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Abstract

Hydrogen will be a key component of a zero-emission energy system, enhancing
resilience and aiding in decarbonizing hard-to-abate sectors. For mid-term hydro-
gen distribution and storage, blending hydrogen into the natural gas grid presents
a viable option that necessitates decentralized compression and separation tech-
nologies, as hydrogen must be compressed to achieve competitive volumetric en-
ergy density. Existing technologies, such as mechanical compression and pres-
sure swing adsorption, are not well suited for distributed hydrogen compression
and separation and often entail high footprints and capital costs. Electrochem-
ical hydrogen compression is an evolving technology combining separation and
compression, delivering high hydrogen purity and operational flexibility. This thesis
aims to advance electrochemical hydrogen compression applicability in natural gas
mixtures by increasing process robustness against impurities and reducing costs
through innovative reactor design.

Low- and high-temperature electrochemical hydrogen compressor (EHC) sys-
tems are compared in this work, assessing their performance and poisoning toler-
ance in the presence of single impurities (CO,, CO, NH3, H»S) at natural gas con-
centrations. In the low-temperature EHC, detrimental performance reductions due
to impurities were observed. With impurity/hydrogen mixtures, the high-temperature
EHC demonstrated stable operation, minimal potential increase, and higher prod-
uct gas purity compared to the low-temperature EHC. However, diluting the H>S/ hy-
drogen feed with methane resulted in severe potential oscillations. Several mitiga-
tion strategies were implemented to address HzS poisoning in the high-temperature
EHC, with repetitive cyclic voltammetry proving the most effective and efficient.
Furthermore, an innovative tubular reactor design was developed alongside a 2D
numerical model. This work established a proof-of-concept for the tubular EHC
design. The modeling results indicated the process competitiveness of EHC tech-
nology compared to state-of-the-art separation and compression methods, high-
lighting its potential for integration into future hydrogen distribution systems.

This research demonstrates the capability of high-temperature EHCs to simul-
taneously compress and separate hydrogen from natural gas mixtures containing
critical impurities. By developing innovative reactor designs and demonstrating
effective mitigation strategies for poisoning effects, this work advances EHC tech-
nology, paving the way for its integration into hydrogen distribution systems.






Zusammenfassung

Wasserstoff wird eine Schllisselkomponente eines emissionsfreien Energiesys-
tems sein, die die Systemresilienz erhéht und die Dekarbonisierung von ,Hard-
to-abate“-Sektoren ermdglicht. Fir die mittelfristige Wasserstoffverteilung stellt die
Einspeisung von Wasserstoff in das Erdgasnetz eine praktikable Option dar. Diese
bendtigt jedoch dezentrale Wasserstoffabscheidetechnologien und Verdichtungs-
technologien, um eine wettbewerbsfahige volumetrische Energiedichte von Was-
serstoff zu erreichen. Die bestehenden Technologien, mechanische Kompressi-
on und Druckwechseladsorption, sind fir die dezentrale Wasserstoffkompression
und -abtrennung durch hohen Platzbedarf und Kapitalkosten, nicht gut geeignet.
Elektrochemische Wasserstoffkompression ist eine aufstrebende Technologie, die
Trennung und Verdichtung kombiniert, sowie hohe Wasserstoffreinheit und betrieb-
liche Flexibilitat erzielt. Diese Arbeit zielt darauf ab, die Anwendbarkeit der elektro-
chemischen Wasserstoffkompression in Erdgasgemischen zu verbessern, indem
die Prozessrobustheit gegentber Verunreinigungen erhéht und die Kosten durch
ein innovatives Reaktordesign gesenkt werden.

In dieser Arbeit werden nieder- und hochtemperatur elektrochemische Wasser-
stoffkompressoren (EHC) hinsichtlich ihrer Leistung und Vergiftungstoleranz in Ge-
genwart einzelner Verunreinigungen (CO., CO, NH3, H.S) verglichen. Im nied-
rigtemperatur -EHC wurde eine starke Leistungsminderung durch die Dosierung
der Verunreinigungen beobachtet. Der hochtemperatur-EHC konnte mit Verunrei-
nungsbeimischung im Wasserstofffeed, unter einem minimalen Potentialanstieg,
stabil betrieben werden. Die Verdiinnung des H,S/Wasserstoff Feedgases mit Me-
than flhrte zu starken Potentialoszillationen. Folglich wurden Strategien zur Ein-
dadmmung der Vergiftung durch H>S im hochtemperatur-EHC entwickelt und ge-
testet, wobei sich die wiederholte zyklische Voltammetrie als die effektivste und
effizienteste erwies. Dartber hinaus wurde ein innovatives réhrenférmiges Reak-
tordesign und ein numerisches 2D Modell des Reaktors entwickelt. Es wurde ein
Proof-of-concept fur das réhrenférmige EHC-Design erbracht. Die Modellierungs-
ergebnisse zeigten die Wettbewerbsfahigkeit der EHC-Technologie im Vergleich zu
etablierten Trenn- und Kompressionsmethoden und unterstrichen ihr Potenzial fr
die Anwendung in Trenn- und Kompressionsaufgaben.

Diese Forschungsarbeit demonstriert die Kombination von Wasserstoffverdich-
tung und -abtrennung aus Erdgasmischungen in einem hochtemperatur-EHC. Durch
die Entwicklung innovativer Reaktorkonzepte und die Demonstration wirksamer
Strategien zur Eindammung von Vergiftungseffekten steigert diese Arbeit die An-
wendbarkeit der EHC-Technologie in Wasserstoffverteilungssystemen.
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Introduction and Scope

Transitioning to a zero-emission energy system mandates transformation
in sectors with high green house gas (GHG) emissions. Electricity gen-
eration and industrial processes are responsible for >65 % of the global
greenhouse gas emissions and, thus, should be targeted in decarboniza-
tion action [Lamb2021; Hert2018]. Transitioning to renewable energy and
electrifying industry is the central strategy to mitigate GHG emissions. How-
ever, achieving complete decarbonization in hard-to-abate sectors, such
as industry and high-temperature heat applications, presents challenges
when relying solely on electrification [Sahr2024]. Consequently, convert-
ing electrical energy into carbon-free chemical energy carriers should be
implemented to enable the decarbonization of hard-to-abate sectors, while
also dampening the volatility of renewable energy and increasing energy
system resilience [Ange2025]. Among carbon-free carriers, green hydro-
gen is seen as a central part of a decarbonized energy system due to its
versatility in use, compatibility with existing infrastructure, ability to produce
high-grade heat, and ease of production via water electrolysis [Sahr2024].
Hydrogen is already a widely used commodity, serving as a feedstock in
various industrial applications, including refineries, as well as the produc-
tion of ammonia and methanol. To reach competitiveness with other en-
ergy carriers and storage options, hydrogen needs to be compressed to at
least 350 bar, at the cost of about 10 % of the energy content of hydrogen
[Fran2024]. Consequently, optimizing hydrogen compression is targeted in
research and development.



Hydrogen must be distributed after compression to be available at the
respective site. Delivery via truck is the most economical method for trans-
porting small amounts of hydrogen. Once the hydrogen demand expands,
transport via a hydrogen pipeline will become more favorable; however, in-
vestment and time are needed to establish the network [Demi2018]. As a
midterm solution and to enable long-term hydrogen distribution to remote
locations, several EU countries, including Germany, aim to enable hydro-
gen blending into the natural gas grid by 2030 [Mela2013]. Additionally,
green hydrogen blending would have an immediate positive effect on GHG
emissions from natural gas appliances [Maha2022]. Separation and com-
pression technology is necessary to extract hydrogen from the natural gas
grid or biogas facilities. Currently, there are limited technologies available
for decentralized separation and compression of hydrogen from gas mix-
tures, such as natural gas, that achieve high purities necessary for most
applications [Rhan2020].

Electrochemical hydrogen compression is a promising technology provid-
ing high recovery rates and hydrogen purity in a single step while maintain-
ing high efficiency, even in small-scale operations [Nord2019; Mrus2024].
Moreover, electrochemical hydrogen compressors (EHCs) integrate both
hydrogen compression and separation into a single operational unit, which
serves as a significant advantage for applications involving impure hydro-
gen or gas mixtures, such as blended natural gas [Durm2021]. Electro-
chemical hydrogen compression is a non-mechanical compression tech-
nology that compresses hydrogen without moving parts, lowering main-
tenance needs. The compression principle of an EHC is electrochemi-
cal, yielding higher theoretical compression efficiencies than mechanical
ones [Kee2019]. However, several challenges still hinder the successful
implementation of EHCs in industrial applications. Key challenges include
minimizing energy demand (cell potential), enhancing process robustness
against gas impurities commonly found in feedstock gases, and reducing
costs associated with the electrochemical cell stack [Zou2020; Piva2024].

To address the challenges associated with EHCs, this thesis examines
operational process design and reactor design. Through experimental in-



vestigation guided by the following research questions, we aim to enhance
the EHC performance in terms of efficiency and stability under realistic op-
erating conditions.

Main research question: How to increase the robustness
and efficiency of EHC?

Following an approach focused on process and reactor design presented in
Figure 1.1, this thesis advances the understanding of EHC operation in nat-
ural gas and process robustness and presents an innovative reactor design
for cost reduction. Chapter 2 provides an overview of hydrogen compres-
sion and separation technologies. Additionally, the working principle of an
EHC is presented, along with an overview of the state-of-the-art literature
on the topic. The sub-questions of each chapter, aiding to answer the main
question of the thesis, are elaborated below.

Influence of single impurities, process strategies for
mitigation, withdrawal from natural gas

X-

poisoning
X-

\/
/\mitigation

Reactor design

Prigh

Operation temperature, Relative humidity Fabrication method, Experimental
Combined compression and separation proof of principle, 2D modeling
Planar Tubular
electrochemical hydrogen compression and separation electrochemical hydrogen compression

Figure 1.1: Structure of the chapters presented in this thesis.




Sub-question 1: How do low- and high-temperature EHCs
compare regarding hydrogen compression and
separation performance?

To facilitate future critical technology assessments, different types of EHCs
are compared in terms of polarization behavior, as well as separation and
compression performance. Achieving hydrogen purities of at least 99.999 %
is essential to meet the standards required for most applications. Therefore,
Chapter 3 investigates the purity levels attainable with both low- and high-
temperature EHCs. Operations conducted near the limiting current are also
examined to maximize the hydrogen recovery rate, providing insights into
optimizing the EHC performance for practical applications.

Sub-question 2: What is the influence of trace impurities
present in the natural gas grid on EHCs and how to
mitigate them?

For the effective operation of EHCs in withdrawing hydrogen from natural
gas or other gas mixtures, these systems must maintain functionality in the
presence of various impurities typically found in natural gas. Natural gas of-
ten contains trace amounts of contaminants such as carbon dioxide (CO.),
carbon monoxide (CO), hydrogen sulfide (H2S), ammonia (NH3), and other
hydrocarbons. These impurities can significantly affect the performance
and longevity of EHCs by interfering with the electrochemical reactions nec-
essary for efficient hydrogen separation and compression. In Chapter 4 the
influence of single trace impurities on EHC performance under various pro-
cess conditions are examined. Additionally, mitigation strategies for reduc-
ing the impact of these contaminants are explored to enhance operational
stability and efficiency.



