exponent of variable z; within f(x;).
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B.1 Viscometer Calibration

In the case of calculating the constant for the Cannon-Fenske routine style glass

capillary viscometer the following multiplicative equation was used,

Cyet
COop = —2272C (B.4)
tcr

where:
Ccr is the calculated viscometer constant for the Cannon-Fenske viscometer, mm? /s?,
Czc is the known constant of the Zeitfuchs Cross-Arm viscometer, mm? / s2,
tor is the average flow time of EG for the Cannon-Fenske viscometer, s, and

tzc is the average flow time of EG for the Zeitfuchs Cross-Arm viscometer, s.

Applying Eq. (B.3) to Eq. (B.4) yields the following,

AC,c\ > Aty 2 Atep >
ACep — C ( Zc) +( zc) +( CF>_ (B.5)
Czc tZC tCF

The relative uncertainty of the constant for the Zeitfuchs Cross-Arm viscometer is

taken as 0.16% as per the calibration documentation provided in Appendix A.2. For
the time measurements, a repeatability test was completed using ethylene glycol (EG)
and the Cannon-Fenske viscometer at 30 °C—the precision uncertainty associated

with these measurements may be determined using the following general equation,
_ _Sy
AX = +t— B.6
- (5.6)
where:

X is the average of the measured values (830.298 s),
t is the students t-value,
Sx is the standard deviation of the measurements, and

n is the number of measurements conducted.

For the experiments conducted with EG, the sample standard deviation was found
to be 1.584 s and the t-value for a 95%" confidence interval is 2.571 (5 degree of

freedom), and as such,

- 1.584
At = 2.571ﬁ = £1.663 s.

V6

L As per Wheeler and Ganji, a 95% confidence interval is commonly used for uncertainty analysis
[123]
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Note that the bias uncertainty associated with the stopwatch used to obtain the times
was half a hundredths of a second, and as such, is neglected as it is much smaller
than the precision uncertainty. It is assumed that the precision uncertainty in time
measurements using the Zeitfuchs Cross-Arm viscometer is the same as that obtained
for the Cannon-Fenske viscometer.

Using the obtained value for Ccr of 0.01452 mm?/s? using EG (refer to Sec-
tion 2.1.1), as well as the uncertainty values for time and the Zeitfuchs Cross-Arm

viscometer constant, Eq. (B.5) is used to determine the uncertainty in Ccp g,

1.663
830.298

2
ACcr g = (0.01452 mm?/s?) \/ (0.0016)* + 2 ( ) = 4.7(107°) mm?/s?,
where the subscript EG has been used to indicate that the resolved uncertainty is
specific to the calibration constant obtained using EG. Following the same calcula-
tion, the calibration constant obtained using silicone oil was found to be 0.01468 +
4.8 (107°) mm?/s*. The final calibration constant for the Cannon-Fenske viscometer
was taken as the average between the values obtained using EG and silicone oil. As

such, the final uncertainty in the calibration constant is determined as follows,

1
ACcr = \/4_1 (AC%F,EG + AC(QJF,SO)' (B.7)

Note that Eq. (B.7) was derived by applying Eq. (B.2) to the equation for the average

of two values and the subscript SO denotes silicone oil. Finally,

ACcr = \/i [(4.7(10*5) mmz/SQ)2 + (4.8(107?) mm2/52)2} =3.4(107°) mm?/s*.

The reported value for the Cannon-Fenske calibration constant is therefore 0.01460 4+
3.4(107°) mm?/s?.

B.2 Solvent and Catalyst Ink Density

The density of a fluid is the mass per unit volume at a given temperature. The density
may be determined experimentally by measuring the mass (m) of a known volume

(V) of fluid and dividing the two values as follows,

=y (B.8)

In an effort to minimize the uncertainty associated with determining the density, the

mass was recorded as the volume of the fluid was increased from 2-10 mL in 1 mL
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increments (9 measurements total). Performing a linear regression on the obtained
volume and mass data yields the density as the slope (mass along the y-axis and
volume along the z-axis).

