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10.

Propositions

accompanying the dissertation

ADDRESSING CO; ELECTROLYSIS CHALLENGES WITH
NovEL IoON-EXCHANGE MEMBRANES

by
Kostadin Veselinov PETROV

Nanofluidic membranes with sufficiently small pore sizes (<8 nm) to achieve
highly permselective ion-exchange are commercially available. (Chapter 2)

. Inelectrochemical applications with low electrolyte concentrations, fixed ionic

charges are imperative for a conductive ion-exchange membrane. (Chapter 3)

Although carbonate-rejecting membranes seem like a pragmatic solution for
the cross-over problem in CO; electrolyzers, this concept is more challenging
than converting carbonate back to COs. (Chapter 5)

Multi-layer membranes are a necessity for energy efficient CO; electrolysis.
(Chapter 6)

. Dense ion-exchange membranes are not really dense.

Given the urgency of addressing the climate and material depletion crises, no
funds should be directed to non-urgent research, such as sports science.

The abundance of information is turning creativity and understanding into
noise and fatigue.

Time and effort invested in academia-industry knowledge exchange should
be reflected in research impact metrics to incentivize this practice.

"Magical" technological innovations, such as converting air-captured carbon
into fuels, offer comprehensive solutions to our environmental challenges.
However, their appeal should not distract us from more immediate solutions.

In the movie "The Lion King", Scar has the same goals as a typical human
leader.

These propositions are regarded as opposable and defendable, and have been
approved as such by the promotors prof. dr. B. Dam, and dr. ir. D.A. Vermaas.
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SUMMARY

As a response to climate change, substantial efforts are being made to achieve global
net-zero greenhouse gas emissions by the year of 2050, as established by the Paris agree-
ment. To decrease reliance on fossil fuels, we are transitioning to renewable energies and
electrifying various sectors. However, certain segments of the global supply chain will
still require carbon-based chemicals and energy carriers. CO, electrolysis allows the use
renewable electricity to electrochemically reduce air-captured CO,, producing chemical
building blocks such as CO, ethylene and formate. These chemicals can then be converted
into larger hydrocarbons, e.g. into synthetic diesel using the Fischer-Tropsch process. In
this way, CO> electrolysis can aid in closing the carbon cycle by converting CO, emissions
into valuable chemicals and fuels.

Despite its promise, a few hurdles still hamper the industrialization of CO, electrolysis.
These are the relatively low energy efficiency, salt deposition, the inefficient use of CO,
due to carbonate cross-over and the necessity of scarce iridium-based anode catalysts.

Most of the mentioned challenges can potentially be solved by novel, or optimized ion-
exchange membranes (IEMs) - these have a pivotal role in the process since they provide
a conductive medium to selectively transport ions between the electrodes. Increasing the
IEM’s ionic conductivity and permselectivity can increase the energy efficiency of the pro-
cess and decrease cation cross-over and therefore salt deposition. Furthermore, an OH~
selective membrane which rejects other anions such as carbonate, can potentially solve
the carbonate-cross over issue. In this way, the goal of this work is to develop novel IEMs
to address each of the challenges tied with CO; electrolysis.

Chapter 2 and 3 explore nanofluidic membranes (NFMs), which are an emerging al-
ternative to polymeric IEMs. NFMs are based on inorganic materials and their selectivity
mechanism relies on charged nanopores instead of functional groups immobilized on a
polymeric backbone. This mechanism has the opportunity to improve both the selectivity
and conductivity.

In Chapter 2 we measured the permselectivity of commercial anodized aluminium
oxide (AAO) membranes with different pore sizes, between different KCl concentrations.
Our experiments reveal that membranes with 10-nm pores have permselectivities above
90%, comparable to those of polymeric IEMs, up to electrolyte concentrations of 0.15 vs.
0.75 M. To our knowledge, this is the highest reported ion selectivity for nanofluidic IEMs.
Conversely, asymmetric AAO membranes featuring a thin selective layer, exhibited low
permselectivity. Through simulations using the space-charge model, we delved into the
influence of other parameters. Our numerical results indicate that pore size and surface
potential are the most sensitive parameters for increasing selectivity. Additionally, a mini-
mum pore length is required for good performance, although increasing it beyond the ym
scale yields no significant result.

Chapter 3 deals with the optimization of the ionic conductance of NFMs. Although
NFMs allow direct, non-tortuous ionic pathways for efficient ion transport, a conductive

ix
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NFM has not been demonstrated. We measured the ionic conductance of commercial
AAO membranes with different pore sizes under different current densities and electrolyte
concentrations. We also performed computational simulations of a nanopore channel
with charged walls between two electrolyte reservoirs. Our findings indicate that elec-
trolyte concentration is the main parameter that determines NFM conductance, with a
linear dependence at least up to 1 M. The optimal pore length is between 0.5 to 5 um
considering the trade-off between selectivity and conductance. On the other hand, the
conductance is not sensitive to the pore diameter. Conical nanopores are a way to in-
crease conductance, but according to our results, this increase comes at the expense of
selectivity.

Our findings suggest that NFMs can outperform polymeric IEMs in specific electro-
chemical applications, such as reverse electrodialysis. However, many challenges are tied
to their use in CO, electrolyzers, suach as the influence of pH on surface charge and the
lack of conductivity and mechanical strength. Therefore, the remaining chapters focus on
improving polymeric IEMs.

Since the CO, reduction reaction consumes water, water management within a CO,
electrolyzer is crucial to avoid salt deposition and maintain IEM hydration, which ensures
its conductivity. In Chapter 4, a device architecture incorporating an anion-exchange
membrane (AEM) with internal water channels to mitigate membrane dehydration is pro-
posed and demonstrated. A two-dimensional continuum model is developed to assess
water fluxes and local water content, as well as to determine the optimal channel geome-
try and composition. The modified AEMs are then fabricated and tested experimentally,
demonstrating that the internal channels can both reduce K* cation crossover as well as
improve conductivity and therefore overall cell performance. This work demonstrates the
promise of these materials, and operando water-management strategies in general, in ad-
dressing some of the major hurdles in CO, electrolyzers operated at high current densities.

In Chapter 5, we attempt to tackle the carbonate cross-over issue in CO- electrolyz-
ers by fabricating a thin-film composite membrane, with a selective layer to reject car-
bonate. The selective polyamide layers were synthesized on the surface of commercial
AEMs. We studied the effect of different polyamide chemistries, the curing step and the
monomer concentration on the CO» electrolysis process. Our preliminary experiments
showed a significant increase in OH™/CO32~ selectivity, but this result was not repro-
duced with electrolysis-suitable AEMs as support. Nevertheless, we show that the ionic
conductance of these membranes can be optimized by manipulating the organic phase-
monomer concentration. Additionally, we unveiled other challenges related to the incor-
poration of TFCMs in CO» electrolyzers, such as the increased hydrogen production, and
salt deposition. Our findings show that for some polyamide chemistries, these challenges
can be avoided by introducing a catholyte layer.

Lastly, in Chapter 6 we argue that intrinsically stable and efficient CO, electrolysis
without rare-earth metals is only possible using multilayer membrane systems, such as
TFCMs or bipolar membranes (BPMs). While reverse- and forward-bias BPMs are both
capable of inhibiting CO» cross-over, forward-bias fails to solve the rare-earth metals re-
quirement at the anode. Unfortunately, reverse-bias BPM systems presently exhibit com-
paratively lower Faradaic efficiencies and higher cell voltages than AEM-based systems.
To improve these metrics, optimizing the catalyst, reaction microenvironment and alkali
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cation availability should be the primary areas of research. Furthermore, BPMs can be im-
proved by using thinner layers and a suitable water dissociation catalyst. In this way, BPMs
and TFCMs can become the primary membrane separator of choice, alleviating core re-
maining challenges in CO, electrolysis to bring this technology to industrial scale.






SAMENVATTING

Als antwoord op de klimaatverandering worden er aanzienlijke inspanningen geleverd
om, in hetjaar 2050, netto-nul emissies te bereiken zoals vastgelegd in het klimaatakkoord
van Parijs. Om onze afhankelijkheid van fossiele brandstoffen te verminderen, schakelen
we over op hernieuwbare energiebronnen en elektrificeren we verschillende sectoren. Be-
paalde onderdelen van de wereldwijde toeleveringsketen zullen echter nog altijd koolstof-
houdende chemicalién en energiedragers nodig hebben. Met de elektrolyse van koolstof-
dioxide (CO) kan hernieuwbare elektriciteit gebruikt worden om afgevangen CO elektro-
chemisch te reduceren naar chemische bouwstenen zoals koolstofmonoxide, ethyleen en
formaat. Deze chemicalién kunnen vervolgens worden omgezet in grotere koolwaterstof-
fen, zoals synthetische diesel met behulp van het Fischer-Tropsch proces. Op deze manier
kan CO; elektrolyse bijdragen aan het sluiten van de koolstofkringloop door CO,-uitstoot
om te zetten in waardevolle chemicalién en brandstoffen.

Ondanks de potentie van CO, elektrolyse zijn er nog een paar hindernissen die de
industrialisatie van deze technologie in de weg staan, namelijk de relatief lage energie-
efficiéntie, zoutafzetting, het inefficiénte gebruik van CO, door carbonaat cross-over en
de noodzaak voor schaarse op iridium-gebaseerde anodekatalysatoren.

Van deze uitdagingen zouden mogelijk de meeste opgelost kunnen worden met nieuwe
of geoptimaliseerde ionen uitwisselingmembranen (ion-exchange membranes, [EM’s) -
deze spelen een centrale rol in het proces omdat ze een geleidend medium bieden die
ionen selectief transporteren tussen de elektrodes. Het verhogen van de ionengeleidbaar-
heid en permselectiviteit van het IEM kan de energie-efficiéntie van het proces verbeteren
en de kation cross-over en resulterende zoutafzetting verminderen. Bovendien, kan een
OH " -selectief membraan, dat andere anionen zoals carbonaat tegenhoudt, mogelijk het
probleem van carbonaat cross-over oplossen. Het doel van dit werk is het ontwikkelen
van nieuwe IEM’s om de uitdagingen van CO» elektrolyse aan te pakken.

Hoofdstuk 2 en 3 gaan in op nanofluidische membranen (NFM’s), een opkomend al-
ternatief voor polymere IEM’s. NFM’s bestaan uit anorganische materialen en hun selec-
tiviteit komt van geladen nanoporién in plaats van geimmobiliseerde functionele groepen
aan een polymeerketen. Dit mechanisme heeft de mogelijkheid om zowel de selectiviteit
als geleidbaarheid te verbeteren.

In Hoofdstuk 2 hebben we de permselectiviteit gemeten van commerciéle geanodi-
seerd aluminiumoxide (anodized aluminium oxide, AAO) membranen met verschillende
poriegrootten, in verschillende KCI-concentraties. Uit onze experimenten blijkt dat mem-
branen met 10-nm porién een permselectiviteit van meer dan 90% hebben tot elektrolyt-
concentraties van 0.15 en 0.75 M in de twee omliggende compartimenten. Dit is verge-
lijkbaar met polymere IEM’s en voor zover wij weten de hoogst gerapporteerde ionen-
selectiviteit voor nanofluidische IEM’s. Daarentegen vertoonden asymmetrische AAO-
membranen met een dunne selectieve laag een lage permselectiviteit. Met behulp van
simulaties en het space-charge model hebben we de invloed van andere parameters on-

xiii
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derzocht. De numerieke resultaten geven aan dat poriegrootte en oppervlak-potentiaal
de meest gevoelige parameters zijn voor het verhogen van de selectiviteit. Verder is een
minimale porielengte vereist voor een goede werking, terwijl het vergroten voorbij de pm-
schaal geen significante verbetering oplevert.

Hoofdstuk 3 behandelt de optimalisatie van de ionische geleiding van NFM’s. Hoe-
wel NFM’s directe, niet-kronkelige ionische paden voor efficiént ionentransport biedt,
is een geleidend NFM nog niet gedemonstreerd. We hebben de ionische geleiding ge-
meten van commerciéle AAO-membranen met verschillende poriegrootten onder ver-
schillende stroomdichtheden en elektrolytconcentraties. Daarnaast hebben we simula-
ties uitgevoerd op een nanoporie met geladen wanden tussen twee elektrolytreservoirs.
We hebben bepaald dat de elektrolytconcentratie de belangrijkste parameter is die de
NFM-geleiding bepaalt, met een lineaire afhankelijkheid tot ten minste 1 M. De optimale
poriegrootte ligt tussen 0.5 en 5 pm gezien de compromis tussen selectiviteit en geleiding.
Anderzijds is de geleiding niet gevoelig voor veranderingen in de poriediameter. Conische
nanoporién zijn een manier om geleiding te verhogen, maar volgens onze resultaten gaat
deze verhoging ten koste van de selectiviteit.

Onze bevindingen suggereren dat NFM’s beter kunnen presteren dan polymere IEM’s
in specifieke elektrochemische toepassingen, zoals omgekeerde elektrodialyse. Er zijn
echter veel uitdagingen verbonden aan hun gebruik in CO, elektrolyzers, zoals de in-
vloed van pH op de oppervlaktelading en het gebrek aan geleidbaarheid en mechanische
sterkte. Daarom richten de resterende hoofdstukken zich op het verbeteren van polymere
IEM’s.

Aangezien de CO; reductiereactie water verbruikt, is waterhuishouding binnen een
CO; elektrolyzer cruciaal om zoutafzetting te voorkomen en de hydratatie en dus geleid-
baarheid van de IEM te behouden. In Hoofdstuk 4 wordt een ontwerp voorgesteld en ge-
demonstreerd dat gebruik maakt van een anionen uitwisselingsmembraan
(anion-exchange membrane, AEM) met interne waterkanalen om uitdroging van het mem-
braan tegen te gaan. Een tweedimensionaal continuiimmodel is ontwikkeld om de wa-
terstromen en het lokale watergehalte te evalueren, evenals om de optimale kanaalgeo-
metrie en samenstelling te bepalen. De aangepaste AEM’s worden vervolgens vervaar-
digd en experimenteel getest, waaruit blijkt dat de interne kanalen zowel de K+ kation
cross-over kunnen verminderen als de geleidbaarheid en daarmee de algehele celpres-
tatie kunnen verbeteren. Dit werk toont de potentie van deze materialen, en operando-
waterhuishoudingstrategieén in het algemeen, bij het mitigeren van de grootste obstakels
voor het behalen van hoge stroomdichtheden in CO, elektrolyzers.

In Hoofdstuk 5 proberen we de carbonaat cross-over in CO; elektrolyzers aan te pak-
ken door een dunne-laag samengesteld membraan (thin-film composite membrane,
TCFM) te fabriceren met een selectieve laag die carbonaat tegenhoudt. De selectieve poly-
amidelagen werden gesynthetiseerd op het oppervlak van commerciéle AEM’s. We bestu-
deerden het effect van verschillende polyamidechemie, de uithardingsstap en de mono-
meerconcentratie op het CO- elektrolyseproces. Onze preliminaire experimenten toon-
den een significante toename in OH~/CO32" - selectiviteit, maar dit resultaat werd niet
gereproduceerd voor AEM’s geschikt voor elektrolyse. Desalniettemin laten we zien dat
de ionische geleiding van deze membranen geoptimaliseerd kan worden door het aan-
passen van de monomeerconcentratie in de organische fase. Bovendien onthulden we
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andere uitdagingen met betrekking tot de integratie van TFCM’s in CO; elektrolyzers, zo-
als de verhoogde waterstofproductie en zoutafzetting. Onze bevindingen zijn dat voor
sommige polyamidechemie deze uitdagingen vermeden kunnen worden door een katho-
lytische laag te introduceren.

Ten slotte stellen we in hoofdstuk 6 dat intrinsiek stabiele en efficiénte CO, elektro-
lyse zonder zeldzame aardmetalen alleen mogelijk is met meerlaagse membranen, zoals
TFCM’s of bipolaire membranen (BPM’s). Terwijl reverse- en forward-bias BPM’s beide in
staat zijn om CO, cross-over te voorkomen, lost een forward-bias BPM de noodzaak voor
zeldzame aardmetalen niet op. Helaas vertonen reverse-bias BPM-systemen momenteel
relatief lagere Faradaische efficiéntie en hogere cel-voltages dan systemen met een AEM.
Om dit te verbeteren, moet het onderzoek zich in de eerste plaats richten op het optimali-
seren van de katalysator, het reactiemilieu en de beschikbaarheid van alkali-kationen. Bo-
vendien kunnen BPM’s worden verbeterd door dunnere lagen en een geschikte waterdis-
sociatie katalysator te gebruiken. Op deze manier kunnen BPM’s en TFCM’s de primaire
optie voor membraan worden en de belangrijkste uitdagingen van het naar industriéle
schaal brengen van CO; elektrolyse aanpakken.
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GENERAL INTRODUCTION

1.1. CLOSING THE CARBON CYCLE

The persistent increase in carbon emissions is causing climate changes of unprece-
dented magnitude. We, as a part of nature, are putting ourselves in danger as our activities
destroy vital ecosystems and alter the composition of the atmosphere.[1]

To address this ecological crisis and attenuate climate change, it is imperative to achieve
global net-zero greenhouse gas emissions by the year of 2050, as established by the Paris
agreement.[2] To achieve this ambitious goal, emission reduction strategies must be im-
plemented in all sectors, thus great efforts and investments are being made to:

¢ Increase the global capacity for renewable energy sources.

¢ Enhance the scalability and capacity of energy storage technologies.

e Improve the electrical grid, and its international connections.

¢ Electrify transportation, industries and households.

¢ Transition toward circular technologies that minimize resource waste.
* Preserve and safeguard natural carbon sinks from further degradation.
¢ Develop carbon capture methods from the air and ocean.