Sub-question 3: Can a tubular EHC be built and
operated?

Reducing the cost of electrochemical cell stacks is crucial for enhancing the
economic feasibility of EHCs. As bipolar plates account for approximately
51 % of the total stack cost, designing novel electrochemical cell geometries
can facilitate future reductions in capital cost [Inte2020]. Chapter 5 explores
the production procedure and experimental proof of principle in hydrogen
compression of a tubular EHC. A 2D model of the tubular and planar EHC
was developed to investigate electrochemical cell design parameters, such
as porosity, and to compare technology competitiveness with state-of-the-
art designs. The tubular EHC design addresses cost concerns and provides
additional benefits, such as improved reactor sealing, optimized flow con-
ditions, and enhanced pressure distribution within the membrane electrode
assembly.
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2.1 Hydrogen compression

Due to the very low volumetric energy density of hydrogen, compression is
an essential unit operation in the envisioned hydrogen economy [Abe2019;
Pesc2020]. Hydrogen compression technology is categorized according
to its compression principle into mechanical and non-mechanical compres-
sors [Fran2024]. Mechanical compressors, which are state-of-the-art and
most widely used in hydrogen applications, function as positive volume dis-
placement devices. The confined volume, in which hydrogen is contained,
is reduced, leading to an increase in pressure according to ideal gas law.
Various mechanical hydrogen compressor designs are available. The most
commonly used are reciprocating piston compressors, diaphragm compres-
sors, and linear compressors [Sdan2019a]. The disadvantages of mechan-
ical compressors include moving parts, high investment and maintenance
costs, contamination, and noise [Zou2020]. Among the non-mechanical
compressors are cryogenic compressors, combining liquefaction and com-
pression, metal hydride compressors, adsorption compressors, and elec-
trochemical hydrogen compressors [Ayku2023].

2.2 Hydrogen separation

To date, hydrogen is mostly produced by steam methane or coal reforming,
needing gas separation to gain hydrogen in the necessary purity for indus-
trial applications such as hydrogenation. The most widespread technol-
ogy for hydrogen purification is pressure swing adsorption (PSA) due to its
techno-economic feasibility for large-scale hydrogen separation [Nord2021;
Lube2022]. Other technologies employed for hydrogen separation are cryo-
genic, pressure-driven membranes, metal hydrides, and electrochemical
hydrogen compression [Ayku2023].

In PSA, the impurities are removed by preferential adsorption of the im-
purities to the adsorbent bed. PSA can deliver high purities (>99.99 %)
at moderate recoveries (typically 75%). The PSA is operated as a cyclic
process, with multiple columns to enable continuous operation. Figure 2.1




illustrates a two-column PSA. One simplified cycle of an adsorption column
can be structured into four main steps: Pressurization of the column, ad-
sorption of the impurities on the adsorbent, depressurization of the column,
and desorption at low pressures. A detailed description of the cycle for hy-
drogen purification can be found in the following manuscript [Relv2018].

Product gas
A

e Pl

Vent
A
- P-1-pe-
Feed gas

Figure 2.1: Flow sheet of a two-column pressure swing adsorption system.

In cryogenic hydrogen separation, hydrogen is separated due to volatil-
ity difference by decreasing the temperature of the gas mixture [Ayku2023].
Cryogenic hydrogen purification has high OPEX due to low operating tem-
peratures and compression. It is mainly operated at large scale and can
deliver moderate purity 90 to 99 % [Aasa2021]. Pressure-driven membrane
processes with dense polymeric membranes work based on the permeabil-
ity difference of the components in the gas mixture (Comp. Eqn. 2.6). They
can achieve moderate purity, ranging from 95 to 98 %, and are applicable
in small to medium-sized facilities. However, a pressure difference across
the membrane is necessary as a driving force. Consequently, interstage
compressors are needed [Amin2023]. Alternatively, metallic membranes,
mostly made from palladium alloys, can deliver high purities >99.9 % but
suffer from high CAPEX due to the noble metal membrane’s high material

10



cost [Lube2022].

For the separation of low-concentration hydrogen, such as in hydrogen
withdrawal from natural gas, hybrid processes gained scientific interest as
they combine the merits of different separation technologies [Liem2017;
Nord2021]. Linde and Evonik, for example, have developed a combined
membrane and PSA process to separate hydrogen from natural gas, achiev-
ing a hydrogen purity of 6.0 [Purr2021].

However, the traditional technologies described earlier require at least
two separate unit operations to compress and separate hydrogen from gas
mixtures, resulting in increased equipment needs and a larger footprint. For
future process intensification in distributed hydrogen applications, it is es-
sential to integrate the functions of compression and separation into a sin-
gle system. Furthermore, electrifying the separation process is desirable to
support the energy transition.

2.3 Electrochemical Hydrogen Compression

Electrochemical hydrogen compressors (EHCs) emerge as a promising al-
ternative by simultaneously addressing compression and purification within
one compact system and are currently under investigation and development
for applications in hydrogen withdrawal from gas mixtures [Chhe2024]. A
timeline of the most critical developments in electrochemical hydrogen com-
pression and separation is presented in Figures 2.2 to 2.4.
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Electrochemical hydrogen
separation

1969
Langer et al. patent hydrogen
separation from gas mixtures in an EHC.

1990

Farooque et al. perform H, separation
with phosphoric acid electrolyte at
temperatures above 100°C and report
hydrogen recoveries >90%.

2005

Benicewicz et al. introduce high-
temperature EHC (HT-EHC) featuring a
polybenzimidazole membrane.

2007

Gardener et al. investigate H,
separation from reformates and
mitigated CO-poisoning with potential
pulses.

2008
Perry et al. operate PA-PBI HT-EHC for
4000 h and demonstrate feasibility of
EHC for H, recycling from reformates.

2010

Thomassen et al. observe decreased
poisoning effect with increasing
process temperature in HT-EHC.

2013

Kim et al. compare low and high-
temperature EHC and observe that
the anode catalyst loading has major
influence of EHC operation with
diluted feed.

Figure 2.2: Findings and development in electrochemical hydrogen separation

1969-2005

X 20132016 & 20072011 &

Electrochemical hydrogen
compression and other findings

1998
Rohland et al. develop EHC cell for high
differential pressure operation.

2002

Strobel et al. show that EHC has a lower
power consumption than mechanical
compressors in the low power range.

2011

Nguyen et al. identify membrane
humidification as key challenge by
using electrochemical impedance
spectroscopy.

2014

Bouwmann with the company HyET
demonstrate H, compression up to
1000 bar in single EHC stage.

2016
Hao et al. present EHC cell design with
internal humidifier.

(left) and electrochemical hydrogen compression (right).
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2018

Toghyani et al. report lower power
consumption of EHC compared to
compressor and ejector in fuel cell car.

2019

Nordio et al. establish 1D+1D model
and show superior performance of
EHC compared to PSA at small scale
and low H, concentrations.

2020

Ohs et al. combine EHC and
temperature vacuum swing to separate
N,, H, and CO,, showing competitive
cost compared to state of the art.

2020

Nordio et al. RWGS forming CO is
mainly causing catalyst poisoning
in EHC when operated in CO,/H,
mixtures.

2020

Jackson et al. investigate the effect of
poisons in steam methane reformate
on EHC and poison mitigation
strategies using ozone and oxygen.

2021

Vermaak et al. investigate H,
separation from binary mixtures
using high-temperature EHC with
TPS-membranes and observe
detrimental effect of NH,.

(0))
i
o
(\Il
0
i
o
N

2018

Bampaou et al. establish a 2D EHC
model, identifying back diffusion and
water management as challenges.

2018

Rico-Zavala et al. develop SPEEK
holloysite nanotube phosphungstinic
acid membranes for low H, crossover.

2019

Kee et al. propose combining polymer
and ceramic-based EHC based on
thermodynamic analysis.

2019

Schorer et al. demonstrate 5 kg H,/day
compression to 200 bar using HyEt
stack.

2020

Toghiani et al. couple a 3D-numerical
model with CFD and perform energy
and exergy analysis of an EHC with
varying T, p and GDL thickness.

2020

Sdanghi et al. observe non-
uniform water transport across the
EHC membrane in a segmented
cell.

2021

Zou et al. perform electrochemical
impedance study evaluating
operating parameters of EHC.

Figure 2.3: Findings and development in electrochemical hydrogen separation
(left) and electrochemical hydrogen compression (right).
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2022

Venugopalan et al. separate H, from
Reformates, Syngas and WGS
effluent in an HT-EHC .

2023

Jackson et al. study H, separation from
NG in an EHC with N177 membrane.
They did not reach fuel cell purity, and
the system failed with 50% NG.

2023

Maxwell et al. study the energy
efficiency of H,/CO, separation and
the system efficiency with waste heat
integration in an HT-EHC.

2023

Cheng et al. develop pseudo-2D
model including CO surface coverage
to model catalyst poisoning.

2024

Mrusek et al. observe detrimental
performance loss upon introduction
of the odorant THT.

2024

Arunagiri et al. study H, separation
from NG in an HT-EHC and observe
44uV/h degradation.

2022
Pineda-Delgado et al. compress H,
to 50 bar.

2022

Aziz et al. investigate the influence of
membrane thickness, T, and
compression ratio in a 3D model.

2023
Braig et al. use DRT analysis to
unravel the resistances of an EHC.

2024

Prokopou et al. optimize the sizing
and operation of an EHC with 1D
model.

2024
Gong et al. optimize flow field to
improve water management in EHC.

2024
Zangler et al. develop tubular EHC.

2024
Durmus et al. compress H, to 60 bar
in an HT-EHC with PBI-membrane.

Figure 2.4: Findings and development in electrochemical hydrogen separation
(left) and electrochemical hydrogen compression (right).
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Figure 2.5 illustrates the working principle of an EHC. On the EHC’s an-
ode, hydrogen from a pure feed or a gas mixture is selectively oxidized
(hydrogen oxidation reaction (HOR), Egn. 2.1). Impurities X in the feed
are retained by the proton exchange membrane, enabling hydrogen sepa-
ration. The formed protons migrate towards the cathode governed by the
electrical driving force applied to the system. On the cathode, the protons
are reduced, and hydrogen at a higher partial pressure evolves (hydrogen
evolution reaction (HER), Egn. 2.2) [Lang1969; Mage1970].

Hp — 2H" +2e" (2.1)

2H" +2e — Hp (2.2)

Figure 2.5: Working principle of electrochemical hydrogen compression.