As per Taylor, the measurement of each mass may be assumed to be normally
distributed about its true value described by the line of A + pV; where A is the zero-
intercept, p is the fluids density, and V; is the volume of the i*® measurement [124].
Thus, the deviations of m; — A— pV; are normally distributed, and if the intercept and
density are replaced by best estimates obtained from performing a linear regression,
then Taylor states that the uncertainty in the y-axis values, or mass in this case, is

as follows,

N
Am = mZ(mi — A= pVi)7, (B.9)

where N is the total number of measurements conducted. Note that the uncertainty
in the mass found from Eq. (B.9) is effectively precision based, but may be compared
to the measurement device’s bias uncertainty. The raw data obtained for measuring
the density of water, along with the bracketed calculation described in Eq. (B.9),
is provided in Table B.1. The linear regression for the data was performed using
Microsoft Excel to yield a density of 1.001 g/mL and an intercept of —0.1735 g. Using
the information provided in Table B.1, it is possible to calculate the uncertainty in

mass as per Eq. (B.9),

1
Amiyater = \/ﬁ (9.64693) (10—4) = £0.0117394 g = +11.7 mg,.
This value is relatively high given that the resolution of the weigh scale used to

Table B.1 — Data obtained for measuring the density of water at room temperature.

V (mL) m(g) V?(mL?) (m;—A- pVi)2

2 1.8388 4 0.000113
3 2.8357 9 4.49E-05
4 3.8273 16 6.42E-06
5 4.8039 25 0.000716
6 5.8364 36 2.4E-05
7 6.8321 49 5.44E-08
8 7.8308 64 5.6E-06
9 8.8369 81 8.41E-06
10 9.8416 100 4.58E-05
o4 384 0.000965
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conduct the measurement was 0.1 mg. Nonetheless, as per Taylor, this uncertainty
may be further used with the following equations to determine the uncertainty in the

resolved intercept and best fit slope?, respectively,

AA = Am\/ LV - (B.10)
NYVE- (V)

Ap = Am\/ N (B.11)

NYZV2 = (V)"

However, since the volume measurements have an uncertainty of 0.1 mL associated
with them, an equivalent uncertainty in the mass, defined as per Eq. (B.12) needs to
be used in Egs. (B.10) and (B.11) in place of Am [124].

Amtequiv. = \/ (Am)? + (pAV)? (B.12)

Substituing values obtained for water into Eq. (B.12) yields the following,

AMequiv. = \/(0.0117394)2 + ((1.001) 0.1)* = +0.10078 g,

Note that this equivalent uncertainty in mass is nonphysical, but is used to account for
the uncertainties in both the mass and volume measurements. Finally, utilizing the
calculated equivalent mass uncertainty, along with the values in Table B.1, Egs. (B.10)
and (B.11) yield the following,

384

AAgater = 010078 | ———
' 9(384) — 542

= 0.08499 g = £85.0 mg,

Apuater = 0.10078 = £0.0130 g/mL.

9
9(384) — 542
Thus, the density of water was found to be 1.001 £ 0.013 g/mL with a zero-intercept
of —0.17 + 0.08 g. For analysis purposes, the intercept was not forced through zero,
and instead it may be concluded that there is an error with the presented data and/or
experiment since zero is not within the bounds of the intercept and its uncertainty
(of course the mass should be zero when there is no water). Note that if the zero-
intercept is forced through zero and a similar uncertainty analysis is conducted that
a density of 0.970 £ 0.006 g/mL is obtained.

For density tests conducted for catalyst inks using only 5 mL, the process of

measuring the mass for volumes of 1-5 mL in 1 mL increments was the same as for

2Egs. (B.10) and (B.11) are derived using the principals of uncertainty propagation and the
equations used for performing a linear regression.
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when 10 mL was used, but the entire experiment was repeated four times. As such,
the uncertainty in each of the individual density values was obtained using the same
process provided above and the uncertainty in final averaged density was found using

the following formula (derived using Eq. (B.2)),

(B.13)

where p; is the density obtained from each experimental iteration.