¢ Develop alternative energy carriers and carbon utilization strategies.

This is an extensive list of tasks, and many efforts still need to be done to minimize re-
liance on fossil fuels. However, even as we transition towards renewable energy sources
and electrify various sectors, certain segments of our global supply chain will still require
a carbon source.[3, 4] However, the use of alternative carbon sources remains relatively
undeveloped.[5] Although this point is as critical as the others, there is little progress into
producing a carbon-based energy carrier which does not rely on fossil fuels. Recognizing
this importance, we focus our research efforts into closing the carbon cycle and producing
carbon-neutral fuels and chemicals.

Among the few sustainable carbon sources, environmental carbon capture stands out.
If the captured carbon is converted, for example into a fuel, then used in transportation
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and re-emitted, a cyclic process can be established (Figure 1.1).[6] Closing the carbon cy-
cle will deter the increase of carbon concentration in the atmosphere and ocean.

i.

Atmospheric

CO,
COZ emnssnons
Hydrocarbons
and fuels
COz capture / /
.’9.

Renewable Synthe5|s Green
Energy co, electrolysis processes Hydrogen

Figure 1.1: Proposed pathway to transition away from fossil fuels and close the carbon cycle.

To this end, carbon utilization technologies such as methanation, solid oxide CO, elec-
trolysis and low temperature CO; electrolysis are being developed.[7-9] Our work focuses
on the latter technology as it combines the advantage of using renewable electricity and
mild operating conditions to convert carbon dioxide. Figure 1.1 shows how this technol-
ogy can contribute to closing the carbon cycle.

1.2. CO, ELECTROLYSIS

By applying (green) electricity to an electrolyzer, CO, can be electrochemically re-
duced, synthesizing fuels or precursors to fuels, and therefore storing the energy in a
chemical form. Depending on the used catalyst, the products of this process can be car-
bon monoxide (CO), formic acid (HCOOH), ethylene (C,H,4), ethanol (C;Hs;OH), methane
(CHy), etc.[10] Techno-economical analyses have deemed CO, HCOOH and C,H4 as the
most profitable products.[11, 12] These are building block molecules which are used in
many chemical industries. A mixture of CO and hydrogen (H) is commonly referred to as
syngas, which is used as a precursor for methanol, C, — C,4 olefins, synthetic natural gas
and diesel, among others.[13, 14] Our work is aimed at the producton of CO, for which a
silver catalyst is employed.

An electrolyzer comprises at least two electrically connected electrodes, where redox
reactions are driven by applying a current. The electrodes are called cathode and anode,
where reduction and oxidation reactions take place, respectively. In between the elec-
trodes, a conductive medium must be present, to facilitate ion transport and close the
electrical circuit. In CO, electrolysis, the following reactions occur (undesired reactions
are highlighted in red):
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e Cathode reactions:

CO, +H,O0+2e” — CO+20H™ (1.1)
2H,0+2e” — Hy +20H™ (1.2)
CO, +20H™ — CO3%™ +H,0 (1.3)

¢ Anode reactions: )
20H — 502+H20+2e_ (1.4)
CO3%™ +H,0 — CO, +20H" (1.5)

- 0:(9)

<« KHCO;(aq)

GDE Anode

AEM

Figure 1.2: Schematic illustration of a typical laboratory scale CO> electrolyzer.

State-of-the-art electrolyzers operate in a zero-gap configuration, where porous elec-
trodes are directly pressed against an ion-exchange membrane (IEM), to minimize trans-
portlosses.[15] Figure 1.2 depicts a schematic illustration of a laboratory-scale state of the

art CO; electrolyzer. The specific configuration in this figure co

mprises:

¢ two current collectors with a flow field on either side. CO; is fed in gaseous state
to the current collector behind the gas-diffusion electrode (GDE), and the anolyte is
fed to the flow field of the current collector behind the anode.

* a GDE, which combines a gas-diffusion layer and a catalyst layer. The hydrophobic
gas-diffusion layer, often made from carbon fibers infused with polytetrafluoroethy-
lene (PTFE), allows the direct feed of gaseous CO, to the catalyst. The catalyst layer
is immobilized on its surface. Together, they act as the cathode, where the CO» re-

duction reaction (CO2RR) occurs (equation 1.1);
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1  the membrane, which is most commonly an anion-exchange membrane (AEM). It
has the important role of providing an ion-conductive medium to selectively trans-
port ions between the electrodes;

¢ on the right is typically a mesh or perforated plate electrode which serves as anode
and catalyst for the oxygen evolution reaction (OER) (equation 1.4).

Despite its promise, CO- electrolysis is a technology that is currently mostly at research
stage, since several challenges hinder its scale-up. These challenges are related to the sub-
optimal performance of certain components in the electrolyzer, and the complex nature
of the underlying (electro)chemical reactions. Firstly, the process suffers from low en-
ergy efficiency, marked by large reaction overpotentials and significant ohmic losses in
most systems.[16] Secondly, carbonate formation occurs at the cathode due to the alka-
line medium (equation 1.3), causing salt deposition and CO, loss.[17] Potassium carbon-
ate salts can deposit if K* ions migrate from the anolyte,[18] and when carbonate crosses
the AEM to the anolyte, it lowers the pH and evolves into CO, (equation 1.5), resulting in
an inefficient use of raw materials in the process.[19] In a less alkaline anolyte, the desired
NiFeOy catalysts are not stable, forcing the process to use expensive rare-earth catalysts
such as Ir.[20] Thirdly, product selectivity can also be a limiting factor. There is the un-
desired competing hydrogen evolution reaction (HER) (equation 1.2), and when using a
copper catalyst, a mixture of various products is generated.[10] Finally, degradation of
catalysts and GDEs, and loss of ion-exchange capacity of the IEM are also significant chal-
lenges.

Some of these issues can potentially be solved by improving and optimizing the IEM.
Alkaline-stable AEMs would not suffer from degradation and loss of ion-exchange ca-
pacity.[21] More conductive membranes would enhance the energy efficiency of the pro-
cess.[22] More selective membranes would prevent K* ions from crossing over and caus-
ing salt precipitation. An OH~ selective membrane could specifically inhibit carbonate
migration, enabling the use of an alkaline anolyte. For these reasons, we aim to improve
the IEMs for CO; electrolysis.

1.3. ION-EXCHANGE MEMBRANES

IEMs are already extensively used beyond CO, electrolysis. Various electrochemical
processes aimed at water treatment, or which contribute to advancing the energy transi-
tion by facilitating green energy generation, energy storage, or energy conversion rely on
IEMs for their selective ion conductivity.[23]

The majority of IEMs are thin films (= 100 um), and consist of a dense polymeric
backbone structure with immobilized charged functional groups. The charged functional
groups are responsible for the Donnan effect, rejecting ions with the same charge (co-
ions) and allowing oppositely charged ions (counter-ions) to permeate.[24] Depending
on the sign of the fixed ionic charges, the IEM can be selective for anions or cations.
A membrane with negatively charged groups is classified as an cation-exchange mem-
brane (CEM), and an IEM with positively charged groups is an AEM.[25]

The important benchmark metrics which define the performance of an IEM are its
ionic conductance and its (perm)selectivity. Ionic conductance is the measure of the
ability to transport ions under a driving force (e.g. concentration gradient or electric
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field), measured in S/cm?. The inverse of conductance is often reported - area resistance
in Qcm?. Permselectivity is the ability of a membrane to allow oppositely charged ions
(counter-ions) to permeate and reject ions of the same charge (co-ions). It is expressed in
%, and calculated based on the transport numbers of the different ion species.[26]
Polymeric IEMs show a trade-off between these two properties. The hydrophilic na-
ture of these membranes allows water to permeate through the membrane along with
the ions, and the functional groups attached to the polymeric backbone can either hold a
charge or be a point for cross-linking. Therefore, a highly cross-linked polymer can absorb
less water as its chains are less mobile, and a highly charged polymer will be able to swell
and absorb more water as its chains are mobile. In the first scenario, a larger driving force
is required to conduct ions through the denser structure, but the selectivity will be rela-
tively high. In the second scenario, since the cross linking is low the membrane can swell,
increasing the free water volume inside the membrane, leading to an increased conduc-
tivity, but decreased selectivity (or increased co-ion transport).[27] In this way, the fixed
charge density in fully hydrated membranes is limited, as illustrated in Figure 1.3.[28]

Degree of functionalization / free water volume

Conductivity

Selectivity

Figure 1.3: Illustration of the increasing degree of functionalization (decreasing cross-linking) in a hydrated IEM.

Other polymeric IEM disadvantages are related to the relatively high ionic resistance
due to the steric hindrance for ion transport, and ageing due to chemical degradation in
harsh environments.[29-31]

1.4. THESIS SCOPE AND OUTLINE

The shortcomings of polymeric IEMs mentioned in the previous section hamper the
scale-up of certain electrochemical processes, such as reverse electrodialysis and redox
flow batteries. In CO; electrolysis, the membrane and its contact with the catalyst can
significantly reduce the energy efficiency of the process, and the low selectivity of mem-
branes promotes K* migration through the AEM and salt deposition.

In this work, we aim to overcome the existing challenges in CO; electrolysis through
different innovative ion-exchange membranes. The primary objectives are to enhance the
membrane selectivity and conductivity, in order to boost the direct energy efficiency and
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mitigate salt deposition by reducing cation cross over; and to prevent carbonate cross over
to boost the overall energy efficiency by improving carbon usage.

Chapters 2 and 3 explore an alternative to polymeric IEMs - the nanofluidic IEM. These
membranes are based on inorganic materials which do not have a polymeric backbone
with immobilized functional groups, but rely on charged nanopores for the Donnan ef-
fect. Therefore, they have the potential to break the selectivity and conductivity trade-off.
However, since it is a relatively novel concept and has not yet been applied in electrolysis,
we will study how different parameters and properties affect the membrane performance.
Chapter 2 is focused on enhancing the selectivity of nanofluidic membranes, and Chapter
3 focuses on the conductivity. An extended discussion on their potential use for CO, elec-
trolysis can be found in Chapter 6. In both of these studies we used commercial anodized
aluminium oxide membranes because of their dense array of cylindrical nanopores. We
measured the permselectivity and conductivity of membranes with different pore sizes,
between two compartments with different KCI concentrations and ratios. The parameters
that could not be varied experimentally were simulated using the space-charge model.

Nanofluidic IEMs still need quite some development before they can be incorporated
in an energy-efficient electrolyzer. Therefore, the remaining chapters focus on improving
polymeric membranes for CO, electrolysis. Chapter 4 is focused on improving the con-
ductivity of the polymeric AEM by maximizing its hydration. Since the CO2RR consumes
water, the membrane surface near the cathode tends to dry-out or reduce its water content
at high current densities. Consequently, its conductivity is also reduced. We fabricated a
membrane with internal microchannels and studied their effect in practical CO, electroly-
sis. The impact of water or different electrolyte concentrations on the current density and
salt deposition was evaluated. Additionally, different channel geometries and placements
were modelled in COMSOL Multiphysics.

In Chapter 5, a membrane that can reject carbonate is explored. A thin-film compos-
ite membrane is created by modifying an existing AEM with an additional selective layer.
This polyamide layer is similar to what is used in the reverse osmosis and nanofiltration
processes and in theory rejects carbonate ions, but allows OH™ ions to permeate. This
can potentially solve the carbonate crossover issue which is the biggest hurdle for the CO,
reduction technology. We investigated the effect of the monomer concentrations which
are used to create the selective polyamide layers, and the impact of integrating them in a
CO; electrolyzer.

In Chapter 6, we provide a summary of the conclusions drawn throughout this the-
sis, discuss the implications of the research and offer insights into the directions the field
should take for membrane improvement. We argue that bipolar membranes (BPMs) can
be the solution for many of the intrinsic limitations of the CO, electrolysis technology,
since these membranes facilitate a carbon-efficient operation, while ensuring a stable al-
kaline anolyte.
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DESIGN CRITERIA FOR SELECTIVE
NANOFLUIDIC MEMBRANES

Polymeric ion-exchange membranes (IEMs) are key to many electrochemical processes, but
their intrinsic selectivity limitations restrict scale-up possibilities. Nanofluidic IEMs, based
on inorganic rigid materials and charged nanopores, offer a promising alternative. We
present design criteria for scalable and selective nanofluidic membranes. We used com-
mercial anodized aluminum oxide (AAO) membranes with varying pore sizes to measure
permselectivity between different KCI concentrations. Our experiments reveal that mem-
branes with 10-nm pores have permselectivities above 90%, comparable to those of poly-
meric IEMs, up to electrolyte concentrations of 0.15 vs. 0.75 M. To our knowledge, this is the
highest reported ion selectivity for nanofluidic IEMs. Conversely, asymmetric AAO mem-
branes featuring a thin selective layer, exhibited low permselectivity. We explored the influ-
ence of other parameters through simulations using the space-charge model. Our numeri-
cal results indicate that pore size and surface potential are the most sensitive parameters for
increasing selectivity. Additionally, pore length has a minimum requirement for good per-
formance although increasing it beyond the um scale yields no significant result. This study
highlights nanofluidic IEMs as a promising alternative to polymeric IEMs and their capa-
bility to improve performance of many electrochemical processes, especially those involving
low electrolyte concentrations on at least one membrane side.

This chapter has been published as "Design criteria for selective nanofluidic ion-exchange membranes" by K.V.
Petrov, M. Mao, A. Santoso, L. I. Ryzhkov and D.A. Vermaas, Journal of Membrane Science, 688, 122156 (2023).
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2.1. INTRODUCTION

Depletion of drinking water across dry regions and the global energy transition to-
ward renewable sources has boosted the relevance of electrochemical processes aimed
at water treatment, energy storage, and energy conversion.[1-3] Examples of emerging or
industrially established processes include electrodialysis (ED),[4-6] ion-exchange mem-
brane bioreactors,[7] reverse electrodialysis (RED),[8, 9] fuel cells,[10, 11] redox flow bat-
teries,[12, 13] the chlor-alkali process,[14] and water and CO; electrolysis [15-17]. In all
these processes, ion-exchange membranes (IEMs) are key components because of their
selective ion conductivity.

The vast majority of IEMs are based on a polymeric matrix with immobilized charged
functional groups.[18] These groups are responsible for the Donnan effect, rejecting ions
with the same charge (co-ions) and allowing oppositely charged ions (counter-ions) to
permeate.[19] Yet there is a conductivity-to-selectivity trade-off. This arises from chal-
lenges related to the flexible polymeric backbone and charged polymers groups, such as
swelling,[20, 21] which leads to free water volume inside the matrix and limits the den-
sity of immobilized charges. Volume in the polymeric matrix grows with increasing de-
gree of functionalization, which increases conductivity but decreases selectivity.[22, 23]
Since most IEMs have a charge density of 0.5 to 3 M, polymeric IEM selectivity is very
limited in high electrolyte concentrations.[24-27] Many IEMs with sufficient conductivity
have selectivity around 90% at 1 M electrolyte concentrations. This limits their potential
usage for applications that, for example, employ brine solutions, such as power genera-
tion via RED.[28] The trade-off between membrane selectivity and conductivity as well
as the intrinsic limits in charge density hamper improvement of traditional IEMs.[3, 29—
34] Additionally, polymeric IEMs suffer from steric hindrance, leading to a relatively high
resistance to ion transport,[35] and ageing due to chemical degradation in harsh environ-
ments.[36, 37]

Nanofluidic membranes (NFMs) (illustrated in Figure 2.1) are alternative [IEMs whose
selectivity mechanism does not rely on charged functional groups, but on the surface
charge within the nanopore.[38-40] The radii of these nanopores is close in magnitude
to the thickness of the electrical double layer (EDL). Therefore, the EDL covers the major-
ity or the entirety of the nanopore, charging the fluid inside. This allows the NFM to re-
ject co-ions and allow counter-ions to permeate; the NFM hence functions as an IEM.[41]
Based on rigid materials without swelling issues, NFMs offer new possibilities in chemical
stability and can be made ultrathin, thus enhancing ionic conductance.

Various fields apply single charged nanopores, such as nanofluidics and biosensing,[42,
43] but sheets with a large nanopore density, such as NFMs, have only recently been used
for power generation.[41] The main reason is that most nanoporous materials are not eas-
ily scalable.[38] They have been produced using techniques such as focused ion beam, [44,
45] electron beam,[35] and ion-track etching,[46, 47] none of which yet exist on a com-
mercial scale.[38] Moreover, nanofluidic IEMs are a novel concept; as such, we lack un-
derstanding of how different parameters affect their selectivity.

Anodized aluminum oxide (AAO) is a commercially available material that can be pro-
duced with different pore geometries. It has a considerable surface charge even at neutral
pH and perfectly arrayed cylindrical pores with a high pore density.[48, 49] Being one of
the few materials that combines these properties, it is widely studied, but selectivities that
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Figure 2.1: Illustration of the selectivity mechanism of an NFM. Counter-ions are shown in red, and co-ions are
shown in blue.

can compete with polymeric IEMs have so far not been achieved. Kim et al.[50] achieved
an apparent permselectivity of 60% by fabricating wide slits with a 4-nm height, while Kim
et al.[51] achieved similar selectivity values using cylindrical pores with a 20-nm diame-
ter. Using an asymmetric AAO membrane with two different pore diameters — the smaller
being 2 nm - Lee et al.[52] achieved a permselectivity of approximately 100% at very low
electrolyte concentrations, with a sharply decreasing selectivity with increasing concen-
tration. These results, along with those documented in previous literature,[53] prove that
pore geometry greatly impacts counter-ion selectivity of these membranes. Additionally,
it is important to note that extrapolating existing findings from single nanochannels to
NFMs might not be straightforward due to other potential factors, such as concentration
polarization. Despite theory suggesting that lower pore diameter should increase selectiv-
ity, controlling pore size is challenging when dealing with very small pores. Optimization
of NFM pore geometry is therefore essential to achieve peak performance in practical fluid
applications.