The increase in hydrogen partial pressure from the anode (p,) to the cath-
ode side (p.) is governed by the Nernst potential Ey (Eqn. 2.3) with R the
ideal gas constant, T the process temperature, z = 2 the number of elec-
trons transferred in the reaction and F the Faraday constant. For the EHC,
the Nernst equation simplifies as the thermodynamic equilibrium potential
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(Ep) of the HOR and HER are 0V vs. SHE [Zou2020].

_ RT ac _ RT sz’C
EN —E0+?Ina—a = oF anz,a

(2.3)

The Nernst potential is the thermodynamic minimum potential required to
achieve a desired compression ratio. However, additional losses, namely
the activation overpotential (E,,), the potential caused by ohmic losses in the
cell (Eonm) and by mass transport (Epjassmansport), N€€d to be considered in
terms of cell potential [Zosk2007; Chou2020].

Ecen = En + En + Eopm + EMassTransport (2.4)

The molar amount of hydrogen pressurized (1) or purified in the cell de-
pending on the cell’s current is determined by Faraday’s law (Eqn. 2.5), with
the current flowing in the EHC (/), z number of electrons transferred in the
reaction (for EHC: z = 2) and F the Faraday constant (F = 98 485 C mol~)

/

H:F

(2.5)

However, partial pressure gradient driven back diffusion of hydrogen from
the cathode to the anode compartment occurs, reducing the output of the
EHC. The diffusion through non-porous polymeric membranes, as molar
flux ", can be described by the solution-diffusion model, with the diffusion
coefficient D;, the molar concentration ¢; and the membrane thickness o
[Wijm1995].

A =D, Ci feed _6Ci,product (2.6)

By assuming a Henry relation and ideal gas behavior, the concentration
is linearly dependent on the partial pressure p;, and equation 2.6 can be
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simplified to

D; - S;
o !
=

- (Xi - Preed — ¥i 'pproduct) (2.7)

The product of the diffusion and Henry coefficient (S;) is described as the
permeability (P;) of a material.

P, =D;-S (2.8)

In the case of electrochemical hydrogen separation, the molar flux of im-
purities to the cathode can also be described by equation 2.7. The back
diffusion molar hydrogen flow is derived by multiplying the flux with the mem-
brane area (Amem).

Dp, - Sh,

5 : (XHZ * Preed — yH2 ‘pproduct) (2-9)

hback = Amem :

With the definition of back diffusion, the effective hydrogen molar flow to
the cathode can be expressed as the sum of the molar flow from Faraday’s
law (77) and the molar flow of back diffused hydrogen (fpack) [Pine2022b].

Nett = N + Npack (2.10)

In contrast to conventional mechanical compressors, which work isen-
tropic at best, the limiting thermodynamic case for EHCs is isothermal com-
pression. Isothermal compression thermodynamically needs less compres-
sion work to achieve the same compression ratios, consequently EHCs can
achieve higher theoretical compression efficiency, qualitatively displayed in
Figure 2.6 [Kee2019]. The general definition of specific work (w) for com-
pression, assuming the idealization of reversible heat transfer, is

w = Ah — TAS (2.11)
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Forisothermal compression, describing EHC, where Ah = 0, the following
definition of specific compression work can be derived by assuming the ideal
gaslaw pV = nRT, with the system pressure p, volume V, the molar mass n,
the ideal gas constant R (8.314 J mol~' K—') and temperature T [Kee2019].

w = RT InPo (2.12)
Pin

For determining the thermodynamic ideal work of compressing hydrogen
in an EHC under isothermal conditions, the effective molar amount of hy-
drogen transported through the EHC, which is calculated as the product of
the effective molar flow and compression time t (neg = Negt), is used.

I/Visothf—:'m,ideazl = Neff - RT In & (2-1 3)

Pa
However, the back diffusion of hydrogen compromises compression ef-
ficiency, and the actual work W, of an EHC is calculated based on the
cell voltage of the EHC and total charge [Pine2022b].

Wactua/ = Ecell -2Fn (2-14)

The specific work of isentropic compression in mechanical compressors,
where As = 0 can be described by [Kee2019]

w = Ah = / V(s,p)dp (2.15)

In practice, several compression stages and interstage cooling are nec-
essary in mechanical compressors, resulting in polytropic operation. Con-
sequently, a polytropic compression process describes mechanical com-
pression with the polytropic index n=1.36 [Taha2022; Fran2024; Suer2017].
For example, Franco et al. [Fran2024] analyze optimized multi-stage me-
chanical compression of hydrogen regarding compression work and state
11 MJ/kg compression work for compression to 35 MPa, which is equivalent
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to 1.4 times the isothermal compression work required.

n—1
n n
Wpol = - RT; @ —1 (2.16)
n—1 P1
polytropic |
x /"/.-/.. ____________
— PR P .
5 T e isentropic
; ‘/.‘/. T
‘/’,”“’ -
7, isothermal
i
Ap

Figure 2.6: Qualitative comparison of work for compression with rising pressure
difference when compressing isothermal, isentropic and polytropic.

Table 2.1 compares key performance indices of mechanical and electro-
chemical compression. The energy demand for electrochemical compres-
sion is slightly higher than that for mechanical compression, resulting in
higher operational costs. However, EHCs offer higher availability, mean-
ing the share of time the device can be operated, lower capital cost, and
combined compression and separation [Sdan2019a; Fran2024; Bouw2014;
Chhe2024; Prok2025]. To reach economic feasibility of EHCs a lifetime of
15-20 years, and high current densities >2 Acm—2 need to be achieved
while maintaining a low cell voltage <0.5V and a pressure difference of 50
to 70 bar [Trég2020; Piva2024]. The remaining challenges hindering the
merit of EHCs are reaching low cell voltages and, thus, operational costs,
lowering the proton exchange membrane gas permeability and process ro-
bustness against feed gas impurities [Trég2020; Zou2020].
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Table 2.1: Comparison of hydrogen compression from 1 atm to 350 bar using me-
chanical or electrochemical compressors.

Mechanical Electrochemical
Compressor Compressor

Energy demand 2.7 - 11 3-15

[KWh/kgpo] [Fran2024] [Bouw2014; Chhe2024; Prok2025]

Availability 70-90 >99

[%] [US D2015] [HYET]

Capital Cost 400 - 2300 150 - 1500

€/kgno [HYET; Chhe2024] [HYET; Chhe2024]

2.3.1 Electrochemical hydrogen compressor
configurations

The EHC stack’s functional unit is the membrane electrode assembly
(MEA). As shown in Figure 2.5, EHC MEAs are built in a zero-gap configu-
ration, meaning no gap exists between the electrodes, catalyst layers, and
the proton exchange membrane (PEM). MEAs can be fabricated by assem-
bling anode and cathode gas diffusion electrodes with a proton exchange
membrane. EHC gas diffusion electrodes primarily consist of carbon-based
woven or non-woven materials, comprising a microporous layer and a cata-
lyst coating. Alternatively, catalyst-coated membranes, in which the catalyst
is directly applied onto the PEM, can be sandwiched between gas diffusion
layers. Adjacent to the MEA, bipolar plates are placed for current supply
and gas distribution through gas flow fields. Cell fixtures, including gaskets
and end plates secured with bolts, are also required to assemble an EHC
[Verm2021b; Durm2021; Zou2021].

EHCs are categorized by operating temperature and the respective ion
exchange material used to separate the electrodes. An overview of the
EHC types is shown in Figure 2.7. Low-temperature EHCs operating be-
tween 30 to 90 °C are mainly built with PFAS-based proton exchange mem-

20



branes. The most commonly used membrane is Nafion™. The operation
of the low-temperature EHC is limited to temperatures below 90°C as the
proton transfer of Nafion™ relies on water, and at higher temperatures, the
membrane dries out, significantly decreasing the membrane proton con-
ductivity [Nguy2011; Jack2023]. High-temperature EHCs with acid-doped
hydrocarbon membranes can be operated between 120 to 200 °C. Addition-
ally, they can be operated in anhydrous conditions. The higher operating
temperature increases the process’s robustness against impurities in the
feed gas of the EHC [Perr2008; Rico2018; Maxw2023]. Solid oxide EHCs,
in contrast to low and high-temperature EHCs, work with ceramic proton
conductors. Their operating temperature lies between 300 to 1000 °C. Due
to their high operating temperature, the energy demand is high compared
to the EHCs based on polymeric membranes; however, their operation is
robust against feed impurities [Kee2019].

120 - 200°C 300 - 1000°C

.Low Temperature (LT) ,High Temperature (HT) . . «
EHC* EHC* »Solid oxide EHC
f — —— =3 I: —
e e e " e
Acid-doped Protonic ceramic
PFeSA ?\?:f?gnfME M Hydrocarbon PEM e.g. yttrium-doped barium
9 e.g. Polybenzimidazole zirconates

Figure 2.7: Overview of EHC types divided by operating temperature and respec-
tive proton exchange materials.
EHC electrocatalysis

Noble metal catalysts are predominantly employed in EHC, with platinum
and its alloys being the most widely used due to high catalytic activity for
the HOR and HER. Alloys with less noble metals (Pd, Ir, Ru) are proposed
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to increase HER activity and decrease CO poisoning [Bal2023; Ayku2022;
Wu2012]. Additionally, there is growing interest in non-precious metal cat-
alysts and carbon-based materials doped with heteroatoms for HOR and
HER [Trég2020; Lu2016]. Recently, Chhetri et al. [Chhe2024] demon-
strated EHC operation with a platinum group metal free molybdenum oxide
aerogel.

The HOR and HER either follow the Tafel-Volmer or the Heyrovsky-Volmer
mechanism. During the Tafel reaction, hydrogen adsorbs dissociatively to
Pt without electron transfer (Egn. 2.17), while during the Heyrovsky reac-
tion, one hydrogen atom adsorbs with simultaneous release of a proton and
electron (Eqn. 2.18). H,ys denotes an adsorbed hydrogen atom and Pt- is a
free adsorption site of the catalyst. During the Volmer reaction (Eqn. 2.19),
the adsorbed hydrogen atom is discharged, and a proton and electron are
released [Lu2016].

Tafel : Ha + 2Pt —— 2 Pt—Hags (2.17)
Herovsky : Ho + Pt- —— Pt—Hags + H + €~ (2.18)
Volmer : Pt—H,gs — H" + e~ + Pt- (2.19)

2.3.2 Proton transfer in ion exchange membranes for
EHC

Proton conduction in PEMs is facilitated by three primary mechanisms: the
Grotthuss, vehicular, and surface conduction [Agmo1995; Kreu1982]. The
Grotthuss mechanism describes a sequential hopping of protons through
a network of hydrogen-bonded molecules. More recent studies described
the Grotthuss mechanism involving periodic isomerizations between Eigen
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(HgO4") and Zundel (HsO>") complexes. The proton conduction is triggered
by hydrogen-bond cleavage and formation in the second solvation shell,
facilitating incoherent proton hopping [Agmo1995]. The vehicular trans-
port mechanism involves the diffusion of protons that are solvated by water
molecules (acting as carriers) within the membrane’s ionic domains, where
increased hydration enhances proton conductivity [Kreu1982; Nase2012].
In contrast, the surface mechanism pertains to the transfer of protons be-
tween neighboring functional groups [Ludu2011]. However, the precise
pathways and interactions that facilitate proton transport in PEMs remain
a subject of ongoing debate within the scientific community.