B.3 Litesizer 500 Bias Uncertainty Validation

To validate the uncertainty of the Anton Paar Litesizer 500 by Anton Paar for particle
size analyses, a solution of particles with a known diameter was tested and analyzed.
As per ISO Standard 22412, the bias uncertainty of the Litesizer may be determined
by measuring the particle diameter of a certified suspension of polystyrene latex. ISO
22412 states the following [82],

To assess potential bias, the uncertainty for the mean value of the CRM
[certified reference material| should be combined with a tolerance for the
measurement uncertainty and expanded with a factor of 2 to obtain an
expanded uncertainty. The absolute difference between the certified value
and the average of 5 results shall be smaller than this combined uncer-

tainty.

Data for the CRM used for testing the bias uncertainty of the Litesizer is provided
in Table B.2 while experimental results obtained from the Litesizer for the CRM are
provided in Table B.3. Following the example provided in ISO 22412:

1. Convert the expanded uncertainty of the CRM to a standard uncertainty by
dividing by the specified k-factor:

Acgry = 3 nm/2 = 1.5nm

Table B.2 — Physical data for CRM used to test bias uncertainty of Anton Paar
Litesizer 500.

Material Composition: Polystyrene
Certified Mean Diameter: 215 nm
Expanded Uncertainty: + 3 nm, k =2
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Table B.3 — Experimental DLS results for CRM obtained from Anton Paar Litesizer
500.

Number of Measurements: 5

Measured Diameter: 218.34 £+ 1.96 nm
Polydispersity Index: 2.19% + 2.35
Fit Error®: 1.17E-05 + 2.77E-06

Average Intensity Trace®: 300 £ 5

& Average fit error for the measurements between
G® (1) and the least squares fit used to determine
I" and po (refer to Section 2.1.3). Note that this pro-
cess is completed by the Kalliope software

b Each measurement yields an average intensity trace;
this is an average of those averages

2. Calculate the tolerance for the measurement uncertainty for the measured av-
erage. ISO 22412 states that the tolerance for the measurement uncertainty is
1.5% for particles ‘about’ 100 nm in diameter. Proceeding with this tolerance,

even though the particles are larger than 100 nm:

A heasurement = 218 nm - 0.015 = 3.27 nm

3. Take the Euclidean norm of the results from the steps above and expand by the

k-factor of 2 to obtain the expanded uncertainty:

Aexpanded - k\/A%RM + A?neasmrement =2 \ 152 + 3272 =7.19 nm

4. The absolute difference between the measured average diameter and the certified

diameter is,
218.34 nm — 215 nm = 3.34 nm.

Since this difference is less than Aecpanded, the Litesizer fulfills the test for bias.

5. Further, ISO 22412 states that “for suspensions of particles of about 100 nm in
diameter... the standard deviation of 5 repeats shall be better than 2%; the PI
shall be smaller than 0.1 [10%].” From the data presented in Table B.3, it is
clear that even though the particle size is larger, these requirements are fulfilled
(maximum PI for all measurements was 7.34% and the standard deviation of the
diameter was 0.9%). Thus, for a suspension of particles that is ideal for DLS,

the Litesizer is capable of producing sufficient (arguably excellent) results.
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B.4 Solvent and Catalyst Ink Viscosity

For the current work, the kinematic viscosity (v, mm?/s) of catalyst inks and their
solvent solutions were obtained using glass capillary kinematic viscometers using the

following,
v = Ct, (B.14)

where C' is the calibration constant of the viscometer (mm?/s?) and ¢ is the aver-
age flow time (s) obtained experimentally for the test sample. However, to perform
dynamic light scattering (DLS) experiments, the dynamic viscosity is required. The
kinematic viscosity may be converted to the dynamic viscosity (n) using the samples

density (p) with the following relationship,
n = pv, (B.15)

where p and 7 have units of g/cm® and mPa.s, respectively. Combining Eqs. (B.14)
and (B.15),
n = pCt. (B.16)

The uncertainty of Eq. (B.16) may be found by applying Eq. (B.3) as it is a multi-

= (20) - (3) 4 (41 B

To calculate the uncertainty in the dynamic viscosity the uncertainty in density (Ap)

plicative equation,

is obtained from Appendix B.2, the uncertainty in the viscometer constant (AC')
is provided in Appendix B.1 for the Cannon-Fenske Routine viscometer and Ap-
pendix A.2 for the Zeitfuchs Cross-arm viscometer, and lastly, the uncertainty in the
time (At/t) has been taken as 0.2% as discussed in Appendix B.1.