This article aims to elucidate design criteria for inorganic nanoporous IEMs and inves-
tigate, both experimentally and numerically, to what extent AAO sheets can act as selective
IEMs. For this study, we used commercial AAO membranes with different pore sizes to ex-
perimentally determine their permselectivity and simulated further parameters using the
space-charge model (SCM). Our results suggest that these membranes can compete with
polymeric IEMs in terms of permselectivity.
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2.2. THEORETICAL BACKGROUND

The EDL is the ionic structure formed in the vicinity of a charged surface when im-
mersed in an electrolyte. The electrochemical potential that arises at the solid-liquid in-
terface causes the structure to form. It comprises two layers: the Stern layer, which is
compact and very close to the surface, where ions are typically stagnant or have a very
reduced mobility; and the diffuse layer, in which the concentration of counter-ions expo-
nentially decreases in function of the distance to the surface until it reaches the bulk con-
centration.[54] Within the EDL, there is no electroneutrality as the counter-ion species is
present in much higher concentration than the co-ion. The EDL thickness is characterized
by the Debye length (1p), expressed as:

An = w 2.1
b=\ 2 F2cy '

where ¢ is the relative permittivity, &¢ is the permittivity of free space, Ry is the gas con-
stant Jmol K1), T is the absolute temperature (K), F is the Faraday constant (C/mol),
and Cp is the bulk electrolyte concentration (mM).[55] Since Ap depends on the bulk con-
centration (Equation 2.1), high selectivities can be achieved with low concentrations or
narrower pores.

Evidence also shows that selectivity is determined by the Dukhin number (Du), rather
than the Debye length. The Dukhin number (Equation 2.2) is the ratio between the surface
conductivity induced by the charge on the pore walls and the bulk conductivity, which can
be simplified as:

lo]
u=
FCgR,

(2.2)

where o is the surface charge density (C/m?) and Ry, is the pore radius (m).[56, 57] The
increased concentration of ions in the EDL, close to the surface, leads to an increased
conductivity in this part of the solution. This effect is called surface conductance.[58]
When a driving force is applied across the membrane, ion transport occurs through the
most conductive regions, which is the vicinity of the charged walls (the EDL), especially
when the bulk concentration is low. This explains selectivities observed for pore sizes
larger than the Debye length and the relationship between surface charge density and
selectivity.[44, 51] A Du > 1 indicates ionic selectivity for the nanopores.[56]

It is notable that the surface charge density itself can vary according to the environ-
ment. This depends on a material’s surface potential, which in turn is dependent on the
pH and on the electrolyte concentration.[59] The Grahame equation provides a relation-
ship between the surface potential of a flat surface, and the surface charge density as:[60]

0 = \/8Cpeegkp T sinh ze¢o (2.3)

2k T

where kp is the Boltzmann constant (J/K), z is the ion valence, e is the elementary charge,
and ¢y is the pore wall potential. Since no transport occurs in the Stern layer, the (-
potential is used as a boundary condition for surface potential (¢¢) and ion transport cal-
culations.[60]
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Although Du gives a good indication of the membrane’s selectivity, more complex sit-
uations (such as distinct electrolyte concentration on either side) are usually solved using
numerical simulations. Ion transport in nanochannels is often described by the space-
charge model, initially developed by Morrison and Osterle.[61] This model considers a
single nanopore, assuming an axisymmetric cylinder of length L and radius Ry, with x
being the axial (longitudinal) coordinate and r being the radial coordinate. The pore con-
nects two reservoirs of electrolytes with different concentrations, Cj,y, and Cpjgp. The
pressure in the reservoirs is equal. Ion flux (J;) is described by the Nernst-Planck equation
as:

ziciF
Ji(x,r)=c¢;(x,r)ulx,r)—D;Vc;(x,1) - D;

i RyT Vo(x,r) (2.4)

where u is the velocity of the fluid (m/s), D; is the diffusion coefficient of the ion species
i (m?/s), z; is the valence of ion i, and ¢ is the electric potential (V). The first term on
the equation’s right hand-side describes convective flow, the second accounts for diffu-

sion, and the last accounts for migration. Electric potential and concentration profiles are
described by the Poisson equation as:

V=P _ - (2.5)
EE EEQ

where p, is the charge density (C/m?®) within the pore. To simplify the model, it is often
assumed that local equilibrium is present in the radial direction (r) since the pore is much
longer than its width. This leads to the assumption that ion flux and fluid velocity in the
radial direction are 0. This allows us to insert Equation 2.5 into the r-component of Equa-
tion 2.4, which results in:

Oci(x,r) _ Fzici(x,1) 0¢;(x,1)

2.6
or ReT or (2.6)
This can be integrated into the Boltzmann distribution as:
z;F
¢i (x,1) = ¢y (x) exp —m ¢r(x,71) 2.7)

We use the subscript v to represent “virtual” quantities expressing the principle oflocal
equilibrium.

These equations can be solved using the boundary conditions of fixed wall potential
and considering the cylindrical symmetry as:

¢r(x, Rp) =¢o—¢Py(x) (2.8)
0pr(x,0) _ 0 2.9)
or

where ¢y is the potential at the pore wall, for which we used the {-potential value.
Finally, the velocity profiles within the pore can be obtained by the Navier-Stokes equa-
tion as:
,quu(x, rN—=Vprx,r)—pxrVexr =0 (2.10)
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Vu(x,r)=0 (2.11)

where p is the viscosity (Pa.s) and py, is the hydrostatic pressure (Pa). The boundary con-
ditions for velocity involve assuming a no-slip boundary condition and that the wall is
impermeable to both fluids and ions, expressed as:

u(x,Rp)=0 (2.12)

The governing equations of the space-charge model (Equations 2.4, 2.5,2.10, and 2.11)
are highly coupled to each other, making it very complicated to solve even for simple ge-
ometries.[62] Consequently, the solution is typically obtained through numerical meth-
ods.

2.3. METHODS
2.3.1. PERMSELECTIVITY EXPERIMENTS

Symmetry Plane

Reference
electrode

Ground

Chigh

|enusjod Buneold

Nanopore

Figure 2.2: a) A schematic shows the permselectivity setup. b) The geometry modeled in the ITM software. c)
The geometry modeled in COMSOL Multiphysics.

The two-compartment setup shown in Figure 2.2 allowed us to experimentally mea-
sure the permselectivity of a membrane. We placed the membrane between two compart-
ments (150 mL each) of electrolyte solutions with different concentrations and then mea-
sured the electrical potential difference between them using two double-junction Ag/AgCl
reference electrodes connected to an Autolab PGSTAT 128N potentiostat (Metrohm,
Switzerland). The tested membranes were AAO discs with a diameter of 1.3+0.1 cm and
an array of straight cylindrical nanopores of different pore sizes (InRedox, Colorado, USA),
which act as an anion exchange membrane at neutral pH. We tested two sets of mem-
branes: symmetric membranes with pore sizes of 10, 20, and 50 nm (in diameter); and
asymmetric ones with a 150-nm pore size throughout the majority of the membrane thick-
ness, and a 1.5-pm thick selective layer with a branched structure with a pore size of 3 +
2nm or 5 + 2 nm (Figure S2.1). The membranes were used as delivered without any pre-
treatment. We placed the membranes in a holder between two flat O-rings, leaving 0.64
cm? of open area, which we then placed between the two electrolyte compartments. KCI
was our chosen electrolyte for these measurements because K* and CI™ ions have approx-
imately the same mobilities, and therefore the measured potential is not affected by dif-
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fusion potentials - only the Donnan potential would be detected. 500 mL of electrolyte
were used to reduce the potential impact of concentration changes. The electrolyte in the
compartments was kept flowing at 40 mL/min using a peristaltic pump to minimize con-
centration polarization. To avoid pH changes due to CO, dissolution from the air during
the experiment, we bubbled a small amount of N, gas in the electrolyte reservoirs. Before
measuring membrane potential, we kept the solutions flowing for at least three hours to
ensure equilibration with the membrane. The potential was then taken as an average of at
least 120 seconds. After obtaining three measurements, we rinsed and swapped the refer-
ence electrodes and took three more measurements. By averaging the six measurements,
we ensured no effect of possible drift of the potential of the reference electrodes. We ob-
tained the activity coefficients using Visual MINTEQ 3.1 software. The C1~ concentrations
in the two compartments were measured right after the experiment using an 881 IC pro
ion chromatograph with a 150-mm A Supp 5/4.0 column (Metrohm, Switzerland). These
concentrations were then used to calculate the Nernst potential.

An adapted version of the Nernst equation (Equation 2.13), which can be written for
a 1:1 salt, and the measured membrane potential (Ej;) enabled us to obtain the trans-
port numbers within the membrane: ¢”* and ¢} for counter-ions (anions) and co-ions
(cations), respectively. If the transport number for counter-ions is 1, then the equation
just equals the classical Nernst equation, which would be our ideal measured potential
(EM, 4,q;), €Xpressed as:

_RT

Ey=— ("= tMmZ (2.13)

F a

We calculated the apparent permselectivity as follows:

Em
_ EMideal

2t] EMideal

+1-2¢; En

(2.14)

where 7; and ¢; stand for the transport numbers in the bulk of counter-ions and co-ions,
respectively. In this case, they are approximately the same since KCl was used as the elec-
trolyte.

2.3.2. MEMBRANE CHARACTERIZATION

To characterize surface morphology, we used focused ion beam scanning electron mi-
croscopy (FIB-SEM, FEI Helios G4 CX). Since this tool requires a conductive surface, we
deposited gold nanoparticles on the AAO samples. We used 30 seconds of deposition time
for imaging and 300 seconds for FIB cutting. The image was obtained using three differ-
ent detectors, depending on the best-obtained contrast: an Elstar in-lens secondary elec-
trons detector (TLD-SE), an Everhart-Thornley detector (ETD), and a high-performance
ion conversion detector (ICE) at a beam current of 18-86 pA and electron energy of 10-30
keV. A complementary image was obtained using field emission scanning electron mi-
croscopy (FESEM, Hitachi Regulus SU8230) at a beam current of 1-5 pA and electron en-
ergy of 10-15 keV. We used the FIB for cutting a part of the sample to observe the cross-
section with transmission electron microscopy (TEM). A JEOL JEM 3200FS microscope
enabled us to obtain the TEM images at 150,000 x magnification.
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Image-processing the microscopy pictures enabled us to make pore size distributions
from both TEM and SEM analysis. Further details on the image-processing methodology
are available in the supporting information (Figures S2.2 and S2.3).

Using TriStar II 3020 equipment (Micromeritics), we measured nitrogen adsorption-
desorption isotherms at 77 °K. Before the analysis, we degassed 23 mg of AAO material
under vacuum at 250°C for 16 hours. The Brunauer-Emmett-Teller (BET) surface area
of the membranes was measured at 46.06 + 0.08 m?/g. The Barrett, Joyner, and Halenda
(BJH) method for the desorption cumulative volume of the pores up to 300 nm showed a
volume of 0.252 cm3/g. We fit these cumulative curves to obtain a pore size distribution by
having incremental volumes at even steps and correcting this volume to obtain a relative
frequency of each pore size interval (see Figure S2.4).

We also measured the water permeability of our membranes, but the permeability of
the AAO membranes was too low to accurately measure. Details can be found the sup-
porting information (Figure S2.5).

2.3.3. SIMULATIONS

Professor Ilya I. Ryzhkov, who collaborated with us on this work, developed a soft-
ware called Mathematical Modelling of Ion Transport in Membranes (ITM) software.[53,
63] The software numerically solves the space-charge model (SCM), which describes the
ion transport through cylindrical nanopores with a known surface potential. The pores
connect two electrolyte tanks (Figure 2.2b) and permit inclusion of a Stern layer and a dif-
fusion boundary layer outside the pores. In our simulations, pore size, pore length, elec-
trolyte concentration, and surface potential were varied while remaining parameters were
kept constant (summarized in Table S2.1). Unlike other models, the ITM software allows
the use use a constant surface potential (instead of surface charge density) as a boundary
condition. Pore size was kept above 3 nm because below that value, the continuum as-
sumption becomes questionable.[56] The diffusion coefficients for K* and Cl~ were taken
as 1.957 x 1072 m?/s and 2.032 x 10~ m?/s, respectively. Fluid viscosity was 0.888 x 1073
Pa.s. The temperature was 298.15 °K. For the entirety of the nanopore, we used the relative
permittivity of water, taken as 78.49. The boundary condition used for surface potential
in the modeling was the {-potential, which is measured at the shear plane of the EDL.[64]
Therefore, the pore size was corrected after the modeling to include the Stern layer thick-
ness which was considered to be 0.5 nm. The effective pore size for ion transport is 1 nm
smaller than what is reported in our simulation results.

Another model was created in COMSOL to assess the effect of the surface around
the entrance of the nanopore, which was not possible to do with the ITM software. The
COMSOL model used the Poisson-Boltzmann and Nernst-Planck equations in a 2D axy-
symmetrical geometry (Figure 2.2¢) with four domains: two electrolyte tanks with defined
concentration on the edge farther from the membrane; a membrane with a specific sur-
face potential and no ion-flow across the walls; and a channel under the influence of this
surface charge connecting the two reservoirs. The simulations evaluated the effect of in-
cluding or not including the surface of the membrane, as opposed to solely applying the
boundary conditions to the pore walls.
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Figure 2.3: a) Apparent permselectivity of two polymeric IEMs — Selemion AMV and Sustainion X37 — and five
AAO membranes with different pore sizes (3-50 nm) placed between two reservoirs with a concentration ratio of
5.*3-nm and 5-nm pores are asymmetric membranes with only a thin selective layer. b) Apparent permselectivity
results showcase the effect of concentration and concentration ratio on permselectivity of the AAO membrane
with 10-nm pores. Note that the figures have different scales.

We measured the apparent permselectivity of different IEMs between two compart-
ments with different KCI concentrations. Figure 2.3a shows the apparent permselectivity
vs. concentration at a fixed concentration ratio Cjo,:Cpigp, of 1:5. The general trend of
decreasing selectivity for higher electrolyte concentration was expected from the Donnan
equilibrium theory. The AAO selectivity was benchmarked against two polymeric mem-
branes: Selemion AMYV, developed for electrodialysis and one of the most selective com-
mercial anion exchange membranes,[65] and Sustainion X37, geared for electrolysis.[66]
Figure 2.3a shows that the AAO membrane with 10-nm pores had an apparent perms-
electivity of above 90% and was comparable with Selemion AEMs up to concentrations
of approximately 0.7 M. Although its permselectivity rapidly decreased after this value, it
was considerably more permselective than Sustainion in the whole concentration range.
To our knowledge, this the highest permselectivity reported for NFMs.

The AAO membrane with 20-nm pores had a permselectivity comparable to that of
Sustainion membranes, with an 80% permselectivity at 5 mM, which decreases with in-
creasing concentration. The membranes with 50-nm pores showed poor selectivity, below
50% for the entire tested concentration range. This further evidenced the relationship be-
tween pore size and selectivity, where higher permselectivities are observed at lower pore
sizes.

Finally, the anisotropic AAO membranes, which have a thin selective layer (1.5 um
thickness) of 3 + 2-nm or 5 + 2-nm pores on top of a support layer with 150-nm pores, also
exhibited a poor permselectivity, comparable to that of a membrane with 50-nm pores.
We hypothesize that the limited pore length of the fine pore layer caused the poor selec-
tivity. Additionally, since diffusion flux is inversely proportional to thickness, a more pro-
nounced concentration polarization was present, notably internally — in the section with
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150-nm pores. Concentration polarization due to diffusion resulted in a lower concentra-
tion gradient over the membrane. This suggested that a certain pore length was required
to achieve high selectivities. These samples have a branched type of structure at the end
(Figure S2.1), whereby narrow pore size is achieved for a very limited length. The results
in Figure 2.3a show that this branched structure was not enough to establish a selective
layer, thereby urging further study of the effect of pore length (see section 2.4.3).

Figure 2.3b displays the apparent permselectivity of an AAO membrane with 10-nm
pores for different concentrations and ratios of concentrations. The results showed that
for all ratios, there was a decrease in permselectivity for increased concentration. Perms-
electivity was higher for higher ratios in concentrations when plotted against the Cp;gj,.
When plotted against the Cj,,,, we observed the opposite effect (Figure S2.6). Both con-
centrations on the two sides of the membrane therefore had an effect on selectivity. To bet-
ter understand the high permselectivities for AAO membranes with 10-nm pores and the
potential for further tuning its properties, we thoroughly characterized the membranes
and built a model explaining the relationship between pore geometry, the different pa-
rameters, and permselectivity.

2.4.2. MEMBRANE CHARACTERIZATION
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Figure 2.4: a) A SEM image of the AAO membrane surface shows a 10-nm pore at 120,000x magnification. b) A
TEM image shows a cross-section of the same membrane at 150,000 x magnification; nanopore morphology can
be observed in the light gray area in the middle portion of the figure.

Figure 2.4a shows the SEM image of the surface of the AAO membrane with 10-nm
pores. The membrane has a highly ordered, dense array of pores of similar size. These
properties deem it suitable to function as an IEM. Figure 2.4b shows the transmission
electron microscopy (TEM) image of the same membrane’s cross-section. At the top of
the figure, a darker area with circular shapes represents the gold nanoparticles deposited
for the FIB cut that prepared the sample for TEM. The figure’s lighter middle section shows
the nanopores, which do not appear to be perfectly cylindrical; they sometimes narrow or
widen and at some points converge and diverge, causing a wider pore size distribution
than expected. We can also observe how the pores often widen at the top, giving them a
slightly funneled shape (Figure S2.7).