Perfluorosulfonic acid (PFSA)-based membranes

The most widely used perfluor sulfonic acid (PFSA)-based ion exchange
membrane is Nafion™, which comprises a hydrophobic polytetrafluoroethy-
lene (PTFE) backbone and hydrophilic sulfonated side chains [Sava2014].
PFSA-based membranes exhibit a two-phase structure, where water is dis-
persed within a generally amorphous polymeric phase, resulting in clear
phase separation between water pools and the perfluorinated matrix in
swollen membranes [Gebe1997; Eike2001]. The structure of PFSA-based
membranes at different humidification states is illustrated in Figure 2.8. This
distinct phase separation is crucial for membrane functionality, as water
solvates the polymeric acid side chains, thereby promoting proton mobil-
ity primarily through structural diffusion (i.e. Grotthuss) rather than vehic-
ular motion. Water is critical for the formation of hydrated protons (Eigen
(HgO4") and Zundel (Hs02") ) and the mobility of protons in PFSA-based
membranes [Feng2011; Padd2005]. Overall, proton conductance in ion ex-
change membranes is predominantly governed by bulk transport processes,
including the Grotthuss and vehicular mechanisms, which are influenced
by the dynamics of hydrogen bonding [Ludu2011]. However, the hydration
requirements limit the operational temperature, restricting effective perfor-
mance below the boiling point of water [Padd2005].
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Figure 2.8: Morphology change of perfluorosulfonic acid membranes with increas-
ing water content, adapted from [Gebe2000].

Polybenzimidazole-based membranes

In contrast to PFSA-based membranes, acid-doped polybenzimidazole
(PBI) membranes can operate under anhydrous conditions, enabling oper-
ation at temperatures above 100 °C and reducing humidification complexity
[Esco02020]. An overview of different PBI chemistries is given in [Seel2009].
Most research is focused on para-PBI, meta-PBl and AB-PBI. As the proton
conductivity of pristine PBI is low, acid-doping of the polymer is employed to
enhance proton conductivity [Esco2020]. Different strong acids have been
studied and compared as doping agents for PBI [Esco2020; Bouc1999].
H3; POy, is the most commonly used and studied doping agent due to its high
proton conductivity and low vapor pressure [Ma2004]. During doping, the
basic PBI forms an ion pair with H3PQO4 by accepting a proton. This interac-
tion establishes a hydrogen bond based network between H3PO4 molecules
and benzimidazole groups, favoring proton conduction. The number of acid
molecules per repeating unit of PBl is the acid doping level. In dry PBI with
high doping levels, proton hopping along acid-acid chains as displayed in
Figure 2.9 is the prevalent conduction mechanism [Quar2012; Bouc1999].
Additionally, proton hopping between the N-H site to phosphoric acid anions
and proton conduction via vehicle mechanism occurs but has little impact
on proton conductivity [Ma2004].
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Although H3PO4-doped PBI has good proton conductivity in anhydrous
conditions, the conductivity can be increased with the introduction of water
in highly doped membranes. The conductivity increases due to faster proton
conduction mechanisms along H3PO4-anion-H,PO,4 ™~ (Fig. 2.9) and H3PO4
- H>,O (Fig. 2.10) chains [Melc2017b]. However, even in anhydrous (dry)
conditions, aqueous species exist in H3PO4-doped PBI, as they are found
in H3PQOy4.

H3PO4-doped PBI can be generally prepared by casting the polymer in
NaOH/ethanol or N,N-dimethylacetamide (DMAc) solution and subsequent
acid immersion or direct casting of a PBI and H3PO, in a solvent (e.g. tri-
fluoroacetic acid). H3PO4-doped PBI membrane production via direct cast-
ing of PBI and H3zPOy,, also called PPA (polyphosphoric acid; sol-gel) pro-
cess achieves higher doping levels and consequently, higher conductivities
[Perr2014]. Commercial p-PBI membranes (BASF) produced by the PPA
process exhibit a high degree of acid doping of up to 40 mol PA/repeating
unit PBI [Xiao2005].

Figure 2.9: Proton transfer in H3PO4-doped meta-PBI along acid-acid.
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Figure 2.10: Proton transfer in H3PO4-doped meta-PBI along acid-H,O.

2.3.3 Electroanalytics in EHC

For experimental investigation of electrochemical cells or reactions, the
bulk properties of the components, electrode potentials, properties of in-
terfaces between different phases (electrodes, catalyst, PEM), and char-
acteristics (kinetics, mechanism) of the electrochemical reactions are of
interest [Bago2005]. To deconvolute these aspects, electrochemical and
non-electrochemical methods are employed. The following subsections will
focus on the electrochemical analytics used throughout this thesis.

Electrochemical impedance spectroscopy

In electrochemical impedance spectroscopy (EIS), the sinusoidal response
of an electrochemical system in equilibrium or steady state toward system
perturbations by applying a sinusoidal signal with varying frequency is mon-
itored [Bago2005]. EIS is used to analyze and discriminate electrical, elec-
trochemical, and physical phenomena in the EHC. The various processes
in the electrochemical cell exhibit different time constants, representing the
time behavior of each process. EIS can be used to deconvolute these
phenomena with different time constants as it is based on the frequency
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regime [Laza2023]. Electrochemical impedance data is typically presented
in Nyquist plots, as shown in Figure 2.12 presenting the negative imaginary
—Im(Z) over the real part of the impedance Re(Z) at different frequencies.
Semicircles represent processes with different time constants [Vivi2021].
The processes in the electrochemical system can be simulated by equiva-
lent circuits consisting of passive and distributed elements (e.g. resistors,
capacitors, constant phase elements) [Yuan2010].

The most common representation of an electrochemical system, includ-
ing faradaic reactions, is the Randles circuit, presented in Figure 2.11
[Bard2001]. The overall current flows through the ohmic resistance (Ropm)
and is then divided between the capacitive current for charging and dis-
charging of the electric double layer and the faradaic current. The faradaic
process can be represented by a series of the charge transfer resistance R,
related to the kinetics and the Warburg impedance Z,,, describing the mass
transport of the redox species in a semi-infinite linear diffusion boundary.
Figure 2.12 (B) shows the Nyquist plot of a Randles cell. However, many
electrochemical systems cannot be described using the Randles cell with a
semi-infinite linear diffusion boundary but rather a finite boundary diffusion.
Depending on the permeability of the boundary for the diffusing species, ei-
ther a transmissive boundary (Figure 2.12 A) with a constant concentration
profile or a reflective boundary (Figure 2.12 C) for which the flux of redox
species is zero, is used [Laza2023].

ROhm

| Rer Zy [

Figure 2.11: Randles equivalent circuit, with the ohmic resistance R, the charge
transfer resistance R, the mass transfer resistance R, the double layer capaci-
tance Cy and the Warburg impedance Z,.
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Figure 2.12: Schematic Nyquist plots showcasing different mass transport
regimes.

In the field of electrochemical hydrogen compression, EIS was used to
optimize the electrode microstructure, water management [Nguy2011], and
operating conditions [Zou2021]. Additionally, a distribution of relaxation
times (DRT) study of a high-temperature EHC was conducted, deconvo-
luting the different phenomena in the impedance response of the EHC
[Brai2023]. Braig et al. [Brai2023] attributed the first semicircle to a combi-
nation of proton transfer in the GDE, the HER, and HOR. However, the time
constants of the processes are too similar to be distinguished in the Nyquist
plot.

Cyclic voltammetry

Cyclic voltammetry (CV) is a linear scan technique, during which the poten-
tial is cycled between the lower and upper switching potential with a linear
scan rate, and the current response is recorded [Bard2001]. For EHCs, CV
is mainly used to assess the electrocatalytic properties of catalyst materi-
als employed in EHC systems [Ayku2022; Bal2023]. The catalytic perfor-
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mance is characterized via analysis of catalyst degradation, catalyst activ-
ity and the electrochemically active surface area (ECSA) of Pt catalyst by
hydrogen underpotential deposition. Additionally, ECSA analysis is used
to quantify catalyst poisoning effects when operating EHCs with feed gas
impurities [Wu2012]. Hydrogen underpotential deposition involves the con-
trolled adsorption of hydrogen onto Pt electrodes at potentials more posi-
tive than those required for hydrogen evolution. Assuming only atomic H
adsorbs onto the catalyst surface through the Volmer reaction while occu-
pying exactly one active site per atom, the ECSA can be calculated from
the observed charge transfer at low potentials corrected for double layer
charging and charge density corresponding to a monolayer of adsorbed hy-
drogen [Luka2016]. Figure 2.13 shows an exemplary cyclic voltammogram
of hydrogen underpotential deposition. The region for charge determination,
between 0.04 and 0.4V, is marked.
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Figure 2.13: Cyclic voltammogram for the determination of the electrochemically
active surface area via hydrogen underpotential deposition.
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3.1 Introduction

Perfluor sulfonic acid (PFSA)-based electrochemical hydrogen compres-
sors (EHCs) are the most widely researched, but their performance relies
on the high relative humidity in the feed gas to maintain the proton conduc-
tivity of the membrane (Ch. 2.3.2). This entails the limitation of the process
temperature to below 90°C and complex water management at high rela-
tive humidities. Recently, acid-doped polybenzimidazole (PBI)-based EHCs
gained increasing interest due to higher operating temperatures enabling
operation with feed-impurities and their ability to operate under anhydrous
conditions.

Kee et al. [Kee2019] compared polymer- and ceramic-based EHCs effi-
ciency based on thermodynamic analysis. The ceramic-based EHC, oper-
ating at temperatures >300°C, could be operated with steam reformates,
while polymeric EHCs required pure feed streams. However, the efficiency
of the ceramic EHC was lower than the polymeric EHCs because of the
power for heating. Aykut et al. [Ayku2024] compared PFSA and PBI-EHC
polarization behavior and compression time. They observed lower cell po-
tentials and faster compression at the same cell voltage for the PFSA-EHC.
However, they did not provide data on the power requirements of the re-
spective EHCs, leaving the research question regarding the compression
efficiency of the different devices open.

Overall, little research has been performed comparing the different types
of EHC, thus enabling a comparison of the economic feasibility. For PFSA-
based EHCs, water management has been thoroughly investigated; how-
ever, for PBl membranes, this aspect remains underexplored on cell level
[Pine2022a]. The mechanisms of proton conduction in phosphoric acid-
doped PBI membranes are influenced by the degree of acid-doping, op-
erating temperature, and water content within the membrane [Ma2004;
Melc2017a]. For use in electrochemical applications, only highly doped PBI
membranes are suitable due to the achieved conductivity.