B.5 Test-Station Pump Flow Rate

To determine an expression for the test-station’s pump flow rate as a function of pump
head speed, the time required to fill a 100 mL volumetric flask (#5580, Pyrex) was
recorded at various pump speeds. The resulting pump flow rate expression, 1% (NL),
was then determined from the line of best fit from the corresponding linear curve
between the resolved flow rates and pump speeds (NV,). The individual flow times

(tw.i) were converted to flow rates using the following relationship,

100 mL

Vi :
tw,i
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where t,; was measured in seconds and converted to minutes. The resulting flow
rate data obtained from testing various pump head speeds is provided in Figure B.1.
From the plot of flow rates vs. pump head speeds the pump flow rate expression was

determined using a linear regression to be the following,

V = 0.175N,, + 0.003 mL/min (B.18)

Note that the zero-intercept of Eq. (B.18) was not forced to be zero since an uncer-
tainty analysis of the intercept can be used as partial validation for the data since
zero should be within the uncertainty range (at a pump speed of zero the flow rate
must also be zero).

The uncertainty for the line of best fit in Figure B.1 was analyzed in the same
manner as the line of best fit for the density data in Appendix B.2. That is, each
volumetric flow rate (V;) was assumed to be normally distributed about its true value
described by A+ BN,,; where A and B are the zero intercept and slope, respectively,
estimated from the aforementioned linear regression. The uncertainty in V is then

taken as [124],

N
. 1 )
AV =, | —— E . — A — BN, B.1
V N_2 (‘/Z Wﬂ)’ ( 9)

i

9.0

8.0 .

6.0 |- .

4.0 V =0.175N, + 0.003 (r? = 0.989) b

Flow Rate, V (mL/min)

2.0 2

1.0 2

00 | | | |
0 10 20 30 40 50

Pump Head Speed, N, (rpm)

Figure B.1 — Experimentally determined relationship between peristaltic pump head
speed and resulting flow rate for AEM-based electrolyzer test-station. Re-
sults obtained for a single pump stream.
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where NNV is the total number of measurements conducted—16 in this case. Using the
data in Figure B.1, Eq. (B.19) yields AV = £0.2587 mL/min. The uncertainty in

the resolved best fit intercept and slope are then respectively given as [124],

: > NG, .
AA=AV : 5 = +0.159 mL/min,
NYINZ = (00 Noi)

AB = AV N 5 = +0.005 mL/min/rpm.
N3ING: = (32 Noi)

An equivalent uncertainty in V, as was done for the density data in Appendix B.2,
was not used for this work since the uncertainty in the pump speed was considered
negligible since it is selected as an integer value. As expected, zero is within the
uncertainty domain of the resolved intercept (—0.156 < A < 0.162). As such, the
intercept is dropped from Eq. (B.18) and the final flow rate relationship is given as,

V' =0.175N,, £ 0.3 mL/min.
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Appendix C

Linear System of Equations for
Calculating Catalyst Ink Recipes

To convert general catalyst ink recipes based upon relative wt.%s to specific gravi-
metric based recipes, a system of linear systems was developed. A summary of the
input and output parameters for the developed system of linear equations is provided
in Table C.1. With the exception of wti,m,, each of the wt.% ratios provided in
Table C.1 may be used to write an equation linking the wt.% ratios to the absolute

mass values required to make the ink. The first of said ratios, wt;,xrmm», may be used

Table C.1 — Description of variables for a system of linear equations for convert-
ing generalized catalyst ink recipes based upon relative wt.%s to absolute
gravimetric-based recipes.