Figure 2.5a shows the size distribution on the AAO membrane with 10-nm pores deter-
mined by three different methods. All methods resulted in a wider pore size distribution
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Figure 2.5: a) Pore size distributions are shown. b) Membrane potential data is fit with the ITM software. The
three lines have a combination of pore sizes of 7, 7.5, and 8 nm and 40, 45, and 50 mV of {potential.

than expected or provided by the supplier. Since the pores slightly widen at the top (Fig-
ures 2.4b and S2.7), the entire distribution curve determined by SEM is shifted toward
larger pore sizes. On each of the membrane’s two sides (see Figures S2.8 and S2.9), we
also observe a different morphology and perhaps even a different pore density. This fur-
ther explains the large pore size distribution. Average pore size determined by treating
the TEM data is 10.6 + 3.5 nm; by fitting the nitrogen desorption curve, the average pore
size obtained was determined at 13.5 nm. However, because the larger pore size (near the
surface) and narrow pore size (in the middle) were connected in series, we expected the
narrower parts to determine the membrane’s selectivity. Because the TEM data showed
pore sizes starting at 5 nm and an average pore size of roughly 10 nm, we expected the ef-
fective pore size for determining the selectivity in these samples to be somewhere between
5and 10 nm.

To further elucidate the effective pore size and understand the experimental results,
we compared the experiments with simulated values from the ITM software. For model
validation over a broad range in membrane potential, we performed a new set of permse-
lectivity experiments keeping C;,,, at 10 mM while increasing Cj;gj, stepwise. According
to the literature, the {-potential of an AAO surface in aqueous solutions ranges between 40
and 50 mV at neutral pH, depending on the electrolyte concentration.[59, 67, 68] Figure
2.5b shows the comparison of the experimentally obtained membrane potential values
with simulation data. Combinations of pore sizes between 7 and 8 nm and {-potentials
between 40 and 50 mV were shown to fit the experimental data perfectly. For the remain-
ing simulations, we used 7 nm as the pore size and 40 mV as the surface potential bound-
ary condition.

We observed that the experimental data fit remarkably well when using a constant
membrane potential. Using a constant surface charge density instead (Figure S2.10) did
not yield good fits; this was because the surface charge density depended on the elec-
trolyte concentration, which vary along the length of the pore, especially when the mem-
brane is between two solutions of different concentrations.[60] This shows the simulations
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can accurately predict the selectivity of AAO when using constant membrane potential. It
is important to note that although the simulation perfectly fit the experimental data us-
ing Cj,, = 10 mM, shown in Figure 2.5b, it failed at higher concentrations for the samples
labeled 10 nm (and with effective pore size of 7 nm) (Figure S2.11a). This discrepancy
was even more pronounced at low concentration ratios (Figure S2.11b). To some extent,
experimental data was subject to sample-to-sample variation, not least because of the
broad pore size distribution. {-potential could also vary along the pore, notably at the ele-
vated electrolyte concentrations at low ratios.[59] Pore size and length also determined the
diffusion flux through the pore and therefore influenced the concentration polarization,
which was not taken into account by the model. Nevertheless, since the simulations were
consistent with a large portion of the experimental data, they were considered a useful
tool to further explore the concept of nanofluidic IEM selectivity.

2.4.3. SIMULATIONS

In order to explain the relationship between membrane properties and operating con-
ditions, we used the ITM model to simulate the effect of these parameters. This model
enabled simulation of different membrane properties and operation conditions that were

not possible to verify experimentally and offered further insight into the executed experi-
ments.
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Figure 2.6: 5 Ion concentration profiles inside a pore with a 7-nm diameter (effective Ry = 3 nm) and a 1-um
length are shown placed between two reservoirs with 10 mM and 50 mM of KCl. a) Longitudinal ion concentra-
tion profiles are shown with averaged concentration at each z position. b) Radial ion concentration profiles are
shown at z/L = 0.5, where 0 is the center of the pore and 1 is the pore wall.

Firstly, to gain deeper insight into the selectivity mechanism, we plotted the simulated
ion concentration profiles within a nanopore. Figures 2.6a and 2.6b show the longitudi-
nal and radial ion profiles, respectively. Figure 2.6a shows a jump in ion concentration
occurring at the entrances of the pore, together with a sudden jump in Donnan potential
(Figure S2.12a). The pronounced jump is partly due to the SCM’s use of jump boundary
conditions. In a real scenario, the electric field increases more progressively, which can
only be captured by a model with continuous change of potential and ion concentration
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at the interfaces. Nevertheless, when such a model is used, although smoother, a pro-
nounced jump in potential and concentration is still observed at the interfaces.[53] Since
the surface potential is positive, the concentration of anions inside the pore is higher than
in the bulk. Concentration and surface charge density (Figure S2.12b) inside the nanopore
vary almost linearly along the length of the pore (from z =0 to z = L). The jump in poten-
tial and concentration suggests that the selectivity is mainly created by these interfaces.
The largest counter to co-ion ratio is observed a z/L = 1, which suggests this interface
plays a significant role in the selectivity.

The radial profiles (Figures 2.6b) show that the largest ion concentrations are close
to the pore wall, with counter-ion concentration exceeding co-ion concentration even in
the center of the pore. This shows that the entirety of the nanopore has a certain degree
of selectivity even though there is no EDL overlap at this concentration. Moreover, both
the highest conductivity and highest counter- / co-ion separation were observed close to
the pore wall. This provides evidence for the surface conductance mechanism described
earlier. The high counter-ion concentration close to the pore wall also clarifies that higher
selectivities can be achieved with smaller nanopores.
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Figure 2.7: a) Effect of pore size vs. different concentrations is shown. b) Effect of pore length on apparent
selectivity is shown. Cp;gp:Cpoy ratio is fixed at 5.

To investigate the relationship between pore geometry and selectivity, we plotted perms-
electivity against pore size and length at various Cj;gj, concentrations (Figure 2.7). Smaller
pore sizes led to much higher selectivity, and this effect was more pronounced at higher
concentrations (Figure 2.7a). This highlights the sensitivity of the pore size as a param-
eter; an increase in just 5 nm could mean a 30% selectivity decrease for concentrations
above 100 mM. It also shows that small pores can be selective even at high concentra-
tions. This result underscores the importance of precise fabrication of NFMs, as a wider
pore size distribution can have negative impacts on selectivity, which could be a challenge
for large-scale (m?) fabrication. To reiterate, pores smaller than 3 nm were not modeled
because the continuum assumption becomes questionable at those scales. In addition,
pores smaller than 1 nm are expected to lose the advantage of enhancing transmembrane
transport since, at that level of confinement, the Stern layer covers the majority of the
pore, where the water’s viscosity greatly increases and the diffusion coefficient of the ions
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decreases.[56, 69, 70]

Figure 2.7b shows the effect of pore length on selectivity. An increase in pore length
from a couple tens of nm to a couple hundreds of nm can substantially improve the selec-
tivity, while selectivity is not very sensitive to pore length in the micrometer range. Based
on our results, a minimum length is thus required, though pore lengths above several pms
are unnecessary for selective AAO IEMs.

On the other hand, 2D or atomically thin materials have also been shown to be selec-
tive up to over 80%.[44] To explain this occurrence, we made a separate model in COM-
SOL Multiphysics, which included not only the nanopore itself, but also the surface of the
membrane. The result (Figures S2.13 and S2.14) showed that for longer pores (L >> R)),
the surface does not affect selectivity; but for short or 2D pores, the surface itself has a sig-
nificant effect. Therefore, we attribute the selectivity of 2D materials (typically graphene)
to EDL overlap, their large surface potential, and the surface itself, which is more promi-
nent since the pore density is typically lower. For materials with a lower surface potential
and high pore density, however, 2D materials are expected to remain selective only when
there is EDL overlap, which is already at sub-nanometer level for concentrations above
100 mM (Equation 2.1).

To further understand the effect of surface potential and electrolyte concentration, we
plotted the effect of the changing (-potential (Figure 7a) and electrolyte concentration
(Figure 7b) on selectivity.
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Figure 2.8: Simulations performed for a 7-nm pore with boundary conditions of 40-mV surface potential. a)
Effect of the surface potential boundary conditions on permselectivity is shown, with a negative “anion selectiv-
ity” representing selectivity toward cations. b) Effect of the ratio between Cp;gj, and Cjo,, 0n permselectivity is
shown.

Figure 2.8a shows that selectivity was strongly enhanced for higher {-potential. The
{-potential can be viewed as a material property, but it is also strongly affected by the pH.
Therefore, 0 potential can also be interpreted as the isoelectric point, the higher potentials
as the effect of a more acidic pH and vice versa. Actual potential values would naturally
depend on material, structure, and environment. In addition, this is also a highly sensitive
parameter (for direct comparison with pore size, see Figure S2.15), so the surface potential
or choice of material represents an important lever in achieving ion selectivity.
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Surface potential could also be externally altered by applying a potential to the mem-
brane itself.[71-73] This can be particularly beneficial, for example to switch between
anion and cation selectivity or in electrolysis applications where the membrane can be
placed in contact with one of the electrodes. In the latter, a small overpotential can be
required to greatly improve membrane selectivity, but it is only feasible if Faradaic reac-
tions that occur on the surface of the NFM can be prevented. Fortunately, these materials
are often dielectric, they exhibit low catalytic activity, and the required potential window
to make the membrane selective is quite low. However, for applications where stacks of
membranes are used, such as RED, this approach may be unsuitable since each mem-
brane would need its own source of external charge and likely a reference electrode, which
is impractical.

The final parameter studied was the concentration ratio. Figure 2.8b displays the sim-
ulations performed for a pore with a 7-nm diameter and a 40-mV surface potential for
different Cp;gp:Cioy ratios. Naturally, the selectivity was highest for a low electrolyte con-
centration (low Cy;gp) and for a higher ratio (which implies low Cj,,;,,). The impact of the
concentration ratio was more pronounced at higher concentrations. To study which side
(Ciow Or Chigp) had a larger impact on selectivity, we plotted the apparent permselectivity
against the arithmetic, the harmonic, and the geometric average of Cp;gp, and Cygy, (Fig-
ure S2.16). For the geometric average, the lines for all concentration ratios were almost
coincident, indicating that the geometric average in electrolyte concentration is deter-
mining the selectivity. Geometric average is always lower than (or equal to) arithmetic
average, which means the lower side has a quadratically larger impact on selectivity than
the higher concentration side. This property makes these membranes a good option for
applications where the electrolyte concentration is very high on one side and very low on
the other side, such as RED.

In order to look into their peak perfomance, we simulated a membrane with 2-nm
pores and 5-um length and considered one scenario in which the membrane had 40 mV
of {-potential and one with 100 mV. We conservatively assumed that the membrane was
being used for power generation through a salinity gradient, between ariver with a 17-mM
salt concentration and seawater (0.6 M) (see Figure S2.17b). The results show that this
membrane would have a 97.7% selectivity at 100 mV and 93.3% with 40 mV of surface po-
tential. The result with 100-mV surface potential surpassed many of the polymeric IEMs
used for this application; these values can be even higher since this simulation was done
with a ratio Cp;gp:Cjoy 0f 35 while in practical RED processes, it can be as high as 500. We
want to highlight that this prediction is based on the space-charge model, which has not
yet been experimentally proven to accurately predict the selectivity for membranes with a
pore size as low as 3-5 nm. Experimental proof of this prediction would be highly valued.

In terms of conductivity, the currently commercially available NFM materials, do not
perform well enough to compete with polymeric IEMs. The AAO membranes we tested
experimentally, have at least a 100 Q cm? ionic resistance when placed between two com-
partments with 0.1 M KCl. This is because the membrane thickness is not optimized
and the effective porosity is very low — see Figure 2.4b, many channels have a dead end.
Laboratory-made NFMs in other works have shown ionic resistances as low as 1 Qcm?,
which is lower than many polymeric IEMs.[50, 74, 75] We will look further into this topic
in chapter 3.
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In this chapter, we’'ve shown that nanofluidic IEMs can act as a selective ion separator,
reaffirming their potential for applications such as RED and electrolysis.[51, 73, 76] An-
odized metal oxides can be fabricated with fine-tuned pore sizes and geometries, adapt-
able for different applications.[77] The inorganic nature of these materials also brings the
advantage of no swelling. Swelling of polymeric IEMs can be a challenge when assembling
a large stack of membranes, since it is dependent on ion concentration and temperature,
among other parameters. Additionally, creating an ultrathin (5 um or less) nanofluidic IEM
can enhance ion conductivity without compromising selectivity. It would be insightful
if these results were verified experimentally by creating membranes with different thick-
nesses (i.e. pore lengths).

On the other hand, the inorganic nature of the materials also means that these mem-
branes can be extremely brittle, especially when ultrathin. This could pose practical and
transportation challenges, therefore requiring the use of a support material. The chemical
stability of AAO membranes is also very limited, especially at alkaline pH and in aqueous
solutions. Over time, the pores become clogged due to formation of aluminum hydrox-
ide.[78] However, other materials, such as titanium, can also be anodized to create the
same geometries in a controlled manner. Anodized metal oxides can be easily coated,
for example with atomic layer deposition, electroless deposition, or simple functional-
izations with organic acids to manipulate their chemical stability.[77] This can improve
chemical stability and also change the material’s surface potential to enhance selectivity.
Anodized metal oxide membranes are currently commercially available exclusively in cm?
scale. Their defect-free production in m? scale remains a major challenge. Other methods
to produce materials with a dense array of cylindrical nanopores include plating polycar-
bonate membranes and synthesis of nanoporous silica films via sol-gel techniques.[72, 79,
80]

Another challenge is related to the surface potential being affected by pH. Most mate-
rials have a negative surface potential at high pHs, thus making it very difficult to create
anion-exchange membranes in highly alkaline environments, or cation-exchange mem-
brane in acidic environments. Although this is not a problem for most RED processes, it
can be relevant for electrocatalytic applications, such as CO; electrolysis or water electrol-
ysis. In that case, the external charging can be used to circumvent loss of anion selectivity
at high pH in electrolysis applications.

NFMs could also have an increased water and gas permeability due to their compar-
atively more open structure, which could compromise the energy efficiency in RED or
induce gas crossover risks in electrolysis. However, the water transport through the AAO
membranes was negligible in our experiments (< 107! m?/s). For reference, we mea-
sured the water permeability of the Selemion AMV membrane at (5+ 1) * 10719 m2/s and
and (2.2 +0.3) * 1072 m?/s for Zirfon Perl UTP500, which is close to other reported values
in literature.[65, 81] The extremely low water permeability of NFMs, despite the porous
structure, is likely related to their low effective porosity. Other values in literature suggest
that their water permeability is in the same order of magnitude,[82] or slightly higher than
of polymeric IEMs.[83] A more open and thinner NFM would likely enhance the water
transport, and reduce the ionic resistance at the same time. Because the water transport
is currently orders of magnitude lower than polymeric IEMs, there is room for increasing
the effective porosity of NFMs.
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This study has also reaffirmed that the space-charge model can predict the selectivity
of the nanofluidic IEMs. We recommend that future models include finite ion size, as this
can change the total concentration inside the nanopore, especially at larger concentra-
tions. For very small pore sizes, they should also include a variable diffusion coefficient
since it is known that in a nanoconfined fluid, the diffusion coefficient will be affected,
especially when close to the pore walls.[69, 70] The diffusion coefficient is of great impor-
tance when simulating the conductivity of the membranes. It is good practice to consider
the Stern layer thickness, where virtually no ion transport occurs as described in [71]. For
2D materials or very short nanopores, the membrane surface should also be included for
accurate simulations.

2.5. CONCLUSIONS

In this study, we tested commercial AAO membranes with different pore sizes on their
functionality as IEMs. We measured the apparent permselectivity of the membranes by
placing them between two compartments of different electrolyte concentrations and mea-
suring the potential across the membrane. The results showed that up to electrolyte con-
centrations of 0.15 vs. 0.75 M, the AAO membranes with 7-nm pores had a selectivity
above 90%, which is comparable to polymeric IEMs. To our knowledge, this is the high-
est reported selectivity for nanofluidic IEMs in the literature, thus proving the concept’s
potential. Anisotropic membranes with a thin selective layer of 3-nm and 5-nm pores did
not achieve high selectivities. Further, we used the space-charge model to explain these
results and gain further understanding on how pore geometry can be modified to optimize
selectivity.

Our simulations showed that pore size and surface potential are the most sensitive pa-
rameters for selectivity. Smaller nanopores can potentially achieve even higher selectivi-
ties, especially if a material with a higher surface potential or {-potential is used. However,
the (-potential is not only dependent on the material but on the environment and pH as
well. The simulations also showed that a minimum pore length is necessary to achieve
selectivity although increasing the pore length in the pm scale has no significant effect.
The concentrations on the two sides of the membrane were also found to have a large
impact on selectivity, with the geometric average between the two being the determining
parameter for selectivity.

Although challenges still restrict large-scale fabrication and implementation of nano-
fluidic membranes, we have shown that these materials can act as selective IEMs. Ulti-
mately, the development of nanofluidic membranes as a replacement of polymeric IEMs
could improve the performance of many electrochemical membrane processes, ranging
from RED to electrolysis.
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2.6. SUPPORTING INFORMATION

MEMBRANE CHARACTERIZATION
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Figure S2.1: Schematic illustration of branched structure in asymmetric AAO membranes. The pore size at the
top of the active layer is (2-4) £ 1 and 5 + 2 nm.
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Figure S2.2: Pore detection on SEM image using CircleFinder tool in MatLab.