Ma et al. [Ma2004] investigated the impact of water on the performance
of high-temperature proton exchange membrane (PEM) fuel cells with a PBI
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membrane. They proposed different proton transport mechanisms depend-
ing on doping level and water content. Additionally, they state that the proton
transfer in acid-doped PBI with water is faster, leading to higher proton con-
ductivities of the same. However, it is important to note that water evolves
as a product during fuel cell operation, leading to different humidity condi-
tions compared to EHCs. Perry et al. [Perr2008] investigated the long-term
behavior of an HT-EHC when alternating between 0 and 3 % relative humid-
ity. They observed a logarithmic decrease in cell potential of about 15 mV at
200 mAcm~2 and 160 °C when they increased the relative humidity and an
abrupt increase of cell potential once the humidification was discontinued.
Maxwell et al. [Maxw2023] compared the performance of an HT-EHC with
0 and 1.65 % relative humidity and also observed a decrease of 20 mV at
200 mAcm~—2 and 120 °C.

Despite these insights, there remains a gap in understanding the effects
of humidity on high-temperature EHC systems, especially introducing very
low relative humidities. For acid-doped PBI membranes, a trade-off exists
between acid leaching at high relative humidities, which decreases con-
ductivity over time, and increased conductivity when humidity is introduced
into the feed gas [Xu2024]. Consequently, the water supply must be care-
fully optimized to ensure optimal operation of HT-EHC with acid-doped PBI
membranes. Although the conductivity of acid-doped PBl membranes has
been a subject of research, there is little exploration within the context of
EHC, especially at low relative humidity.

This chapter begins with a thorough comparison of the operational char-
acteristics of PFSA-based and phosphoric acid-doped PBI-based EHCs.
This comparison facilitates an analysis of the feasibility of these technolo-
gies for practical applications. Thereafter, the effect of dosing low relative
humidity on the performance of HT-EHC is evaluated.
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3.2 Materials and Methods

30 % hydrogen peroxide was purchased from Sigma-Aldrich Chemie GmbH
(GER), and 2.5molL~" sulfuric acid was purchased from VWR Interna-
tional (USA). All chemicals were used as received. Ultra-pure water was
used with a conductivity of less than 0.05mScm~" (Milli-Q® (Merck KGaA,
GER)). Nafion™117 was supplied from DuPont de Nemours (USA) with a
dry thickness of 180 um. Gas diffusion electrodes with 0.5 mgcm~2 Pt load-
ing on Sigracet 29BC (SGL Carbon SE, GER) carbon paper with a (thick-
ness: 270um) and BASF Celtec-P1200W MEA (BASF SE, GER) MEAs
with 1 mgcm~2 Pt loading on one and 0.7 mgcm~2 Pt loading on the other
electrode with an active area of 25 cm? were acquired from Quintech (GER).
The electrode with the 0.7 mg cm—2 Pt loading was used as the anode in this
study.

3.2.1 Activation protocol for Nafion 117 membranes

To activate the Nafion™117 membranes, the samples are cleaned in H,O
an ultrasonic bath for 20 min to remove any coarse particles. They are then
immersed in 3% H»O, for 1h at 80°C to oxidize any organic impurities,
followed by 1h in H,O to remove residual H»O,, oxidation products and
hydrate the membrane, and then 1 h in 0.5 mol L~ sulfuric acid to fully pro-
tonate all sulfonic acid groups. The membranes are thoroughly rinsed with
H-O between each step. Until further usage, the membranes are stored in
H.O at room temperature.

3.2.2 Low-temperature MEA Preparation

After activation, excess water was removed from the membranes by blow
drying. Two 5 x 5cm GDEs Sigracet 29BC (SGL Carbon SE, GER) were
placed on both sides of the membrane, and the assembly was sandwiched
between a 1 mm thick PTFE flat sheet and aluminum foil to prevent imprint-
ing during hot pressing. This stack was hot pressed at 130 °C for 2 min and
then at room temperature for 1 min with 20 bar hydraulic pressure in a Poly-
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stat 300 S2 (Servitec Maschinenbau GmbH, GER) press. The Nafion™ -
MEAs were stored at room temperature at 100 % RH until further use.

3.2.3 Test Cell

A Flex-E-Cell (FXC Engineering GmbH, GER) was used as the EHC. Fig-
ure 3.1 depicts the cell assembly without backplates and bolts used in the
electrochemical experiments. The bipolar plates had a parallel flow channel
design with an active area of 25 cm?. Both the inlet at the top and the outlet
at the bottom were equipped with flow dividers to uniformly distribute the
gas. For the Nafion™-MEAs, the bipolar plates were made of gold-plated
stainless steel (SS), and PBI-MEAs used titanium bipolar plates. The con-
tact pressure was adjusted using Fujifilm Prescale LLW-LW Pressure Indi-
cator Film (FUJIFILM Europe GmbH, GER) pressure indicator film to ap-
proximately 2 MPa. The four bolts of the cell were tightened with a torque
wrench to 20 N m.

0.25-0.25-0.25 mm
ePTFE - PTFE - ePTFE
(0.25 mm ePTFE)

PBI (Nafion)
Cell assembly

0.5 mm Viton

0.175 / 0.2 mm Kapton
(0.12 - 0.025 mm PTFE - Kapton)

Titanium flow frame

(SS flow frame, gold plated)

MEA
0.5 mm SS gasket

(0.8 mm SS gasket)

Figure 3.1: Cell assemblies which are used for the electrochemical experiments
in the Flex-E-Cell. Differences between the Nafion™MEA assembly and the PBI
assembly are highlighted in blue.
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3.2.4 Experimental setup

Figure 3.2 shows the flow sheet of the experimental setup used for the
electrochemical experiments. Mass flow controllers (Series 35 831MLW,
Analyt-MTC, GER) regulated the volumetric flow of all gases supplied to the
EHC. The hydrogen supply stochiometry in the manuscript is described by
A, which is defined by the quotient of the supplied amount of H, and the
theoretical necessary supply of H..

A= hH2,in/hH2,theor (3-1)

The back pressure on the cathode side was regulated by a check spring-
loaded back pressure regulator (Swagelok, USA) if required and monitored
via a pressure transducer (A-10, WIKA, GER). Gas flowed either through a
controlled evaporation mixer (CEM) (CEM Evaporator W-102A, Bronkhorst
High-Tech B.V., NL)), a humidification bath, or bypassed the humidifiers to
purge the anode and cathode compartments. The humidifier bath was used
for humidities below the operation range of the CEM. The humidity, when
using the humidification bath, was regulated by mixing the gas exiting the
humidifier with dry gas. The CEM, capillaries between CEM and EHC,
and the EHC were heated electrically. The capillaries were heated by an
HS 450 °C wire heating system and the cell by a 400 W custom-made two
plate heating system (HORST GmbH, GER) and controlled by a HT MC11
(HORST GmbH, GER) temperature controller. All heated parts were insu-
lated. Data was collected with echem-Workstation and software (ZUMOIab
GmbH, GER).

37




Exhaust
e (e e ‘*
H +X @ ;
X =CO0,, CO, H,S, MFC 1
NH, :

|X H ‘Temperature

. control

Z i
T nd
i »le
Humidification
bath

m
X

moozT—>»0l°?

mooOZ>»

Exhaust /
GC

Permeate

N,, Ar, CH,, H,,
Synthetic air

Exhaust /
GC

t
f
Y
—
?

Retentate

Figure 3.2: Experimental setup for the experiments in Chapter 3 and 4.

3.2.5 Electrochemical experiments and analytics

The electrochemical experiments were performed using a VSP potentio-
stat with a 20 A VMP3B-20 booster (BioLogic, USA) controlled by the EC-
Lab (BioLogic, USA) software. The cell was connected by 4 mm diameter
banana plug connectors attached to each bipolar plate in a two-electrode
configuration. For experiments above 70°C, an additional set of high-
temperature banana plugs was inserted between the booster and cell. De-
pending on the current density, these plugs add an additional ohmic resis-
tance of 0.5 to 1 mQ, which was not corrected in the data analysis. Each
MEA was preconditioned when used for the first time according to the pro-
tocol in Table 3.1. The protocol for the benchmark characterization is given
in Table 3.2.

The current steps for the benchmark characterization were set to 0.25 A
and 15 %, 30 %, 45 %, 60 %, 70 %, 80 %, and 90 % of the limiting current.
If the current reaches 20 A, 20 A was set instead of 90 % of the current
limit, and the steps were adjusted accordingly. Unless otherwise stated,
EIS measurements were performed in a frequency range of 100k Hz to
1 mHz with 8 points per decade and an amplitude of 40 % of the DC cur-
rent or cell potential while taking the average of three measurements per
frequency. Electrochemical impedance spectra measurements were con-
ducted at 50 mV and 0.1 Acm~2, respectively.
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Table 3.1: Experimental characterization protocol for newly installed MEAs.
Nafion-MEAs were preconditioned at 70°C and 75 % relative humidity. Celtec-
MEAs were preconditioned at 145 °C and 0 % relative humidity. CV: Cyclic voltam-
metry; OCV: Open circuit voltage; CA: Chronoamperometry; LSV: Linear sweep
voltammetry; PEIS: potentiostatic electrochemical impedance spectroscopy; CP:

Chronopotentiometry.

Index Technique Settings

Duration

1 OCV
2 CA

3 CA
4 PEIS
5 CA

6 ocV
7 LSV
8 CA

9 ocV
10 LSV
11 CA
13 OcV
14 LSV
15  CA
16 OCV
17 CA
18 CA
19  PEIS
20 CA
(21)  (CP)

10mV
50 mV

100 mV

2mVs—!
End of LSV

2mVs!
End of LSV

2mVs!
End of LSV

10mV
50 mV

100 mV
(10A)

30s
10 min
10 min

10 min
5min

1 min
5min

1 min
5min

1 min
5min
5min
5min

5min
(at least 2 h)
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Table 3.2: Experimental protocol for the electrochemical characterization of the
MEAs. OCV: Open circuit voltage; CA: Chronoamperometry; LSV: Linear sweep
voltammetry; PEIS: potentiostatic electrochemical impedance spectroscopy; CP:
Chronopotentiometry; PC: Polarization curve.