Variable Classification®* Description

Winmyr Input wt.% of ionomer polymer in solution”

WtinkInmr  Input wt.% of ionomer (solid-phase) to all solid-phase constituents
Wtgehwater  INPUL wt.% of alcohol to water within ink

wtpg Input wt.% of PG to all liquid-phase constituents

Whinksid Input wt.% of all solid-phase constituents to the total ink mass
Vink Input total volume of resulting ink

Meinmr Output mass of ionomer solution required

Metlst Output mass of catalyst required

Muwater Output mass of water required

Malch Output mass of alcohol required

mpg Output mass of PG required

& Variables may either be an input that generally classify the ink, or an output that is used to
specifically create the ink using a mass balance

b This is the wt.% of ionomer content within the ionomer solution added to the catalyst ink
(created separately)
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to create the following relationship,

mass of ionomer (solid-phase)

mkInmr = 4 otal mass of all solid-phase constituents

o wtinmrminmr (C 1)
= , .
wtinmrminmr + Meiist

where Wt Minm, has been used to find the total amount of solid-phase ionomer
present within the ionomer solution. The wt.% ratio of alcohol to water may then be

used for the following relationship,

total mass of alcohol (1 — Winms) Minmr + Maich

: (C.2)

wtalch:water — -
mass of water Muyater

where (1 — Wtipmr) Minms accounts for the alcohol present within the ionomer solution
(note that this may become substantial if the solid wt.% of the ink /ionomer content is
sufficiently high). Following a similar format, the ratio of PG to all liquid constituents

may then be used for the following relationship,

mass of PG

mass of all liquid-phase constituents
mpa

- (C.3)

(1 - Wtznmr) Minmr + Muyater + Malch + mpag

wipg =

Using the wt.% of the solid-phase constituents and the total mass of the ink yields
the following,

mass of solid-phase constiuents

wt; =
ink5td total mass of ink

_ wtinmrminmr + Metist (C 4)

Minmer + Metist + Muyater + Malch + mpa

Lastly, the densities of the alcohol, water, and PG may be used to create an expression

for the total volume of ink as follows,

Vint = volume of ionomer solution + volume alcohol + volume water + volume PG

o (1 - wtmmr) Minmr + Malch + Muyater + mpa
Palch Pwater PPG

(C.5)

Note that the above expression neglects the solid-phase content in the total volume
of the ink as it is assumed negligible. Further note that the density of the solvent
used for the ionomer solution and the density of the alcohol within the ink have been

assumed the same.
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Cross multiplying the left-hand and right-hand components of Eqs. (C.1) to (C.5)
and bringing all terms related to mass to the left-hand side yields Egs. (C.6) to (C.10)

WEinmr (WhinkInmr — 1) Minmr + WlinkInmrMetist = 0 (C.6)

(Wtinmr — 1) Minmr + WatchawaterMuwater — Mateh = 0 (C.7)

wtp (1 — Whinmr ) Minmr + WEpaMuater + WtpaMaen + (Wtpe — 1) mpe =0 (C.8)
(Wtinksid — Wlinme) Minmr + (Whinksia — 1) Metst + WhinksiaMuwater+

WlinkstdMalch + Whinksiagmpa = 0 (C.9)

i e S V(010

The linear system described by Egs. (C.6) to (C.10) may then be written in matrix

form as follows,

wtian (wtinklnmr -

1)

U)tinklnmr

0

0

0

Minmer 0

(wtinmr - ]-) 0 wtalch:water -1 0 Metist 0

wth (1 — wtmmr) 0 wth wth (wth — 1) m s 0
water

(Wtinksia — Wlinme) — (Whingsia — 1) Whinksia — Whinksia — Whinksia m 0
alch

—_— 0 — mpg Vink
L Palch Pwater Palch PPG i

Finally, the system in matrix form may be solved numerically with Gaussian elimina-
tion (forward elimination followed by back substitution) [125], or by any alternative

linear system solver.
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