The circle finder tool in MatLab was used to determine the pore sizes in the SEM images (Figure
S2.2). This gave the size of each circle in pixels and the scale bar was used to convert the pixels to
nm. The few largest circles were not considered in the distribution, since in a few cases the circle
finder considers two pores as one.

Figure S2.2 shows the procedure to determine the pore size distribution from the TEM images.
The clear pores were first traced and then horizontal strokes were intersected with the traced line.
The length in pixels of each of these lines was taken as the pore size. The 200 nm scale was used to
convert pixels to nm.

Figures S2.4a and b show the result from the Ny adsorption experiments onto the AAO mem-
branes, described in section 2.3.2. Figure S2.4c shows the fitting of the cumulative pore volume
which was then used to obtain the pore size distribution shown in Figure S2.4d. From the obtained
pore size distribution, only the values up to 22 nm were considered. Since the AAO membranes had
to be broken in order to insert in the equipment, it was considered that higher values could have
been caused by cracks during the sample preparation. Moreover, it was obtained by fitting the cu-
mulative pore volume which is more accurate in the lower range, the higher values could carry a
significant error.

We also measured the water permeability of our membranes. This was performed by adding two
thin pieces of transparent tubing to the each of the two compartments if the setup shown in Figure
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0

Figure S2.3: Pore size determination from TEM microscopy image. a) step 1, pore tracing. b) step 2, length
determination.

2.2a. Water was then pumped into the setup so that the water level in the two tubes is different, and
the inlets and outlets were closed off. A camera was set in front of the transparent tubing to monitor
the water level change over time. As the pressure difference in the two compartments drives the
water through the membrane, the water in the tubing slowly reaches the same level. By measuring
the height difference we calculate the pressure difference in the two compartments, and by measur-
ing the time and water level change we can estimate the water flow through the membrane. With
this information we can use Darcy’s law to estimate the permeability, or use the Van 't Hoff equation
to convert this pressure difference into an estimated water concentration gradient and calculate a
water diffusion coefficient, as described in [65]. A schematic of this setup is shown in Figure S2.5.

PARAMETERS USED FOR SIMULATIONS

The parameters used for the simulations in the ITM software are summarized in Table S2.1.
Additionally, a Stern layer of 0.5 nm was considered, but since the boundary condition was the (-
potential, which is measured at the shear plane, the Stern layer was then added to the pore size as
a correction. The assumption behind this method is that no ion transport occurs through the Stern
layer, which is stagnant.

EXPERIMENTAL DATA PLOTTED VS Cjyy,
Figure S2.6 shows the data displayed in Figure 2.3b, against Cj,,,,.

ASYMMETRY OF THE MEMBRANES
On the bottom left of Figure S2.7, is the top of the AAO membrane. It can be observed, that
the widen at the top. This can cause the pore size obtained from top-view images to be larger than

reality.
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Figure S2.4: a) Adsorption (light squares) and desorption (dark circles) isotherms b) standard BJH plot based on
the desorption curve c) cumulative pore volume based on the desorption curve (light squares) and respective
fitting (dark diamonds) d) relative pore size frequency obtained based on the fitting of the cumulative pore vol-
ume.

Figure S2.5: Schematic illustration of water permeability setup. Deionized water was used to fill both compart-
ments and a camera was used to monitor the water level in the tubing over time.
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Table S2.1: Variables and Parameters used in the ITM software for simulations.

Pore Size Varied / fitted 2 to 50 nm /6 nm
Pore Length Varied 10 to 5000 nm
Surface Potential Varied / fitted 35to50mV /40 mV
Electrolyte concentration Varied 0.001to4 M
Temperature Parameter 298.15 °K
Viscosity Parameter 0.888x10-3 Pa.s
Relative Permittivity Parameter 78.49
K* diffusion coefficient Parameter 1.957x1079 m?/s
Cl~ diffusion coefficient Parameter 2.032x1072 m?/s
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Figure S2.6: Apparent permselectivity results showcasing the effect of concentration and concentration ratio on
permselectivity of the 10 nm pore sized AAO membrane, plotted against C;,y,. See vs Cpjgj, on Figure 2.3b.

Figure S2.8 shows the pictures taken with SEM, of the same AAO membrane, as it was delivered.
The stark difference in contrast could be due to the imaging software, and not per se a significant
difference in morphology, but the figure also shows an apparent pore size difference on the two sides
of the membrane.

The contact angle is an indication for porosity, meaning while 20 nm pore sized AAO has more
or less uniform pores throughout the membrane thickness, the 10 nm has quite a large difference
on the two sides. In addition to the pore size and morphology shown on the SEM images, here it
can be seen that the wettability is also different. Figure S2.9 shows that the 20 nm pore size is more
uniform between the two sides.

COMPARISON OF SIMULATIONS AND EXPERIMENTAL DATA

Figure S2.10 shows the fitting of the membrane potential data when Cy,,;,, is kept at 10 mM using
a constant surface charge density in the ITM software. The fitting is poor in comparison to the fitting
obtained when using a constant surface potential (Figure 2.5).

On Figure S2.11a, it can be observed that the simulations have a good level of agreement with
the experimental data relating to the 20 nm and 50 nm pore sizes, but do not agree so well with the
data relating to the 10 nm pore size (Figure S2.11a and b), especially at lower concentration ratios.
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Figure S2.7: Zoom-in to the cross-section of the nanopores, close to the membrane surface. Image taken at 60k
times magnification.
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Figure S2.8: SEM pictures of the two different sides of an AAO membrane, as delivered.

ELECTRICAL POTENTIAL AND SURFACE CHARGE DENSITY PROFILES

Figure S2.12 shows the electric potential profile and surface charge density along the length of
the pore. The membrane potential can be seen at z = 1, on Figure S2.12a. Figure S2.12b shows that
the surface charge density is decreasing along the length of the pore, toward the low concentration
side.

EFFECT OF MEMBRANE SURFACE

Figure S2.13 shows the effect on co-ion rejection of including charge on the surface of the mem-
brane. It shows that the surface has a role in rejecting co-ions away from the entrances of the pore.
Therefore, the co-ion concentration is lower close to the pore entrance in the case the charge of the
surface is included.

Figure S2.14 shows the same 20 nm wide nanopore, but with increasing pore lengths. The result
implies that the surface only has an impact for short pores. At 100 nm length, it no longer has an
effect, which means thatlong pores (L >> Rp,) are not affected by the surface of the membrane.
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Figure S2.9: Contact angles of the two sides of AAO membranes with 10 nm and 20 nm pore sizes.
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Figure S2.10: Membrane potential data fit with the ITM software, using a constant surface charge density of 0.074
C/m?.

COMPARISON OF WHICH VARIABLE HAS LARGER IMPACT

Figure S2.16 shows that when plotted against the geometric average, the lines corresponding to
different concentration ratios are nearly coincident. Therefore, it is the geometric mean of the low
and high concentration sides that determines selectivity.

SIMULATING OPTIMAL PORE PROPERTIES
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Figure S2.11: a) Comparison between pore size data and simulation. b) Comparison between concentration
ratio data and simulations. Legend shows the Cj;g,:Cjoyy ratio, with the lines corresponding to the simulation
results and the markers corresponding to the experimental data.
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Figure S2.12: a) Electric potential profile along the length pore b) surface charge density along the length of the
pore.
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Figure S2.13: Co-ion profiles of 20 nm wide, 10 nm long pore between two reservoirs of 5 and 1 mM of KCI. The
color scale shows the co-ion concentration in mM. a) entire membrane has a surface potential. b) only the pore
walls have a surface potential of 45 mV.



2.6. SUPPORTING INFORMATION 39

-

—&—With Surface

Permselectivity
© 0900 90 90 0 99
- N W b OO N O ©

—&— Just the Pore Walls

o

0 50 100
Pore Length (nm)

Figure S2.14: Simulated effect of presence of surface potential on the entire membrane vs pore length.

a) 19 b) 40

Pore size:
3nm
5nm
7nm
9nm
— 11 nm E
—— 16 nm k
21nm
0.5  31nm 0.5
——51nm E

0.0 AT 0.0

10 100 1000 10 100 1000
Chign (mM) Chign (MM)

Surface
Potential (mV):
100
—70
—50
—30
—20
—10
0

Anion Selectivity
Anion Selectivity

A

Figure S2.15: a) different pore sizes (shown in legend) vs Cp;gj, with 40 mV surface potential b) pore size of 7 nm
but at different potentials (shown in legend) vs Cp;gp,.

-

o
©

2
208
8
T 07
E
& 0.6 { Chign:Ciow ratio:
i —5
So5{—10
g ——20
< 04 50
——100
03
1 10 100 1000
Cgeometric mean (MM)

Figure S2.16: Different Cp;gj,:Cjoyy ratios plotted vs the geometric mean of Cpjgp, and Cygyy .-



40 2. DESIGN CRITERIA FOR SELECTIVE NANOFLUIDIC MEMBRANES

a) 1 b) 1
>
$ 097 £ 091
° =
< 3
g 0.8 4 3 0.8
& g
2 0.7 - 2 07
o c
g g
2 06 A Surface potential: 2 06 4 Surface potential:
<1 —100mv < ——100mv
——40 mV ——40 mV
0.5 0.5
5 50 500 5 50 500
Chigh (MM) Chigh (mMM)

Figure $2.17: @) Cjgp:Cloy 1atio =5b) Cpjgp:Coy ratio = 35 with different surface potentials. Pore size of 3 nm
and pore length of 5 um.



NANOFLUIDIC ION-EXCHANGE
MEMBRANES: CAN THEIR
CONDUCTANCE COMPETE WITH
POLYMERIC ION-EXCHANGE
MEMBRANES?

Nanofluidic membranes (NFMs) are becoming increasingly recognized as viable alternatives to tradi-
tional ion-exchange membranes, because of their distinct selectivity mechanism, which does not rely
on functional groups on a polymeric backbone but rather on charged nanopores that allow straight
ion-conductive pathways for efficient ion transport. We measured the conductivity of commercial
anodized aluminum oxide membranes with different pore sizes under different current densities and
electrolyte concentrations. We also simulated a nanopore channel with charged walls between two
electrolyte reservoirs. Our findings indicate that electrolyte concentration is the main parameter that
determines NFM conductivity, with a linear dependence at least up to 1 M. Our study shows that the
optimal pore length is between 0.5 to 5 um considering the trade-off between selectivity and conduc-
tance. On the other hand, the conductance is not sensitive to the pore diameter. Conical nanopores
are a way to increase conductance, but according to our results, this increase comes at the expense of
selectivity. Our findings suggest that NFMs can outperform polymeric ion-exchange membranes in
certain electrochemical applications, such as reverse electrodialysis, but not in applications that use
low electrolyte concentrations on both sides of the membrane.

Parts of this chapter have been submitted for publication as "Nanofluidic ion-exchange membranes: can their
conductance compete with polymeric ion-exchange membranes?" by K.V. Petrov, JW. Hurkmans, R. Hartkamp,
D.A. Vermaas.
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3.1. INTRODUCTION

With the pressing need to reduce our reliance on fossil fuels and mitigate the environmental
impact of traditional industrial processes, electrochemical membrane technologies have taken cen-
ter stage in addressing these multifaceted challenges.[1-3] Ion-exchange membranes (IEMs), are a
key component for technologies such as the chlor-alkali process, [4] fuel cells, [5] electrodialysis and
redox-flow batteries, [6, 7] due to their ability to selectively transport ions.

IEMs are usually thin films ( 100 um) of a polymeric backbone structure with charged func-
tional groups, which are responsible for the ion-selectivity.[8, 9] These polymeric materials offer
several advantages, including flexibility, cost-effectiveness, and ease of fabrication. However, they
do present certain intrinsic issues, such as swelling of the backbone structure, which leads to a lim-
ited charge density and a trade-off between conductivity and selectivity.[10, 11] Most IEMs have a
fixed charge density of 0.5 to 3 M, which limits their selectivity, especially in at high electrolyte con-
centrations.[12] Additionally, the interstitial space within the dense polymeric structure where ion
transport takes place, are often comparable in size to the ions themselves (Figure 3.1a). As a result,
tortuosity and electrostatic effects cause a high resistance to ion transport in polymeric IEMs.[13—
15] These drawbacks hinder the scale-up possibilities of technologies such as reverse electrodialy-
sis (RED), redox flow batteries, and CO2 electrolysis.[16-20]

Nanofluidic membranes (NFMs) have recently gained attention as an alternative to polymeric
1IEMs.[13, 21] They are made from inorganic materials, with nanopores typically between 1 and 20
nm in size. Since this size is in of the same order of magnitude as the electrical double layer thick-
ness, the fluid will have a non-zero charge density throughout the pore due to electric double layer
overlap.[22] This overlap causes an increased (Donnan) potential within the pore, which is respon-
sible for rejecting co-ions (ions with the same charge as the pore surface) and allowing counter-ions
(oppositely charged) to permeate.[23] Because of their inorganic nature, NFMs do not suffer from
the swelling issues that IEMs have. The pores in NFMs are much larger than the ion size, which
promotes ion transport, and the ionic pathway can be optimized to increase ionic conductivity.[13]

In Chapter 2 we, and previous,[24, 25] works have shown that NFMs can achieve a good ion-
selectivity, if optimized. However, little is known about what parameters enhance their conductiv-
ity. Nanofluidics literature often uses single nanochannels showing ionic resistances in the kQcm?
range, which is too high to be applied in practical electrochemical applications. NFMs have seen
development, mostly for power generation through RED, which has slightly decreased their ionic
resistance.[26, 27] Graphene oxide (GO) membranes are an example of a material that has recently
been developed to exhibit ionic resistance as low as 3.9 Qcm?.[28] However, GO membranes are
made of stacked 2D sheets, which leads to a non-optimal and tortuous ionic pathway (Figure 3.1b)
and makes it harder to optimize the trade-off between selectivity and conductance. Cylindrical
nanopores that directly connect one side of the membrane to the other have promise to further re-
duce ionic resistance, since this geometry allows the ions to travel the shortest path (Figure 3.1c).[13]

In this work, we study the conductivity of nanofluidic membranes under different operational
parameters, such as current density and electrolyte concentration. We use anodized aluminum ox-
ide (AAO) membranes with different pore sizes and a Poisson-Nernst-Planck model to better under-
stand the conductivity of nanofluidic membranes. AAO is a commercial material with a dense array
of cylindrical nanopores, which make it an ideal model material to study NFMs. We examine and
discuss their potential for practical applications.

3.2. METHODS

3.2.1. EXPERIMENTAL METHODS
This section describes the measurements of the ionic resistance of AAO membrane discs with
a diameter of 1.3 £+ 0.1 cm, a thickness of 50 um, and an array of cylindrical nanopores with differ-
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Figure 3.1: Schematic illustration of ion transport through the cross-section of a) polymeric IEMs, according to
the microheterogeneous model,15 b) GO membranes and c) NFMs with cylindrical nanopores. The membrane
structure is in grey, and the edges are charged surfaces.

ent pore sizes (InRedox, Colorado, USA), in different KCI concentrations. The membranes act as an
anion-exchange membrane (AEM) at neutral pH, and their detailed characterization can be found
in Chapter 2. We found that these membranes have a low effective porosity due to the non-uniform
size and convergence and divergence of numerous nanochannels along their length, resulting in
dead-end pores and a lack of direct connection between the two sides of the membrane. Addi-
tionally, our characterization of the AAO membranes revealed a wider pore size distribution than
provided by the supplier, with the effective pore size being 8 nm for the samples labeled as 10 nm.

The ionic resistance was measured in a 6-compartment, 4-electrode setup, as illustrated in Fig-
ure 3.2a. In this setup, two platinum-coated titanium electrodes were used to apply a current over
the whole setup (in compartments 1 and 6), and two double-junction Ag/AgCl electrodes were con-
nected to Luggin capillaries, placed very close (< 0.5 mm) to the membrane. The latter electrodes
allowed the measurement of membrane potential, which was corrected by a blank measurement,
without a membrane, after every experiment. Each compartment has a volume of approximately
130 mL and the electrolyte within was kept flowing at 40 mL/min to mitigate concentration polar-
ization. 0.1 M K2SO4 was flowed in compartments 1 and 6 to avoid any undesired Faradaic reactions
- only the hydrogen and oxygen evolution reactions occurred. Since these reactions produce OH™
and H*, respectively, a buffer solution (0.1 M K2PO4) was flowed in compartments 2 and 5. In com-
partments 3 and 4, KCl solutions were circulated, and the respective concentrations are stated along
with the results. The AAO membranes were placed in a holder with 0.64 cm? of open area, between
two flat O-rings. Cation-exchange membranes were placed between the remaining compartments,
since the cation is the same in the whole setup, and anion crossover should be avoided. Current
was applied and the voltage was measured using an Autolab PGSTAT 128 N potentiostat (Metrohm,
Switzerland).

Since the resistance was dependent on the applied current, it was measured using the current
interrupt method.[29] A constant current was applied for 300 seconds, to observe a stable voltage,
and then it was set to 0. The immediate voltage drop corresponds to the ohmic resistance. The
resistance value was then simply calculated by Ohm’s law, using the difference between average
voltage of the last 30-60 seconds and the voltage value right after interrupt (very close to 0), and the
applied current. Positive currents were measured first, followed by a re-equilibration time of at least
2 hours with the electrolyte solutions, after which the negative currents were measured.
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Figure 3.2: a) Schematic illustration of the 6-compartment setup used for electrical resistance measurements, b)
geometry modelled in COMSOL Multiphysics

3.2.2. SIMULATIONS

This section describes the modelling methods, governing equations, and assumptions used to
implement the space-charge model (also known as the Poisson-Nernst-Planck theory), used to de-
scribe ionic transport through a cylindrical nanopore. The modeled geometry consists of two elec-
trolyte compartments separated by a single nanopore, as shown in Figure 3.2b.