Index Group Technique Settings Duration
1 Prerun ocv 30s

2 Prerun CAO 50 mV 15 to 45 min
3 Prerun LSV 2mVs!

4 Prerun CA 1 50mV 15 min

5 Prerun PEIS 1

6 Step 1 (PC1) OCV 30s

7 Step 1 (PC1) CP 1-1 0.25A 5min

8 Step 1 (PC1) CP1-2 15% of ljmit 10 min

9 Step 1 (PC1) CP 1-3 30 % of Ilimit 10 min
10 Step 1 (PC1) CP 1-4 45% of Iy 10 min
11 Step 1 (PC1) CP 1-5 60 % of it 10 min
12 Step 1 (PC1) CP 1-6 70% of limir 10min
13 Step 1 (PC1) CP1-7 80 % of Iyt 10 min
14 Step 1 (PC1) CP 1-8 90 % of ljjmit 10 min
15 Recovery 1 OCV 30s

16 Recovery 1 CA2 50 mV 15 min

17 Recovery 1 PEIS 2

18 Step 2 (PC2) OCV 30s
22 Step 2 (PC2) CP 2-1 0.25A 5min
23 Step 2 (PC2) CP 2-2 15% of ljmit 10 min
24 Step 2 (PC2) CP 2-3 30% of Iyt 10 min
25 Step 2 (PC2) CP 2-4 45% of Iy 10 min
26 Step 2 (PC2) CP 2-5 60 % of limit 10 min
27 Step 2 (PC2) CP 2-6 70 % of Iyt 10 min
28 Step 2 (PC2) CP 2-7 80% of Iyt 10 min
29 Step 2 (PC2) CP 2-8 90 % of ljjmit 10 min
30 Recovery2  OCV

31 Recovery2 CA3 50 mV 15 min
32 Recovery2 PEIS 3
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In the LSV measurements, the potential is swept at 2mVs~' to a max-
imum potential of 500 to 750 mV starting from 0V against the reference
electrode. Gas compositions were obtained by gas chromatography with
an Agilent 8860 GC System (Agilent Technologies, Inc, USA). The carrier
gas was helium at a flow rate of 5.7mLmin~'. The fuel gas stream was
composed of 350 mL min—" synthetic air and 35 mLmin~' H,. A molecu-
lar sieve column 5A 80/100 mesh (Agilent Technologies, USA), a Haysep
Q Micro column HysepQ 80/100 mesh (Agilent Technologies, USA), and a
PoraBOND Q column (Agilent Technologies, USA) were installed as sepa-
ration columns.

3.2.6 Efficiency

The energy efficiency of the EHC was calculated by dividing the output en-
ergy as the energy content of the product gas minus the energy consumed
by the EHC by the energy content of the H, input and energy for heating
(Queat) @ssuming the availability of waste heat [Maxw2023]. The energy
content of H, was calculated using the higher heating value (HHV). The
electric power (Pg)) of the heating unit is given in Table 3.3.

Mg - HHV o — Ecey - j - A
Mz - HHV 1o + Queat

TE,Energy = (3.2)

The energy required for heating, assuming a waste heat source, was cal-
culated based on the electrical heating power measured in the test stand
[Maxw2023].

OHeat = Pel : (1 - TU/TEHC) (3-3)

Assuming 100 % faradaic efficiency and neglecting A and Qpeat the gen-
eralized ideal definition of the voltage efficiency is derived as in Equation
3.4, where 1.483V results from the division of HHV, by 2F:

E
TJE Voltage,ideal = 1— #‘;l{lv] (3-4)
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Table 3.3: Total electrical power consumption of the heating plates of the EHC.

Operating temperature in °C P in W

70 11.2
120 31.2
160 53.4

42



3.3 Results

3.3.1 Benchmark characterization

A low-temperature EHC with Nafion 117-MEA (Nafion-EHC) and a high-
temperature EHC with Celtec-P1200W MEA (Celtec-EHC) were character-
ized with pure H» to establish a benchmark for the poisoning investigations
in Chapter 4. The current density of the Nafion-EHC at 50 mV in Figure
3.3 (a) rises with increasing temperature from 20 to 70 °C while the high-
frequency resistance (HFR) decreases. The achieved current is in good
agreement with literature using the same membrane [Grig2011; Bori2023].
For the Celtec-EHC with dry feed gas (Fig. 3.3 (a)), the current density in-
creases from almost zero at 20 °C, with increasing slope until 120 °C, where
it reaches similar values to the Nafion-EHC and no significant increase in
current is observed when increasing the temperature further 120°C. The
HFR of the Celtec-EHC decreases steeply until 70 °C. This behavior is also
reported by the manufacturer data. When increasing the feed gas relative
humidity, the achieved current density rises by 90 mA cm—2.

The dry Celtec and Nafion-EHC show a linear iV-relation until
600 mA cm~2, with similar performance, as shown in Figure 3.3 (b). At cur-
rent densities above 600 mA cm~2, the Nafion-EHC shows non-linear be-
havior, which is more pronounced when iR-corrected and could be attributed
to water mass transport limitations leading to drying [Pine2022a]. The hu-
midified Celtec-EHC achieved an about 30 % lower cell potential than in dry
operation, and a linear iV-relation is observed for the investigated current
range. This improvement in cell potential can be attributed to an increased
proton conductivity of the PEM, caused by phosphoric acid dissociation in-
duced by the water [Melc2017a]. Additionally, the increased humidity im-
proved the stability of the operation of the MEA, presumably by suppress-
ing the hydrolysis of phosphoric acid at high temperatures [Ma2004]. In the
dry operation of the Celtec-EHC at constant current, shown in Figure 3.4, a
potential increase over time was observed, which was more pronounced at
increased temperatures. For the Celtec-EHC, the iR-corrected polarization
curves at 0% and 10 % RH is close to 0 mV, indicating mostly iR-losses in
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Figure 3.3: (a) Average current density at 50 mV (black) and high-frequency re-
sistance (HFR, grey) of EHC with Nafion™117 at 100 % RH (circles) and CELTEC
MEA dry and CELTEC MEA humid with 2.4gh~" water in the 200 mL min—' feed
gas (Triangles); (b) Polarization curve from current steps of EHC with Nafion™117
(circles, grey) at 100% RH and 70°C and Celtec MEA at 0% (black) and 10 %
(blue) RH and 120 °C.

3.3.2 Impact of relative humidity on PBI-EHC

An increase in potential over time was observed during the dry operation of
the Celtec-EHC in the benchmark experiments and in Figure 3.4 (a), while a
stabilized cell potential was observed when H,O was added to the feed gas.
However, excessive H>O supply to the cell can lead to acid leaching, leading
to MEA-degradation by reduced membrane conductivity. Additionally, low
relative humidity is beneficial for the process simplicity and, thus, reduces
process cost. At 120 °C the potential increase rate was 1V s~ for the last
30 min before the switch to humidified conditions, after 2h. At 160°C the
increase rate was 2 to 3uVs~' (Fig. 3.4 (a)). The increase in cell poten-
tial can be explained by dimerisation of H3PO,4 leading to pyrophosphoric
acid formation during dry operation at about 130 °C or above, reducing the
membrane conductivity due to the lower conductivity of pyrophosphoric acid
[Ma2004].

In addition to the stabilization, the cell potential decreased upon the intro-
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duction of H>O to the feed gas (Fig. 3.4 (a)). The decrease in cell potential
can be explained by faster proton transport in highly H3PO4-doped PBI-
membranes with H-O leading to an increased conductivity [Ma2004] (Ch.
2.3.2). Additionally, at increased relative humidity less H3PO4 dehydration
will occur mitigating conductivity losses due to HzPO4 dimerization. After
the switch to a humidified feed gas, the cell potential stabilizes after 30 min
for 0.67 % relative humidity and after approximately 90 min for the lower rel-
ative humidities. With increasing relative humidity, the cell potential Perry
et al. [Perr2008] also observed a decrease in cell potential when switching
from 0 to 3 % relative humidity.

In Figure 3.4 (b), an exponential decrease in cell potential with increasing
relative humidity can be observed. The potential decreases by 30 % when
increasing the relative humidity of the feed from 0 to 0.67 % at 120 °C, while
the potential drops by 6 % when increasing the relative humidity from 0.67
to 3%. Consequently, introducing very low relative humidities significantly
improve the cell performance, while increasing the relative humidity of the
feed to above 1 % yields slight improvement.

T T T T T T T
140 - (a) i 120°C T (b)
1 b
i 140 160°C b
1
Z 120 2 |
° o 120 .
(e} (®)]
8 ! ® ‘
S | o T
> l > A
g 100 | § 100 "i .
! T
! \ﬂ!\jzo"c
1 5
: 80k A N
80 - ! . h
1 " 1 . 1 !, 1 . 1 1 1 1 1
0 60 120 180 240 0 1 2 3
Time [min] Relative humidity [%]

Figure 3.4: (a) Cell potential over time of a Celtec-EHC at 400 mA cm~—2, until
145min: 0% RH, after 145min: change to displayed relative humidity, 120 °C,
between the experiments the cell was flushed with dry Ar for min. 12h; (b) Cell
voltage at 400 mA cm~2 over relative humidity of the hydrogen feed gas.

The polarization behavior, shown in Figure 3.5, is linear at all humidities at
120 °C and a decrease in cell potential with increasing relative humidity was
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measured. The HFR of the impedance spectra, shown in Figure 3.6 (a), also
decreases with increasing relative humidity, confirming that the decrease in
cell potential with increasing relative humidity (Fig. 3.4) can be attributed
to an increased membrane conductivity. At 160°C, a non linear increase
of the cell potential at current densities above 400 mAcm~—2 was observed.
According to Arrhenius law, a decrease in cell potential would be expected
at increased operating temperatures due to a decrease in membrane con-
ductivity [Ma2004]. However, at current densities above 400 mAcm~—2 higher
cell potentials were measured at 160 °C compared to 120 °C. The HFR (Fig.
3.6 (b)) during dry operation is about 0.1 Q cm? higher at 160 °C, which jus-
tifies a 80 mV increase in cell potential at 800 mAcm—2.
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Figure 3.5: Polarization curves of a Celtec-EHC at (a) 120°C and (b) 160°C at
varied relative humidities displayed in percent.

The increased cell potential may be caused by reinforced H3PO,4 dehydra-
tion at higher temperatures, leading to decreased membrane conductivity
counteracting the conductivity increase by temperature. Additionally, the ion
transport at the catalyst/membrane interface might be disrupted because
H3POy is also used as an ionomer in the catalyst layer of the Celtec-MEA.
The impedance spectra at 160°C (Fig. 3.6 (b)) shows increased charge
transfer resistances compared to 120 °C, especially at very low relative hu-
midities, supporting the previous hypothesis and causing the non-linear po-
larization behavior [Male2009].
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Figure 3.6: Electrochemical impedance spectra (a) 120 °C and (b) 160 °C at varied
relative humidities displayed in percent.

3.3.3 Hydrogen compression and purification

Compression of pure Ho was investigated up to a cathode pressure of
6 bar, as shown in Figure 3.7. The graph displays the cell potential, the
iR-corrected cell potential, and the compression efficiency, which is calcu-
lated by dividing the Nernst potential by the measured potential at various
cathode pressures. As expected from the Nernst equation, the cell poten-
tial increases logarithmically with increasing cathode pressure. The com-
pression efficiency of the Celtec-EHC was generally higher compared to the
Nafion-EHC. At a cathode pressure of 6 bar, the compression efficiency was
slightly above 40 % for the Celtec and 30 % for the Nafion-EHC. The higher
compression efficiency of the Celtec-EHC can be attributed to the lower cell
potentials achieved.
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Figure 3.7: Cell potential and compression efficiency at different cathode pres-
sures.

The purification of H, from 50/50 and 80/20 CH4/H> mixtures was in-
vestigated. The CH,4 content in the product gas, shown in Figure 3.8,
is higher with increasing CH4 feed content and decreasing current den-
sity. With higher CH4 share in the feed, the partial pressure difference
and thus the driving force for CH, gas permeation increases, leading to
a higher diffusion rate. While this phenomenon is independent of current
density, Ho evolution naturally is not. Thus, high current densities favor
high purities. The CH,4 content in the product gas is one order of mag-
nitude higher for the Nafion-EHC, indicating a higher gas permeability of
the Nafion™membrane. For example, the Hy permeability is one order of
magnitude larger for Nafion™117 with 5-10~""molcm~"s~"bar~' at 70°C
[Scha2015] than for H3PO4-doped PBI with 7.7 -10~"?molcm~'s~"bar~" at
160°C [Chen2022]. When increasing the operating temperature of the
Celtec-EHC from 120 to 160 °C, the CH,4 content increases, which can be
explained by increased gas permeability at higher temperatures due to in-
creased diffusivity [He2006].
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Figure 3.8: Purity of H, when separated from Ho/CH,4 mixtures.

Linear sweep analysis was performed with both EHCs to elucidate mass
transfer effects and determine optimum operation conditions, when operat-
ing with gas mixtures. As a reference, a linear sweep voltammogramm with
pure Ho and a minimum X of 1.32 at 800 mAcm~—2 is displayed (Fig. 3.9,
blue line). At current densities toward 0 mAcm~—2, an increase in cell poten-
tial with lower Hx-share in the feed according to the Nernst potential is ap-
parent. For both Ho/CH4 mixtures the cell potential increases exponentially,
when approaching the respective maximum current density due to mass
transport limitations leading to fuel starvation of the catalyst. The exponen-
tial increase is more pronounced for the Nafion-EHC, which might be due to
additional mass transfer resistances posed by the ionomer, the higher wa-
ter activity and/or slower diffusion at lower temperatures. At 60 mL min—' H,
flow rate, the theoretical maximum current density, corresponding to a hy-
drogen recovery of 100 %, was achieved by both EHC-configurations. How-
ever, the voltage efficency for the Nafion-EHC is lower due to the higher
cell potential. At 150 mL min—" H, flow rate 95 % and 91 % recovery were
achieved with the Nafion-EHC for 50/50 and 20/80 Hy/CHy4, respectively.
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In the Celtec-EHC, 100 % and 96 % recovery were achieved for 50/50 and
20/80 Ho/CHy, respectively. The lower recoveries at higher Ho flow rates
may be attributed to lower residency times leading to bulk diffusion limitation
of Ho. The higher theoretical maximum current density will additionally lead
to more concentration polarization resulting in diffusing limitation and con-
sequently an increase in cell potential due to H, starvation of the catalyst.
The highest energy efficiency for 60 mL min—' H, feed was achieved at \ =
1.1 and 1.8 for the Nafion-EHC and A = 1 and 1.03 for the Celtec-EHC with
50/50 and 20/80 H,/CH,4 feed composition, respectively. At 150 mL min~!
the highest efficiency was achieved at A = 1.96 and 1.98 for the Nafion-EHC
and \ = 1.18 and 1.3 for the Celtec-EHC with 50/50 and 20/80 H,/CH,4 feed
composition, respectively. Overall, in the Celtec-EHC higher recoveries can
be achieved and lower optimal A were identified. The voltage efficiency of
the Celtec-EHC is higher compared to the Nafion-EHC due to the lower cell
potentials. However, the energy efficiency of the Celtec-EHC is lower, due
to the higher power demand for heating at 120 °C.
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Figure 3.9: (a) Mean value of three linear sweep voltammogramms of a Nafion-
EHC at 70°C and 100 % RH, blue: pure hydrogen at 200 mL min~", grey: binary
mixture of 80 % methane and 20 % hydrogen with 60 mL min—' and 150 mL min—'
hydrogen flow rate, black: binary mixture of 50 % methane and 50 % hydrogen
with 60 mL min~—! and 150 mL min—" hydrogen flow rate, dashed line indicates the
theoretical maximal current density at the respective flow rate, (b) Correspond-
ing voltage efficiency and energy efficiency, (c) Mean value of three linear sweep
voltammogramms of a Celtec-EHC at 120°C and 0% RH, blue: pure hydrogen
at 200 mL min—', grey: binary mixture of 80 % methane and 20 % hydrogen with
60 mLmin~—" and 150 mL min—" hydrogen flow rate, black: binary mixture of 50 %
methane and 50 % hydrogen with 60 mLmin—" and 150 mL min—" hydrogen flow
rate, dashed line indicates the theoretical maximal current density at the respec-
tive flow rate (d) Corresponding voltage efficiency and energy efficiency.
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3.4 Conclusion

In this study, we provided a comparison of PFSA- and PBI based EHC op-
eration parameter, polarization behavior and compression and separation
efficiency. Additionally, the impact of relative humidity on PBI-based EHCs
performance was discussed.

The performance of the PFSA-EHC at 70°C and 75 % relative humid-
ity, and the PBI-EHC at 120°C in dry conditions was found to be compa-
rable. However, the analysis revealed that for the PBI-EHC, internal re-
sistance (iR) losses were primarily responsible for performance limitations,
while the PFSA-EHC exhibited non-linear polarization behavior indicative
of mass transport limitations. Notably, an increase in relative humidity re-
sulted in a significant decrease in cell potential for the PBI-EHC. During dry
operation of the PBI-EHC an increase in cell potential (1 to 3uVs~') was
observed, which was more pronounced at elevated temperatures. The in-
crease in cell potential is attributed to phosphoric acid dehydration, leading
to a reduced membrane conductivity and, thus, an increase in cell poten-
tial. Increasing the relative humidity if the PBI-EHC feed from dry conditions
to very low levels (<0.7 %) results in a 30 % decrease in cell potential. A
further increase in humidity to 3 % yields only a modest 6 % in cell poten-
tial, suggesting a diminishing return effect at higher humidity levels. While
these findings emphasize the need for careful humidity management to op-
timize PBI-EHC performance, it is crucial to explore the influence of varying
humidity on acid leaching in future studies.

Compression to 6bar was achieved for both EHCs, with the PFSA-
EHC demonstrating a compression efficiency of 30 %, while the PBI-EHC
achieved a higher efficiency of 40 %. The increased compression efficiency
of the PBI-EHC can be attributed to its lower cell potential. However, it is
important to note that hydrogen was only compressed to 6 bar in this study.
Future research should focus on evaluating higher compression ratios to
better understand the effects of back permeation and to investigate the me-
chanical stability of the PBI-EHC under increased operational pressures.

When separating H» from Ho/CH,4 mixtures, the PFSA-EHC did not meet
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fuel cell grade requirements. In contrast, CH4 concentrations below 30 ppm
were achieved with the PBI-EHC, depending on the current density and
mixture composition.

In summary, the comparison of PFSA- and PBI-based electrochemical
hydrogen compressors enables a critical evaluation of the process feasibil-
ity. The findings related to humidification and product gas purity provide in-
sights into the necessary balance-of-plant components in a hydrogen com-
pression system, thus paving the way for a comparative techno-economic
assessment of these technologies.
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4.1 Introduction

Until 2030, several EU countries want to leverage H, admixing to the nat-
ural gas grid for H, distribution as an interim step for decarbonization
[Pawe2020; Kane2022]. Distributing Hs via blending into the existing nat-
ural gas grid could reduce the cost of transportation in the mid-term future
and facilitate Ho supply to remote locations [Maha2022]. Moreover, it would
enable H; injection into the natural gas during off-peak hours. At the point of
use, separation and compression technology is needed for local withdrawal
of H,. State-of-the-art technologies for H, separation are pressure-driven
membranes for moderate purity combined with pressure swing adsorption
(PSA) for high purities above 98 %. In PSA, multiple adsorption columns
packed with adsorbent are employed [Relv2018]. PSA units are usually op-
erated on a large scale and are economically less attractive for small-scale
H. separation [Nord2021]. The size of the PSA plant increases with lower
H> concentrations in the feed gas stream [Mela2013]. Moreover, Hy recov-
ery rates for small-scale PSA are low (<75 %) [Relv2018], and additional
compression capacity is needed. A promising technology, especially for
distributed H, withdrawal, is electrochemical hydrogen compression.

Catalyst Less catalyst

;///%/» poisoning poisoning

NG ;__[“_9__,: NG ,__I“.Cf-_,,
\ Y H 2 5 Y H

NG, H, 2H* + 2e HZH +2e |— H, NG, H, 2H* + 2e- F"ZH +2e — H,
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Membrane
humidification

Figure 4.1: Challenges in low- and high-temperature electrochemical hydrogen
compression.

57




EHC offers high recovery rates and H, purity in a single step while main-
taining high efficiency, also in small-scale operation [Nord2019; Mrus2024].
Additionally, EHC combines H, compression and separation in one unit op-
eration, being a key advantage for application with impure H, or gas mix-
tures such as blended natural gas [Durm2021].

The main challenges for implementing the EHC in the natural gas grid
are proper humidification of the mostly perfluorinated sulfonic acid (PFSA)-
based proton exchange membranes (PEMs), high product gas purity, and
stable performance even with detrimental gas impurities in the natural gas
[Zou2020]. When applied in gas mixtures containing catalyst poisons, poi-
soning, especially of the anode catalyst, reduces the EHC’s performance.
Natural gas mainly consists of methane, propane, butane, carbon dioxide,
and oxygen. Additionally, the trace impurities H.S, CO, COS, mercaptan,
silicon compounds, amines, and NH3 are present, which are among the
more critical species for the EHC [Trég2020].

Table 4.1: Upper limits of contaminants investigated in this study in the German
natural gas grid according to DVGW e.V. technical rule G 260 [DVGW2021].

Species Unit Limit
CO» vol% 4

CO ppm 100
H.S ppm 3.5
NH3 ppm 14

CO competes with Ho adsorption and blocks active sites of the platinum
catalyst [Vald2020]. Adsorption of CO on Pt:

Pt. + CO — Pt-CO (4.1)

Nordio et al. [Nord2020] demonstrated that catalyst inhibition from CO. is
mainly due to reverse water gas shift reaction (Eqn. 4.2) forming CO. Addi-
tionally, CO, permeating through the membrane can be electrochemically
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reduced at the cathode of the EHC (4.3).

C02 + Hg — CO + Hgo (42)

Pt—COgads +2H" +2e” «— Pt—COads + Hgo (43)

H.S also competes with H, for adsorption on Pt (Eqn. 4.4). Addition-
ally, HoS dissociates chemically and electrochemically to adsorbed sulfur,
forming Ho (Egn.4.5, 4.6). The complex reaction pathways following H>S
adsorption on platinum can be found in [Seth2010; Dong2022; Faro1977].