The system is modeled as a continuum system with the Poisson-Nernst-Planck (PNP) theory
coupled to the Navier-Stokes equation. The model has been implemented in COMSOL Multiphysics
5.6.

Through assumption of a dilute electrolyte, the transport of dissolved species is modelled through
the steady-state Nernst-Planck equation:

zje
V-|-D;Vc; —D;——c;Vp+cju|=0 (3.1
kT
Whereby D; is the diffusion coefficient, ¢; the concentration and z; the valence of species i, kg is
Boltzmann’s constant, e is the elementary charge, T is the temperature, ¢ is the electrolytic potential
and u is the velocity field. The electrostatic potential ¢ is resolved through the Poisson equation:

—££9V2 = pe 3.2)

Here, ¢ is the relative permittivity, £¢ is the vacuum permittivity and pe is the charge density of
the solution, defined as p = cg+ — ¢~ for the binary system under investigation. The velocity field
is simulated through the Navier-Stokes equations for an incompressible Newtonian fluid which has
been reduced to the steady-state Stokes equation since inertial effects on the length scales of a single
nanopore are near zero. A Coulombic body force is added to account for electro-osmotic flow:

UV U—Vp+peE=0 (3.3)
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Here, u is the dynamic viscosity, p is the pressure and E is the electric field, which can be expressed
as —V¢. Conservation of mass is ensured through the continuity equation:

V-u=0 3.4

The axisymmetric computational domain (Figure 3.2b) consists of two reservoirs containing KCl
electrolyte, separated by a nanopore of length L. The nanopore can be varied between a cylindrical
pore with radius Ry (Rp,1 = Rp,2) or a conical pore, with Ry 1 < Rp,2, where Rp,1 and Rp,» are the
radii at the outer ends of the channel. The electrolyte concentrations are fixed at their bulk concen-
trations (c; = c; ) at the extremities of the electrolyte compartments. These boundaries are posi-
tioned at 10 um away from the nanoporous membrane. This is a realistic thickness for the diffusion
boundary layer (DBL) in flow applications (especially when a spacer is used) and is sufficiently far
away to ensure electroneutrality. An external electric field is applied over the membrane by setting
the electrostatic potential at these far-end boundaries as ¢ = Vjpj;eq4 and ¢, = 0. The non-solid
boundaries orthogonal to the membrane surface (on the right side in Figure 3.2b) are sufficiently
far-away from the nanopore to prevent edge effects (R;y1q; >> Rpore), With Ry 44 also serving as a
lever to obtain desired membrane porosity . At these boundaries, zero charge is enforced (V-D =0,
where D is the electric displacement field), and a no-flux boundary was also employed to ensure a
constant DBL thickness.

At the interface of the membrane surface and the electrolyte, a surface charge density (o) is de-
fined. Although many models use o g as a fitting parameter, this simplification can reduce the accu-
racy of the model since o g depends on the local electrolyte concentration and on also the pore size
due to double layer overlap, which are parameters that may vary along the pore length. Therefore,
we followed the work of Berg and Ladipo,[30] who derived an analytical solution for the Poisson-
Boltzmann equation and og. They assumed that the surface charge density is entirely screened by
counter-ions, which is a reasonable assumption for highly charged surfaces (¢ > KeT)' In this way,
the surface charge was defined as:

ceokg T edo
4R, [l_exP (_ZkBT)]

2—exp(—%)

og= (3.5)

where ¢ is the surface potential, for which we used the {-potential value for aluminum oxide in
neutral solutions (40 mV).[31, 32] By assuming the {-potential as the boundary potential, the mod-
eled boundary is located at the shear plane and the model does not solve for the Stern layer. The
underlying assumption is that no ion transport occurs through the Stern layer, [33] which we assume
to have a thickness of 0.5 nm and use a correction to the modelled pore size.

For the fluid flow, the outer ends of the electrolyte compartments are set at atmospheric pres-
sure, thereby preventing pressure- driven flow through the nanopores. No-slip boundary conditions
(u = 0) and no-flux boundary conditions are employed for the fluid and species transport at the pore
surface, since it is assumed to be impermeable (-n- J; = 0).

We varied the pore radii (Rp,1 and Rp,), pore length (Lp), electrolyte concentrations (Cp;gj, and
Cjow)» surface potential (o), and porosity. Pores smaller than 5 nm were not simulated because the
continuum approach likely would not hold for lower values.[22, 33] The base conditions were with a
pore size of 8 nm (7 nm effectively due to the Stern layer), a pore length of 1 pm, a surface potential
of 40 mV; a porosity of 12 %, a DBL thickness of 10 um, and either 50 mM KCI on both sides of the
membrane or 10 mM on one side and 50 mM on the other side. The parameters were varied one at
a time, keeping the remaining ones constant. The current-voltage data (minimum 15 points) was
fit in MATLAB using a 3rd degree polynomial function, and its first derivative was taken as the ionic
resistance.
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3.3. RESULTS AND DISCUSSION
3.3.1. AXIAL PROFILES

To gain insight into the selectivity mechanism and the entrance effects, we simulated a pore with
an 8 nm diameter and 50 nm length, with a 40 mV surface potential, between two compartments of
50 mM concentration, and plotted the concentration, potential and ion flux profiles along the pore
length (Figure 3.3). For clarity, Figure 3.3a shows the cross-section of a nanopore, the normalized
z/Lpore position, and the direction of the most significant migration and diffusion contributions of
both ion species when a positive potential is applied across the anion-selective nanopore.
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Figure 3.3: Simulations for an 8 nm in diameter and 50 nm in length pore with a 40 mV {-potential at 0.05 V ap-
plied potential. The pore was placed between two compartments with 50 mM solution. a) schematic illustration
showing the anion-selective nanopore, the z/Lpore position and the direction of ion migration under positive
potentials (V) 1504), b) average concentration and potential (grey line, secondary axis) within the pore, and c)
flux contributions of diffusion and migration in the z-direction for K* and Cl~ ions. The insert shows a zoom-in
on the fluxes within the pore.

Figure 3.3b shows a clear Donnan potential at the entrance and exit of the pore, and a corre-
sponding abrupt increase in counter-ion concentration and decrease in co-ion concentration. This
Donnan potential is responsible for the selectivity, which means that the pore entrances have a sig-
nificantrole.23 Inside the pore, the concentration has a slight linear increase in the direction toward
which Cl~ are migrating (more positive potentials).

Figure S3.11 depicts another important transport mechanism in NFMs, which is surface con-
ductance. Surface conductance is related to the higher concentration of ions close to the pore wall,
where the fluid is both more conductive and more selective, due to the increased local charge. In
other words, when a driving force is applied across the NFM, ion migration preferentially occurs
close to the pore walls.[34]
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3.3.2. EFFECT OF CONCENTRATIONS

Figure 3.4a shows the experimentally obtained ionic resistances for the 10 nm pore sized AAO
membranes. Firstly, the observed values, especially at low concentrations, are significantly higher
than expected based on the pore geometry and initial modeling results. This is caused by the low
effective porosity of the commercial AAO membranes. In Chapter 2 we saw that the nanopores
contract, widen and even diverge and converge within the first few tens of nm from the surface,
which means that most pores do not connect the two sides of the membrane as we show in Figure
3.1c. Figure 3.4b shows the simulated ionic resistance where the porosity of the membrane was used
as a fitting parameter. The obtained porosity was 0.09 %, and it can be observed that the data fits
well with experimental data, except for the peak around 0 mA/cm?. A similar simulation but for 12
% porosity (realistic value for AAO membranes) can be found in Figure S3.2a. It shows that the ionic
conductivity of these membranes can be improved by more than two orders of magnitude.
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Figure 3.4: a) Ionic resistance of 10 nm pore sized AAO membranes when placed between two compartments
with the same concentration on both sides. b) Simulated ionic resistance for a nanopore with a 10 nm pore size,
50 um in length, 40 mV of surface potential, with porosity as a fitting parameter (0.09 %).

The experimentally obtained ionic resistances (Figures 3.4a and 3.5a) show a peak in resistance
at low current densities. This peak in resistance does not seem to be solely explained by the current
density, since the peak is shifted to about 2 mA/cm? for the 500 mM case. Rather, the peak in re-
sistance is observed when the membrane voltage is approximately 0.2 V (Table S3.1). To our knowl-
edge, this has not been observed in the literature, and it is not captured by analytical/numerical
models. While we are not certain why this peak occurs, it could be related to the voltage contribu-
tion of the {-potential of the material, which is more significant at lower potentials. Even though
the potential over the membrane is a floating potential that should not alter the membrane charge,
it is remarkable that the electrolyte potential affects the resistance. Alternatively, it could be re-
lated to electric-field induced changes to the {-potential and electro-osmotic flows.[35] In the field
of nanofluidics, similar nanochannels are often used at very low ionic currents.[36, 37] If this effect
extends to other nanochannel systems, it could be causing an under-estimation of the conductivity
of the nanochannels for larger-scale applications.

Perhaps the most important observation from Figure 3.4 is the linear relationship between con-
ductivity and electrolyte concentration (plotted in Figure 3.6). This is unlike polymeric ion-exchange
membranes where the measured conductivity plateaus after 0.3 M of external electrolyte concen-
tration. Ion transport in polymeric IEMs occurs through microcavities and microchannels in series
(Figure 3.1a),[38] where conductivity in the microchannels is determined by the counterions, which
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have a fixed concentration. Meanwhile, in NFMs, the surface charge density, and thus the mem-
brane conductivity, is affected by the local electrolyte concentration within the pores. Therefore, the
conductivity of NFMs increases with increasing reservoir concentration, without a plateau. How-
ever, the ion selectivity reduces at higher concentrations, as seen in Chapter 2 of this thesis.

In more detail, the simulations shown in Figure 3.4b demonstrate a higher resistance at higher
current density, especially at low concentrations, which indicates a substantial impact of concentra-
tion polarization. Figure S3.3a shows the concentration profiles of the entire geometry, at 5 mM bulk
electrolyte and large applied voltages. The figure demonstrates that on the depleting side, the elec-
trolyte concentration is significantly reduced close to the membrane surface, which is the cause for
the observed limiting current density. Similar limiting currents are observed in polymeric IEMs. [39,
40] Such effects are difficult to observe in the experimental results due to the limited current densi-
ties we can reach experimentally at low electrolyte concentrations.

In practical conditions (e.g. in electrodialysis and reverse electrodialysis), the concentration
may differ at either side of the membrane. Previous work showed that the resistance of polymeric
membranes is dependent on both concentrations, more dominantly on the lower concentration.[38]
Moreover, as we know that the AAO membrane is asymmetric, we additionally add the direction
of the concentration gradient as a parameter to study for nanofluidic ion-exchange membranes.
Figures 3.5a and 5b show the experimental and simulation results of placing an AAO membrane
between two compartments with different concentrations - in this case, the higher concentration
side (Cp;gp), is 5 times more concentrated than the lower concentration (Cjy).
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Figure 3.5: a) Ionic Resistance of 10 nm pore sized AAO membranes when placed between two compartments
with different concentrations the two sides, a Cp;gj,:Coyy ratio of 5. The membranes were also inverted to ac-
count for non- idealities in the pore geometry. b) Simulated ionic resistance, with porosity as a fitting parameter.

The results for distinct concentrations (Figure 3.5) indeed show asymmetric resistance plots.
When the counter-ions migrate against the concentration gradient (i.e., for Cj4,):Cpjgp > 1 at pos-
itive current density), the resistance is higher than when the current or concentration gradient is
reversed. Although the concentration gradient itself plays a role, this is mostly a consequence of
concentration polarization. The concentration profiles in Figure S3.3b show that the concentration
on the Cj,,, side is close to 0 at the highest applied voltage. At high concentrations, the concen-
tration gradient is larger in magnitude, but the resistance has a less pronounced increase — this is
mostly because concentration polarization is less pronounced at high concentrations, but also be-
cause the NFM is less selective, allowing both ion species to migrate across further reducing concen-
tration polarization. Concentration polarization can be reduced for example by increased mixing of
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the electrolyte, which reduces the diffusion boundary layer thickness.

Figure 3.5a provides further evidence that the commercial AAO membranes do not have per-
fectly symmetrical channels. For each concentration, when the concentration gradient was in-
verted, the resulting resistance (and in particular the peak) differs depending on the orientation.
This is evidence for asymmetry, such as conicity of the nanopores.[41]

Larger Cp;gp:Coy ratios were also simulated. Figure S3.4a shows the result of a simulation with
a fixed Cjq, at 10 mM and increasing Cp,;gj,. The figure shows an increased resistance at positive
current densities, even at higher Cj,;¢j, concentrations. However, contrary to the previous scenario
at low concentrations, Cj,,, doesn’t deplete — the concentration on the Cy,,, side actually increases
closer to the NFM (Figure S3.4b). In this case, the resistance is only increased because counterion
migration occurs in opposite direction of the concentration gradient.

When the concentration is different on the two sides of the membrane, the question arises,
which concentration, Cp;gp o1 Cjgy, drives the conductivity? By taking the values at 2 mA/ cm?

and -2 mA/cm? from Figures 3.4a and 3.5a, we plotted the area conductivity against concentration
(Figure 3.6a). The data relating to the experiments with equal concentrations on both sides of the
membrane fits into a linear relationship. Interestingly, when taking the data where the concentra-
tions on the two sides differ, it reasonably fits the same linear relationship only when plotted against
the geometric average of the concentrations - shown with individual points in Figure 3.6a. Figure
S3.5 shows that the same conductivity data plotted against the arithmetic average or the harmonic
average of the concentrations do not fit the linear relationship established by the Cj,;¢j, = Cjgyy €x-
periments.

a) 0.030 - b) o.020
Ciow=Chign> 2 MAlcm ] Chigh = Clow o
& 0.025 - Ciow=Chigns -2 mAlcm * - 1 ® CugniCiow=5
I Clow=Crign» regression £ 1 2 Chigh:Ciow >5,Cpoy =10 mM
o = 2mAlem? S 0,015
23 ) ]
0.020 4 e -2mA/cm? E
3‘ 2 3‘ N
3 4 (R)2mA/cm H i
=] 2 = E
S 0.015 (R) -2mAjem S 0.010 -
n B L]
S S
8 0.010 — P S ]
- . 2 0.005 N
0.005 — e E
L} E
- A.
g ].¢
0000 fr—r—7——7——7—T—T7— 0.000 T
0 200 400 600 800 1000 0 100 200 300 400 500
Geometric Average of Concentrations (mM) Geometric Average of Concentrations (mM)

Figure 3.6: a) Ionic Resistance of 10 nm pore sized AAO membranes when placed between two compartments
with different concentrations the two sides, a Cpjgj:Cjoy ratio of 5. The membranes were also inverted to ac-
count for non- idealities in the pore geometry. b) Simulated ionic resistance, with porosity as a fitting parameter.

To further understand the effect of different concentrations on the membrane resistance, Fig-
ure 6b shows the same analysis for the simulation results (from Figures 3.4b, 3.5b and S3.4a). This
analysis shows that there is a good agreement between the C,;¢, = Cjoy, line and the geometric av-
erage of the concentrations at low concentration ratios, but the fit deviates when the ratio between
Chign and Cjyy, is very high. Nevertheless, these results indicate that once the relationship between
conductivity and concentration is known, the geometric average of Cp,;¢j, and Cj,y,, can be used to
estimate the conductivity for when the NFM is placed between two different electrolyte concentra-
tions. Moreover, in Chapter 2, we found that the selectivity is also governed by the geometric average
of the concentrations on both sides.
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3.3.3. EFFECT OF PORE SIZE AND SHAPE

We further studied the impact of pore size on membrane resistance. Figure 3.7a shows the re-
sistance of AAO membranes with different pore sizes against current density. Other pore sizes also
show the same peak in resistance close to 0 mA/cm? as observed with the 10 nm AAO membrane.
The discontinuity for the 3/150 nm membrane is unclear, but this could be an artifact due to the
order of measurements (i.e., hysteresis from previous potential due to capacitance). All the nearly-
symmetric pores (10, 20, 50 nm) have similar conductivities — the observed differences in resistance
are more likely to stem from differences in porosity, ageing and the slight asymmetry of the AAO.
Therefore, it can be stated that for cylindrical nanopores the pore size does not have a notable im-
pact on conductivity. This is consistent with the results of our simulations (Figures 3.7b, 3.7¢) and
implies that the ion mobility within the nanopores is not significantly affected by the increased con-
finement in smaller nanopores. The simulations in Figure 3.7c also show that cylindrical pores with
a smaller diameter (< 8 nm) are more conductive, due to the higher average electrolyte concentra-
tion in small charged channels. On the other hand, the model does not consider a varying diffusion
coefficient within the nanopore in the radial direction, which has been shown to decrease within the
electrical double layer.[42] Not accounting for the decrease in diffusivity in the diffuse layer could
result in a small overprediction of the conductance, but this would in part be compensated by the
stagnant Stern layer in our model, whereas molecular simulations indicate that ion mobilities are
small but finite in the Stern layer.[35, 43] The effect of these modeling choices on the result can
become more significant as the pore radius decreases.

The asymmetric channels with 3 and 5 nm pore sizes (Figure 3.7a) show an increased conduc-
tivity in one direction. A lower resistance is observed when a negative current is applied, which
corresponds to when the anions first enter the large pore size and then reach the selective layer.
When this is the case, the area resistance drops below 10 Qcm?, which means that their conductiv-
ity is even comparable to polymeric IEMs. In the previous chapter, we have shown that this pore
geometry was not able to ensure sufficient permselectivity because the narrow part is too short (few
nanometers) to create charge selectivity. However, the enormous decrease in membrane resistance
suggests that the pore geometry is an important lever, and probably asymmetric pores with a some-
what longer neck could be useful to balance a good conductivity and selectivity of NFMs.

Therefore, we simulated conical nanopores, while keeping in mind the manufacturing possi-
bilities and methodology. In practice, to create conical nanopores AAO membranes are anodized
multiple times to create a larger pore size variation along the membrane thickness, e.g. for the fab-
rication of nanoneedles. Therefore, we used a fixed pore diameter of 8 nm at the lower pore size
(Dp,1), and progressively increased the larger pore size, without changing the size of the geometry
(which means that the porosity also increases with increasing Dp, 2).

Figure 3.7c shows the resistance of both cylindrical and conical nanopores with the varying pore
size. In the case of conical nanopores, the smaller pore size was kept constant at 8 nm and the
larger pore size was increased. The figure shows that the resistance significantly decreases with an
increasing pore size, and therefore also porosity.

However, our simulation did not fully produce the expected results for conical nanopores - this
pore geometry typically induces the current rectification effect,35,42 which was not the case in our
simulation. In Figure 3.7b, for the conical nanopores, a lower resistance should have been observed
at negative current than at positive ones. At positive currents, the resistance was expected to be
closer to the resistance of cylindrical nanopores, because of the entrance effects.[44] On the other
hand, we did observe a “rectified” ion transport, with higher transport numbers at negative cur-
rents (Figure S3.6a). This effect was especially pronounced at low concentrations, because of the
increased selectivity.

The decreased conductivity of conical nanopores comes at a price: an equal decrease is ob-
served in the permselectivity (Figure 3.7d). Despite surface conductance, the selectivity of the NFMs
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Figure 3.7: a) Membranes with different pore sizes — two asymmetric membranes with a thin selective layer
and 150 nm pore size and three membranes with uniform pore sizes (10, 20 and 50 nm), placed between two
compartments with 0.1 M KCl. b) Simulated ionic resistance for three cylindrical nanochannels (10, 20 and 50
nm) and two conical nanochannels with 8 nm as the smaller diameter, and 20 and 150 nm at the larger side. c)
comparison of the ionic resistance of conical and cylindrical channels when varying the pore size, at -5 mA/cm?.
Only the larger pore size (Dp 2) was varied in conical nanopores, while keeping the smaller one (Dp, 1) at 8 nm.

d) Tonic resistance plotted against the permselectivity (at -5 mA/cm?) of conical nanopores. D p,2 is indicated on

the figure for each point.

largely stems from the entrance effects. Therefore, when ions enter the membrane through the
larger pore size, where the selectivity is significantly decreased, the total membrane selectivity is

compromised. Figure S3.6b shows the concentration and potential profiles for the conical nanopores,

and there is a notable absence of a Donnan potential on the large pore size side.

Therefore, in the next section we will simulate parameter values that could not be experimen-
tally verified, but whose optimization could aid in the manufacturing of a conductive NFM, without

the loss of selectivity.



3. NANOFLUIDIC ION-EXCHANGE MEMBRANES: CAN THEIR CONDUCTANCE COMPETE
52 WITH POLYMERIC ION-EXCHANGE MEMBRANES?

3.3.4. EFFECTS OF POROSITY, PORE LENGTH AND SURFACE POTENTIAL

To understand the effect of parameters that could not be studied experimentally, and to predict
the possibilities of NFMs with optimal performance, the porosity, pore length and surface potential
effects are plotted on Figure 3.8.
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Figure 3.8: A pore of 1 um length, 12 % porosity 3.5 nm pore size, and with a 40 mV zeta potential was simulated
between two compartments of 50 mM KCI. The figure shows the result of varying a) porosity, b) pore length and
¢) surface potential.

Figure 3.8a shows the effect of porosity, which is as expected - the resistance increases with
the decrease in porosity, or in other words, the conductivity increases linearly with the increase
in porosity. The deviation from linearity observed at higher porosities is caused by concentration
polarization and fluid velocity differences close to the pore entrance. When an NFM has a higher
pore density, a higher current can be achieved, and naturally the concentration polarization will be
more significant. However, this result also indicates that the concentration polarization must be
considered when going to high pore densities and high currents densities.

Since resistance and selectivity of the membrane both scale with its thickness, the pore length
is an important parameter to optimize. Figure 3.8b shows the effect of pore length on resistance.
Although it is not as pronounced as the effect of concentration, we observe a linear relationship
between resistance and pore length past 1 um. Increasing the length up to 1 pm, does not show a
dramatic increase in resistance. At lower pore lengths, the concentration gradient within the chan-
nel plays a role - although the resistance is proportional to the length, the decrease in concentration
gradient in longer nanochannels reduces back diffusion and makes the ion transport more efficient.
In Chapter 2, we showed that increasing the pore length from a couple of tens of nanometers to
a couple of hundreds of nanometers greatly improved the selectivity, but increasing it beyond an
a couple of micrometers does not further affect the selectivity significantly (shown in Figure 3.8b,
secondary axis). Considering the trade-off between conductivity and selectivity, the optimum pore
length likely lies in the 0.5 — 5 pm range, depending on the application and remaining membrane
and fluid properties. The surface potential shown in Figure 3.8c, has an almost negligible effect on
conductivity, which can be counter intuitive. A larger surface potential increases the surface charge
density and therefore the fluid charge inside the nanopore, which has a major impact on selectivity.
However, despite the larger charge separation, the total concentration of charge carriers inside the
nanopore does not significantly increase, thus the conductivity remains almost unaffected by the
magnitude of the surface potential. Additionally, surface charge density reaches a plateau at surface
potentials close to 100 mV (Equation 5).

Galama et al.[38] have shown that when a polymeric IEM is placed between two solutions of dif-
ferent concentrations, it is the lower concentration side that determines the conductivity, due to the
influence of (electro)osmotic flows on the concentration profile inside the membrane. In this work,
we have shown that for NFMs, it is the geometric average of the concentrations that dictates the
conductivity, and not Cy,,,. Therefore, (electro)osmosis certainly plays a different role on the con-
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centration profiles inside NFMs. According to our model and other models in literature,[23] the con-
centration changes linearly along the length of the NFM, a very different concentration profile than
those observed in polymeric IEMs. Moreover, in polymeric IEMs, ions typically lose part of their
hydration shell upon entering the polymeric structure.[45] In NFMs, since the pore size is larger,
and no interactions with fixed charged groups take place, it is likely that ions will predominantly
remain hydrated. Additionally, since electroosmotic mobility can be reduced within the electrical
double layer relative to bulk electrolyte,[46] we expect that due to the larger pore size of NFMs, elec-
troosmosis will be larger than in polymeric IEMs. Electroosmosis can have positive effects on the
conductivity, since it can reduce concentration polarization, and enhance ionic transport. On the
other hand, for applications, such as electrodialysis, where the objective is to obtain a concentrated
stream, a larger water transport due to electroosmosis will limit the achievable concentration in the
stream.

In this work, we have shown that electrolyte concentration is the main driver for NFM conduc-
tivity. However, at high electrolyte concentrations NFMs also lose selectivity, which means that opti-
mizing their performance is hindered by a similar conductance-selectivity trade-off as in polymeric
IEMs.. Nevertheless, they can potentially outperform polymeric IEMs in specific applications. An
example of such an application is power generation through RED, where the membrane is placed
between a concentrated salt stream and a pure water or river water stream. This particular combi-
nation allows the membrane to be both selective and sufficiently conductive. Using our model, we
simulated a nanochannel of 1 um in length, 5 nm in pore size and 40 mV of {-potential, between
two concentrations of 17 mM and 600 mM (river and sea water), and the resulting area resistance
was found to be 0.11 Qcm? (at -100 mA/cm?). This is lower than most of the currently used poly-
meric [EMs, and previous works have shown that such a channel can also surpass them in terms
of selectivity. Additionally, NFMs also offer the possibility of custom-tailored pore sizes and surface
chemistries which is a promising avenue for specific functionalities, such as lithium extraction and
separation.

Since conductivity is dependent on electrolyte concentration, standard NFMs are mostly not
suitable for applications that require dilute solutions on both sides of the membrane. For such appli-
cations, the background conductivity of fixed charges is required for an energy efficient process. We
believe that strategies that combine the benefits of polymeric IEMs and NFMs - oriented nanochan-
nels which promote transmembrane transport surrounded by fixed charges, hold promise to signif-
icantly improve IEM conductivity. Such strategies include: the orientation of polymeric chains with
fixed charges during polymerization to create ionic pathways in between, e.g. by an external elec-
tric field,[47, 48] or by controlling the hydrophobicity of the polymeric backbone and hydrophilicity
of the functional groups;[49] using metal-organic frameworks or covalent-organic frameworks with
charged functional groups and defined nanochannels,[50, 51] or functionalizing inorganic material-
based NFMs.[52, 53]

3.4. CONCLUSIONS

We have studied experimentally and numerically the conductivity of AAO membranes with dif-
ferent pore sizes, under different operational conditions such as current density and electrolyte con-
centrations. Experimentally, we observed that the conductivity is affected by membrane voltage
with the lowest conductivity found close to 0.2 V. When using cylindrical nanopores, no significant
effect of pore size on conductivity was observed, both in the experiments and simulations. How-
ever, using conical nanopores significantly improves the conductivity, although it is at the expense
of selectivity, which is largely determined by entrance effects (when ions enter through a large pore
entrance, the selectivity is compromised).

The pore length, or membrane thickness, is also a sensitive parameter — we estimate that the
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optimal value, considering the trade-off with selectivity lies in the 0.5 to 5 um range, depending on
the application. Surprisingly, the surface potential of the material has a low impact on conductivity.
Although a membrane with a higher surface potential ensures better selectivity and charge sepa-
ration within the fluid, our simulations show that since the total concentration of charge carries
doesn’t change; the conductivity is not affected. The membrane conductivity is dictated by the bulk
electrolyte concentration, with a linear relationship even up to 1 M. When the NFM separates two
compartments of different electrolyte concentrations, the geometric average of the concentrations
determines the conductivity. Therefore, NFMs are suitable for applications such as RED, where a
dilute solution and a highly concentrated solution are used on either side — this ensures both their
selectivity and conductivity. However, since NFMs do not have the background conductivity of fixed
charges, they may not be suitable for applications where low electrolyte concentrations are used.
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Figure S3.1: Simulations for an 8 nm in diameter and 50 pm in length pore with a 40mV {-potential at 0.05 V
applied potential. The pore was placed between two compartments with 50 mM solution. Total flux, and flux
contributions of migration, diffusion, and convection in the r-direction for CI~ ions. r = 0 shows the center of
the pore, and at r = 1 is the pore wall. The fluxes are indicated in the middle of the pore, at z/Lpgre = 0.5
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Figure S3.2: Simulation of 50 um long pore, with 40 mV of surface charge, and 12 % porosity at different elec-
trolyte concentrations.
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Table S3.1: Concentration vs the current at which the peak of resistance (shown in Figure 4a) occurs.

Concentration (mM) i at peak resistance (mA/ cm?)  Vyat peak resistance (V)

50 0.1 0.31
100 0.2 0.23
500 1.6 0.22
1000 3.5 0.19
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Figure $3.3: Concentration profiles for CI~ and K* along the center of the geometry (symmetry axis). Ly = 1000
nm, Vupplied =0.1V. a) for Chigh =Cjow =5mM, b) Cj4yy =1 mM, Chigh =5mM
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Figure S3.4: a) simulation of the real AAO nanopore, with 0.09 % porosity, 50 um pore length, 8 nm pore size and
with fixed Cjoy at 10 mM. Cp; g, varied (legend). b) concentration profiles in the entire geometry at 0.1 V and
Chi gh= 100 mM
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ANION-EXCHANGE MEMBRANES
WITH INTERNAL MICROCHANNELS
FOR IMPROVED WATER
MANAGEMENT

Electrochemical reduction of carbon dioxide poses substantial promise to convert abundant feed-
stocks (water and CO2) to value-added chemicals and fuels using solely renewable energy. However,
recent membrane-electrode assembly (MEA) devices that have been demonstrated to achieve high rates
of CO2 reduction are limited by water management within the cell, due to both consumption of water
by the CO2RR and electro-osmotic fluxes that transport water from the cathode to the anode. Addi-
tionally, crossover of potassium (K*) ions poses concern at high current densities where saturation and
precipitation of the salt ions can degrade cell performance. Herein, a device architecture incorporat-
ing an anion-exchange membrane (AEM) with internal water channels to mitigate MEA dehydration
is proposed and demonstrated. A macroscale, two-dimensional continuum model is used to assess
water fluxes and local water content within the modified MEA, as well as to determine the optimal
channel geometry and composition. The modified AEMs are then fabricated and tested experimen-
tally, demonstrating that the internal channels can both reduce K* cation crossover as well as im-
prove AEM conductivity and therefore overall cell performance. This work demonstrates the promise
of these materials, and operando water-management strategies in general, in handling some of the
major hurdles in the development of MEA devices for CO2 electrolysis.

This chapter has been published as "Anion-exchange membranes with internal microchannels for water control
in CO; electrolysis" by K.V. Petrov, J.C. Bui, L. Baumgartner, L. Weng, S.M. Dischinger, D.M. Larson, D.J. Miller,
A.Z. Weber, D.A. Vermaas, Sustainable Energy & Fuels, 6, 5077-5088 (2022).
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4.1. INTRODUCTION

Large-scale carbon dioxide (CO2) electrolysis could be the key for storage of renewably-generat-
ed energy through sustainable production of fuels and chemicals.[1-3] By applying an electric po-
tential to an electrolyzer, CO2 and water can be electrochemically reduced at the cathode to form
carbon monoxide (CO), formate, ethylene, methane, and other products, depending on the cho-
sen catalyst.[4-9] At the anode, oxygen is typically produced by oxidation of water.[10, 11] State-
of-the-art scalable electrolyzers operate in a zero-gap configuration, where porous gas-diffusion
electrodes (GDEs) are directly pressed against an ion-exchange membrane (also known as a mem-
brane-electrode assembly (MEA)),[2, 12] thereby minimizing transport losses. The GDE used on the
cathode side facilitates direct supply of gaseous CO3 to the catalyst, which is advantageous because
COz is sparingly soluble in water. If the reactor were to be operated in a fully aqueous medium, the
CO2 reduction reaction (CO2RR) would quickly become mass-transport limited.[2, 13] Since a high
current density is required for process scale-up, the membrane is a critical component since it must
selectively conduct desired ions between the electrodes. The best reported results employ an anion-
exchange membrane (AEM), which is shown to improve the Faradaic efficiency (FE) of the process
by enabling operation at alkaline pH.[14, 15]

One of the challenges with this system is that the CO2RR consumes water in neutral or alkaline
environments.[16] This phenomenon can lead to the dehydration of the membrane surface close
to the cathode, thereby inhibiting ionic transport and reducing overall efficiency. Additionally, the
electro-osmotic flux of water away from the cathode when using an AEM, as well as the consumption
of water by the CO2RR both can lead to reduced water availability for the electrochemical reactions
within the cathodic catalyst. Therefore, water management is of utmost importance to ensure op-
timized conductivity of the membrane and ionomer materials, as well as to promote the desired
CO2RR by negating the aforementioned challenges.[15, 17] Liu et al.[18] demonstrated that several
factors influence membrane water content, including reaction rate, water diffusion from the anode
and the hydrated CO2 gas stream, and electro-osmotic flow. When the anolyte was deionized wa-
ter, their cell lacked operational stability beyond 100 h. However, with 10 mM KHCO3 anolyte, their
electrolyzer was able to operate at a stable voltage for 4000 h. This result reveals that water diffusion
from the anode is not sufficient by itself to maintain membrane hydration at the cathode/membrane
interface, but the contribution of the water molecules in the hydration shell of K* ions, which cross
over via electro-osmosis, ensured stable membrane hydration and water availability by the cathode
surface. In a broader framework, the management of water transport in these devices has shown to
be a strong lever for boosting the energy efficiency in alkaline water electrolyzers and increasing the
stability of CO2 electrolyzers.[14, 16, 19-22]

Another phenomenon that can be detrimental to CO2RR is salt deposition on the cathode,
which can block diffusion pathways and/or the catalyst surface.[15, 23] KHCOs, and KzCO3 salts
deposition occurs at high K* concentrations near the cathode, where CO2 also reacts with OH~
(produced in the CO2RR) to form (bi)carbonate.[18] A decreased water content near the cathode
surface will also promote salt deposition. To mitigate the crossover of K*, researchers have opted to
limit the anolyte concentration to 10 mM.[18, 24] Such low cation concentrations in the anolyte min-
imize crossover, not only because they decrease the driving force for crossover (i.e., electrochemical
potential gradient), but also increase the membrane selectivity due to more effective Donnan ex-
clusion.[25] However, low anolyte concentrations may also result in poor ionic conductivity in the
catalyst region.

This work aims to address these challenges by introducing internal microchannels into the AEM
(Figure 4.1) that enable the circulation of water or electrolyte within the AEM. Using a mixture of
continuum-scale modeling and experiments, our work demonstrates that these internal microchan-
nels maintain AEM hydration by providing a direct supply of water to the cathode, enabling higher
current densities for CO2RR. Furthermore, the impact of the flowing electrolyte inside these chan-
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Figure 4.1: Schematic representation of an MEA cell for CO2RR that employs a bilayer AEM with internal chan-
nels to manage water fluxes. Inset (red box): Cross-section depicting internal water channels in the AEM.

nels on the overall AEM conductivity and selectivity is assessed. Specifically, the impact of the chan-
nel geometry, position, and composition on the electrochemical performance of a CO; electrolyzer
is studied, expressed in terms of ohmic losses and observed ion crossover. Ultimately, this study sets
the stage for the development of membrane materials with operando water-management strategies
that will be critical in the deployment of CO2RR devices at scale.

4.,2. METHODS

4.2.1. MACROSCALE MODELING

This section describes the modeling methods, governing equations, and assumptions used to
model the electrochemical performance and local hydration of MEA devices employing AEMs with
internal microchannels. Because hydration gradients are greatest for a full MEA, (i.e., one with a
vapor phase anodic feed), the AEM-MEA is modeled with a 100% relative-humidity (RH) water va-
por feed in a nitrogen (N2) carrier gas. The domain modeled is a two-dimensional (2-D) repre-
sentation of the full MEA device (Figure 4.2a), including both anodic and cathodic porous-transport
layers (PTLs), where the gaseous species diffuse through and distribute to the porous anodic and ca-
thodic catalyst layers (which are modeled to be comprised of porous catalyst particles in an ionomer
binder, see Figure S4.1) (catalyst layers (CLs)), where the electrochemical reactions occur. It is im-
portant to note that multiphase transport exists within the CL domains, where there is ionic trans-
port within the ionomer in the CL, bulk vapor and liquid phase transport in the pore space of the
CL, and electronic transport in the solid domain of the CL.[17]

In between the anodic and cathodic CLs is the AEM with internal microchannels, which is mod-
eled with quarter-circular channels. The geometry of the channel is chosen to match the membrane
fabricated by the process depicted in (Figure 4.2b) and detailed in the following subsections. Be-
cause the embedded channels are symmetrically patterned, half of a repeating unit is selected to
be simulated (red box in Figure 4.2a). While this treatment does neglect edge effects, by applying
symmetry conditions at the upper and lower boundaries of the modeled domain, the AEM can be
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Figure 4.2: (a) Schematic representation of the simulated AEM-MEA in which the AEM has internal microchan-
nels. (b) Schematic representation of the fabrication process and cross section of the entire bilayer AEM. The
dashed box represents the modeled domain.

more efficiently simulated in 2-D, greatly reducing computational cost.

The model captures the gradients in electrostatic potential and bulk ionic current through a
secondary current distribution, the diffusive transport of concentrated gas species in the CLs and
PTLs, bulk aqueous and vapor fluid flow through the porous media, and water transport throughout
the CL and AEM domains. The governing equations describing these phenomena are discussed in
detail in the following subsections.

CHARGE TRANSPORT

Charge transport within the ionomer, membrane, and electrode domains is modeled by use
of a secondary current distribution, which accounts for the effect of hydration-dependent solu-
tion resistance as well as the effects of electrode kinetics. Secondary current distributions neglect
concentration-dependent kinetics, such as the migration and diffusion of ionic species, and the
consumption and generation of CO2, carbonate, and bicarbonate through buffer reactions. These
effects are, of course, important to consider in the simulation of devices for the electrochemical
CO2RR.[17, 26, 27] However, due to the complex 2-D geometry of the simulated system, conver-
gence is challenging when a complete treatment of all ions in the electrolyte is employed due to
the immense increase in the number of degrees of freedom calculated when the ionic species are
included, as well as the sharp concentration gradients generated by the nonlinear buffer source
terms. Therefore, because the primary aim of the study is to explore membrane hydration in these
systems, a secondary current distribution, which still enables the capture of hydration-dependent
charge transport and electro-osmosis on bulk water transport, is adequate to describe the essen-
tial physics. When using the secondary current distribution, the ionic current in the electrolyte is
calculated by Ohm’s law,

i;=-Kp Ve (4.1)

where « y is the ionic conductivity of the membrane (see Supplementary Methods for definition of
transport properties in the model), ¢; is the ionic potential, and i; is the ionic current density. The
electronic current in the porous electrodes is defined also through Ohm’s law,

is=—0sVs 4.2)

where o g is the electronic conductivity of the solid phase of the porous electrodes, ¢ is the electro-
static potential, and i is the ionic current density. The ionic and electrostatic potentials are related
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by Tafel kinetics for the CO2RR and hydrogen evolution reaction (HER) at the cathode, as well as the
acidic or alkaline oxygen evolution reaction (OER) at the anode. Employing Tafel kinetics assumes
all reactions are irreversible, which is likely true for the high applied potentials modeled. Standard
potentials are evaluated at a pH of pHp=8.14.

For cathodic reactions, the kinetics are modeled using the following expression:

c Yrk

) . Cr ac i F 0

I =—Asiok | | exp (— bs—¢p;—U ) (4.3)
’ r—1(cref) RT ( k pHO)

For anodic reactions, the kinetics are modeled using the following expression:

Yok
a c 14 a F
= Al p Zak (o —U0
I = SZO’kp|=I1(Cref) exp( RT ((ps ¢1- Uy, pHOJ) (4.4)

In the Tafel expression, Ag is the surface area to volume ratio of the porous electrode, i, j is the
exchange current density of heterogeneous reaction k, y; i is the rate order of reaction k with re-
spect to species i. The subscript c denotes a cathodic reaction, and subscript r denotes the reactant
species in a given cathodic reaction. The subscript a denotes an anodic reaction, and subscript p
denotes reactant species in a given anodic reaction. ¢ is a reference concentration set to the con-
centration at unit activity (1 M). a,/ i is the transfer coefficient of the given anodic or cathodic half
reaction, R is the ideal gas constant, F is Faraday’s constant, T is the temperature (assumed to be
a constant 298 °K), and Ug is the equilibrium potential of the given half reaction evaluated at
pHo.
The concentration of CO3 in the electrolyte is determined using Henry’s Law,

\pHo

€C0,,1 = PCO,,gHCO, (4.5)

where pco,,g is the partial pressure of CO2 in the gas phase, and Hc, is the Henry’s Law constant
for CO2 dissolution in water.

CONCENTRATED SPECIES TRANSPORT IN THE GAS PHASE
The gas phase contains CO2, H20, Hp, CO, N3, and Oz. The mole fractions in the gas phase are
calculated from,
VN; =Rcri+RpT,i (4.6)

The flux, N; is defined by the following relationship,

1 eff PGfofinMA
Ni—ﬁi -pGD; Vwi——MA TPiUG | “4.7)

where ug is the bulk velocity of the gaseous mixture, M4 is the average molecular weight of the
mixture, and pg is the gaseous mixture density. Additionally, Mi is the molar mass of species i, w;
is the mass fraction of species i, and fo !
gaseous mixture.

is the effective diffusion coefficient of species i in the

WATER TRANSPORT IN THE IONOMER PHASE
The molar flux of water, Nw, through the ionomer occurs by two mechanisms: diffusion and
electro-osmosis.

M -
$aliL

Ny = adlVp, + 4.8)
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eff.M
w

where a is the water transport coefficient in the AEM, which is itself a function of the water

activity,[28] and ¢ ﬁ’[ is the electro-osmotic coefficient. Anions carry current in the AEM, so the sign is
negative because water flows in the direction opposite to the current density. The chemical potential
of water, p, is defined by

Hw :RTln(aw)+Vw,L(pL,M_pref) (4.9)

where Vy,, 1 is the molar volume of liquid water, and ay = py/ pz,up is the activity of water vapor
referenced to its vapor pressure. The water chemical potential is solved for by solving the mole
balance:

VNy :RCT,i+RPT,i (4.10)

It is important to note that the water in both the GDE and membrane, as modeled, are within
ionomer environments; in other words, the simulated GDE possesses Ag catalyst particles suspended
within an anion-exchange ionomer. This is crucial, because the ionomer in the GDE plays an im-
portant role in water management for the system. The ionomer is crucial in the case of excess water,
because it mitigates flooding and enables improved transport of the reactant CO> to the catalyst
sites.[26] However, it is also notable that the presence of the ionomer will change the local microen-
vironment in the catalyst layer, particularly, with respect to the local CO2 to H»O ratio due to the
lower water availability in the anion-exchange ionomer compared to the liquid water present in a
flooded GDE catalyst layer.[29] Ultimately, the ionomer microenvironment is beneficial for CO2RR
because it enables enhances the local CO2 to water ratio, mitigates flooding, and provides improved
ionic pathways for the transport of ions to and from the reactive sites. However, at higher current
densities, the reduced water availability in the catalyst layer ionomer can become limiting. There-
fore, for the case of simulation, we choose to model the system with an ionomer in the catalyst layer
because it possesses the most opportune microenvironment for potential application in CO2RR de-
vices, as well as the most severe case of potential catalyst layer dry-out.

BULK FLUID FLOW IN POROUS MEDIA
The gas and liquid pressures in the porous media domains (PTLs and CLs) are calculated using
mass conservation and Darcy’s Law as follows.

Vppup:Qp (4.11)
eff
up =—mVpp (4.12)
Hp
eff

In the above expressions, u, is the mass-averaged velocity field of phase p, v ; pis the effective
permeability of phase p in a porous medium, m, and py, is the bulk pressure of phase p. up and pp
are the viscosity and density of phase p, respectively.

BOUNDARY CONDITIONS

The boundary conditions are detailed in Table 4.1. At the leftmost boundary of the anodic PTL
(the interface of the anode channel (CH) and the PTL), the potential is set to the applied cell po-
tential. At this boundary, the gas pressure is set to 1 bar. The liquid-phase Darcy’s Law boundary is
defined as follows: if the liquid pressure, py, is less than or equal to the gas pressure, then a no-flux
boundary condition is applied. Conversely, if the liquid pressure exceeds the gas pressure, there is an
outward flux of liquid water with an arbitrarily high mass-transfer coefficient (k7 = 1 kgm™2s™1)
to maintain the pressure balance at the boundary. At the interface of the cathode CH and PTL, the
gas and liquid pressures remain the same as for the anode side, but the solid-phase potential is now
set to ground (0 V). At the interface of the PTL and the CLs, the ionomer water flux and the ionic flux
are both set to 0. Lastly, at the interface of the internal channel and the membrane, the chemical
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potential of water in the membrane is set to 0 (i.e., the liquid pressure in the membrane is set to its
reference pressure of 1 bar).

Table 4.1: Boundary conditions for the continuum simulation.

Anode CH|PTL Cathode CH|PTL

¢bs Veell ov
j22¢} 1 bar

k - —pe
pr__ npuu = PP step P

Anode PTL|CL Cathode PTL|CL Internal CH/Mem

oL V=0 V=0
Lo VN, =0 VN, =0

Ho=0

NUMERICAL METHODS

All governing equations were solved using COMSOL Multiphysics 5.6 software with the PARDISO
solver with a relative tolerance of 0.001. The modeling domain was adaptively refined, with element
size decreased sharply near domain boundaries to capture gradients in the simulated quantities.

4.2.2. EXPERIMENTAL

MEMBRANE FABRICATION

For the preparation of the AEM, an imidazolium-functionalized poly(phenylene oxide) ImPPO)
polymer with 13 % of functionalized methyl pendants was synthesized as described elsewhere [30].
To fabricate a membrane with internal microchannels, a mold with these channels was first milled
in polyether ether ketone (PEEK). Afterwards, a positive mold was made in polydimethylsiloxane
(PDMS). 0.26 g of ImPPO was then dissolved in =4.5 mL of NMP, the solution was cast in the PDMS
mold, and left in the oven at 70°C for =36 H until the solvent had completely evaporated. This
resulted in a membrane material with the profiled channels (Figure 4.2b). The inlet and outlet holes
were reamed into the sides (Figure 4.1). To enclose the channels, a 40 um thin film of ImPPO without
channels was attached with a minimal amount of NMP. For additional tests and comparison, two
membranes without channels were fabricated: a 32 um-thick membrane, and a membrane with the
same thickness (170 um) as the one with internal microchannels.

ELECTROCHEMICAL CELL TESTS FOR FLAT MEMBRANE

The ImPPO membrane conductivity and CO reduction characteristics were tested using a 5
cm? electrolyzer from Dioxide Materials, with 0.1 M KOH anolyte and a humidified CO stream at
the cathode. The cathode was a carbon paper GDE (Sigracet 38 BC) sputtered with 100 nm-thick sil-
ver layer, and the anode was a nickel foam electrode. Using an IviumStat.f potentiostat, a current of
100 mA/cm? was applied for 30 minutes, while measuring the voltage. The gas outlet was analyzed
using a gas chromatograph (CompactGC, Interscience).

ELECTROCHEMICAL CELL TESTS FOR MEMBRANE WITH INTERNAL MICROCHANNELS

A 2.25 cm? electrolyzer was custom-made with an inlet and outlet for the membrane’s internal
microchannels (Figure S4.3). It was first used to measure the membrane resistance with deion-
ized (DI) water or different electrolyte concentrations inside the channels using the fast current-
interrupt method. On the two sides of the cell, 0.1 M KHCO3 was used as catholyte and anolyte.
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Two micro reference electrodes (Ag/AgCl) from Alvatek were placed near the inlets of the catholyte
and anolyte in the cell and a current of 5 mA/cm? was applied until a stable voltage was observed
(Figure S4.4). By interrupting the current, the drop in voltage corresponding to the ohmic resistance
was immediately observed. The electrolyte inside the channels was pumped at 0.2 mL/min using
a syringe pump and the anolyte and catholyte were flowed at 1.3 mL/min. The concentration of
KHCOj3 inside the channels was varied between 0 and 0.5 M.

For the electrolysis experiments, a humidified (89-95 % humidity) CO2 gas stream was used on
the cathode side, while the anolyte was either 0.1 M KOH or a humidified N stream. The liquid flow
rates were the same as those used in the resistance experiments and the gas flow rates were set at
50 sccm. Initially, a voltage of 3 V was applied to the cell for 30 minutes in order to ensure that the
membrane was equilibrated with the ions produced during CO> electrolysis, such as HCO3~™ and
CO32~. The voltage was then swept linearly at 0.1 V/s up to 3.75 V and the current was recorded
continuously.

For the K* crossover experiments, a constant current of 5 mA/cm? was applied for 70 minutes.
A sample was taken from the electrolyte in the membrane microchannels before and after the ex-
periment, and the cathode GDE was immersed in acidified water with 15% isopropanol and stirred
overnight. Both solutions were then filtered and analyzed using ion chromatography (Metrohm 881
Compact IC Pro). This method allows the estimation of the amount of K* ions which have crossed
from the anolyte to the cathode surface.

4.3. RESULTS AND DISCUSSION

4.3.1. MACROSCALE SIMULATIONS
EFFECT OF INTERNAL CHANNEL GEOMETRY AND LOCATION
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Figure 4.3: (a) Simulated polarization curves for bilayer AEM-MEA systems (red solid lines) with various dis-
tances between the centers of the internal microchannels (see schematic in Figure 4.2 for definition of H), as
well as for an AEM-MEA with no internal channel (black dashed line). Simulated water content distribution
within the MEA for a bilayer MEA with H = 360 um at applied voltages of (b) 2 V and (c) 3 V. For these simula-
tions, the aspect ratio of H to the channel height (H_j,,;,) is constant. If H is scaled by 0.5, H},;, is similarly
scaled by 0.5. The thickness of the channel is constant. The simulated water content and intermediate applied
potential of 2.5 V can be found in Figure S4.6.

To explore how the implementation of an internal membrane channel impacts the performance
of a vapor-fed MEA CO3 electrolyzer, the local water content and current densities were simulated
for various applied potentials in a macroscale model of the device. Considering the low conduc-
tivity of the DI-filled internal channel and the expected improved hydration, the size and spacing
of the internal channels are important parameters. As shown in Figure 4.3a, when a channel with
half-distance of the channel centers (H) of 360 um is incorporated into the membrane (i.e., 720 pm
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spacing, 218 um channel height), the current density is lower than that of a device with no chan-
nel at potentials greater than approximately 2.4 V. This reduction is a result of the increased ohmic
resistance incurred due to loss of direct ionic pathways between the anode and cathode when a DI
water-filled channel is incorporated into the cell. However, the hydration of the membrane is sub-
stantially improved (Figures 4.3b-c, S4.7), thus there is a tradeoff between ionic path tortuosity and
membrane hydration. Notably, sections of the cathode catalyst layer (cCL) closest to the internal
channel are fully hydrated, with the AEM being fully liquid equilibrated with a water content (1) of
17, where the water content is defined to be the moles of water in the membrane or CL ionomer do-
main per moles of fixed charge.[31] This improvement in the membrane hydration could potentially
lead to longer AEM lifetimes.[32, 33]

When H is decreased proportionally along with the channel height (H,;,,,) @.e., the channel
spacing is decreased), the polarization characteristics improve (Figure 4.3a). When the channel
spacing decreases by a factor of four (H = 90 vs H = 360 um), the MEA can achieve a substantial
100 mA/cm? enhancement in the current density at an applied potential of 3 V. This enhancement
results from improved hydration reducing the ohmic losses incurred in the cell. For this case, the
improved ionic conductivity through the membrane due to increased hydration around the chan-
nels outweigh the low conductivity of the DI water in the channels themselves. The water content
distributions for the no channel, along with the H = 90 and 180 pm cases can be found in Figures
§4.7-§4.9. As simulated, for a given applied potential, bilayer AEMs with lower channel spacings
possess larger, more uniform water content values.

To further highlight the role of hydration in these ionomers, it is instructive to calculate the
average tortuosity of these modified AEMs. These tortuosities are calculated using power loss analy-
sis[34, 35] for the fully hydrated AEM at low applied potentials to calculate an effective conductivity
of the AEM that accounts for the increased average path length required to traverse around the water
channel (see Supporting Information). The ratio of the conductivity of the membrane without the
water channels to the effective conductivity of the membrane with the water channels represents the
increase in the tortuosity of the ion conduction pathways. The tortuosities of all three AEMs with
channels are greater than one, meaning that the ionic conductivities through these AEMs should
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