Pt- + HoS = Pt—H5Sags (4.4)
Pt—H5Sags = Pt—S + Hy (4.5)
Pt—H,Saqs — Pt—-S+2H" +2e™, E° =0.165V (4.6)

Contrary to the other listed poisons, NH3 mainly interacts with the mem-
brane, ionomer, and protons formed in the EHC, reducing the proton con-
ductivity and performance [Gome2018; Verm2021b; Hals2006].

NH3 + H" — NH; (4.7)

For high-temperature, H3PO4-doped polybenzimidazole (PBI) based MEAs,
the NHj reacts with the acidic groups in the membrane, reducing its con-
ductivity. Additionally, ammonium phosphate salt may be formed, leading
to reduced protonic activity and mechanical degradation of the membrane
[Isor2019; Scho2021].

NHs + HsPO, = H,PO; + NH; (4.8)

For low-temperature, PFSA-based MEAs, NH3 can lead to reduced conduc-
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tivity of membrane and ionomer by substitution of H* with NH, resulting in
the ammonium-form of Nafion™, which can be detrimental at high current
densities [Gome2018; Urib2002].

NHs + —SO™ + Hz0* —— —SO™ + NH}, + H,0 (4.9)

Although CH, is considered mostly inert, CH4 oxidation may occur at the
anode of the EHC [Jack2020].

CH4 + H,O = CO, +8H" +8e ™, E° =0.169V (4.10)

Table 4.2 summarizes studies on H,/CH4, Ho/natural gas mixtures, and
studies of the effect of contaminants in the feed of the EHC. Nordio et al.
[Nord2020] tested the effect of CO, on the EHC and found catalyst inhi-
bition through adsorbed CO from reverse water gas shift. They showed
that flushing with air, a so-called air bleed, can quickly recover the inhib-
ited catalyst. Jackson et al. [Jack2020] investigated the effect of CO and
H>S on the low-temperature EHC performance and introduced oxygen and
ozone dosing as poison mitigation strategies, which oxidize the adsorbed
contaminants. After poisoning with 5ppm H,S, they achieved up to 98 %
recovery of the current density after 20 min ozone cleaning at open circuit
potential. In their follow-up study, Jackson et al. [Jack2023] fed Ho/CHy
and Hy/natural gas mixtures to a low-temperature EHC. Even when adding
oxidants, they could not achieve stable operation with the Hx/natural gas
mixtures. Moreover, the measured product gas purity with Ho/natural gas
feed did not reach the ISO 14687-2019-D standard for fuel cells [Inte2024].
Mrusek et al. [Mrus2024] investigated H, withdrawal from CH4/H, mixtures
in a low-temperature EHC and detected a CH4 content of 300 ppm in the
product gas. Moreover, they investigated the impact of the typically used
odorant (THT) on the EHC performance and observed catalyst poisoning
by this sulfur compound.

To overcome the aforementioned challenges commonly experienced in
low-temperature EHCs, high-temperature EHCs have gained research inter-
est. High-temperature EHCs offer a higher tolerance to impurities, improved
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kinetics and mass transport, and sustainability due to the use of PFAS-free
membranes [Perr2008]. Additionally, they can operate under anhydrous
conditions, enabling more facile process operation [Lim2023]. The study of
Vermaak et al. [Verm2021a] presents the separation of Ho from CH4/Ho,
CO,/Hz and NHz/Ho mixtures. They employed a phosphoric acid doped
pyridine-based aromatic polyether PEM in a high-temperature EHC. During
operation with CO»/H> mixtures, a severe decrease in polarization perfor-
mance was observed due to CO adsorption on the catalyst. When introduc-
ing 1500 ppm NHj; to the EHC, the performance was strongly reduced and
broke down entirely due to membrane failure with 3000 ppm NH3. Maxwell
et al. [Maxw2023] introduced CO./H, mixtures to a high-temperature EHC
with a PBIl-based PEM. They observed improved polarization performance
when operating the EHC at low relative humidity compared to dry oper-
ation. Moreover, the current efficiency did not decrease significantly with
up to 80vol% COs: in the feed when operating at 120°C. Moreover, they
identified heating as the main contributor to the EHC’s energy demand and
showed that waste heat utilization can significantly increase the system’s
energy efficiency. Arunagiri et al. [Arun2024] investigated H, withdrawal
from natural gas containing 10 % H» using a high-temperature PEM and
binder and observed a degradation rate of 44 uVh=" in a 100 h test. How-
ever, their gas did not contain H»S or CO, which are expected to be among
the most critical impurities in the natural gas grid [Arun2024; Trég2020].
Until now, no study has systematically compared the performance of low-
and high-temperature EHCs when operating with trace impurities present in
natural gas, thereby enabling a critical review of which technology is most
suitable for the application. Additionally, poison mitigation strategies, apart
from dosing oxidants, which can cause PEM degradation by H-O, and sub-
sequent radical formation, have been neglected in literature for EHC. In this
chapter, the effect of H,S, CO, CO,,NH3, and natural gas on the EHC’s per-
formance is systematically investigated, and operation strategies to mitigate
the effect of the gas impurities are tested for suitability for EHC operation.
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Table 4.2: Overview of studies on poison impact in low and high-temperature electrochemical hydrogen compression, NG: natural

gas.
Effect of Poison Mix with Compr. Product gas

Study Membrane CO CO, H,S NH; NG mitigation CH, and sep. Purity
[Nord2020] Nafion X
[Jack2020] Nafion X X X
[Verm2021b] TPS X X X X
[Durm2022] PBI X X
[Maxw2023] PBI X X X
[Jack2023] Nafion X X
[Mrus2024] Nafion X X
[Arun2024] PBI X X X
This work Nafion, PBlI  x X X X X X X (x)
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4.2 Materials and Methods

The methods used are described in Chapter 3.2.

8% CO, blended with H> and N> 5.0 and natural gas H was supplied
from Westfalen AG (GER), 8 ppm H>S in Hp, 60 ppm in Hy, H> 5.0 and Ar
4.8 from Air Products & Chemicals (USA). 28.5 ppm NH3 in Ho, CH4 4.5 and
synthetic air were obtained from Taiyo Nippon Sanso Corporation (JP).

4.2.1 Poisoning and poison mitigation

Table 4.3 lists the procedure for the poisoning experiments. Before the con-
taminants are introduced into the system, measurements are denoted as
BoT (Beginning of Test) and afterward as EoT (End of Test). Data obtained
after performing a mitigation strategy are labeled according to the strategy.

Before the recording of the BoT measurements, the EHC was operated at
the experimental conditions, without the contaminant, at 400 mA cm~2 until
the change in potential was less than 1 pVs~'. A new MEA was used for
each contaminant. For HoS contamination, three CV oxidation cycles were
added before the test procedure to remove residual H,S. ECSA, electro-
chemical impedance, and polarization were recorded at BoT (Fig. 4.2 (0)),
EoT (Fig. 4.2 (4)), and after mitigation. After measuring the BoT, the system
was again run at 500 mA cm~—2 with pure H, feed for a minimum of 30 min
until the change of potential was less than 1 pVs~'. However, only the last
30 min will be shown in the data. The contaminants were then fed to the
EHC for 3.5 h or the mentioned time period (Fig. 4.2 (1-2)). Then, the feed
was switched back to pure H, for 15 min(Fig. 4.2 (2-3)) and then back to
the contaminant for the remainder of the measurement to verify the obser-
vations (Fig. 4.2 (3-4)). The Eol was measured (Fig. 4.2 (4)). Then, the
mitigation strategy was performed. The following mitigation strategies were
employed. For air bleeding, synthetic air was introduced for 90 seconds at
150 mL min—'. Before and after the air bleed, the cell was flushed with Ny
for 30 s at the same flow rate. For cyclic oxidation, 5 CV cycles were per-
formed in the potential window of 0.02 to 1.2V at a scan rate of 35mV s,
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Table 4.3: Experimental protocol for the investigation of catalyst poisoning. CV:
Cyclic voltammetry; OCV: Open circuit voltage; CA: Chronoamperometry; LSV:
Linear sweep voltammetry; GEIS: galvanostatic electrochemical impedance spec-
troscopy; CP: Chronopotentiometry; PC: Polarization curve.

Index Group Technique Settings Duration
1 CV cleaning CvV

2 Stabilization CP 10A

3 BoT CV anode 1

4 BoT CV cathode 1

5 BoT (PC1) CP 1-1 0.25A 2min
6 BoT (PCH1) CP1-2 25A 2min
7 BoT GEIS 1 0.25A  3min
8 BoT (PC1) CP1-3 5A 2min
9 BoT (PC1) CP1-4 7.5A 2min
10 BoT (PC1) CP1-5 10A 2min
11 Poisoning CP 12-6 125A 45h
12 EoT (PC2) CP 2-5 10A 2min
13 EoT (PC2) CP 24 75A 2min
14 EoT (PC2) CP 2-3 5A 2min
15 EoT (PC2) CP2-2 2.5A 2min
16 EoTl GEIS 3 min
17 EoT (PC2) CP 2-1 2min
18 EoT CV anode 2

22 EoTl CV cathode 2

23 Mitigation

24 After Mitigation (PC3) CV anode 3

25 After Mitigation (PC3) CV cathode 3

26 After Mitigation (PC3) CP 3-1 0.25A 2min
27 After Mitigation (PC3) CP 3-2 2.5A 2min
28 After Mitigation (PC3) GEIS 3 3 min
29 After Mitigation (PC3) CP 3-3 5A 2min
30 After Mitigation (PC3) CP 3-4 7.5A 2min
31 After Mitigation (PC3) CP 3-5 10A 2min
32 After Mitigation (PC3) CP 3-6 125A  2min
(33) - (CV anode 4)

(34) - (CV cathode 4)
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When performing cyclic heating, the cell was repeatedly heated to 160°C,
then switched off until the base temperature of 120°C was reached.

1
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Figure 4.2: lllustration of the experimental method for the poisoning experiments.

4.2.2 Electrochemically active surface area (ECSA)
determination

The electrochemically active surface area (ECSA) was determined via
underpotential hydrogen adsorption and desorption method [Luka2016;
Tras1992]. To determine the ECSA, the potential is cycled between 0.02
to 0.6V at a scan rate of 35mV s~ unless otherwise noted. A minimum
of five cycles are performed until the CV is stable. The CV measurements
are performed using dry gas at a flow rate of 25 mL min—". The last cycle is
used to determine the ECSA according to Eqn. 4.11 by manual integration
of the respective areas (A.gs, Age) in EC-Lab and with the specific oxidation
charge gp; = 210 uC cm—2 [Luka20186].

Aads + Ade
gpt - Scanrate

Area per area of GDE: ECSA = 0.5 - (4.11)
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4.3 Results

4.3.1 Impact of CO, in H, on the EHC performance

To differentiate the effect of the contaminants in NG, mixtures of H, and sin-
gle poisons were introduced to the EHCs. The cell potential of the Nafion-
EHC, presented in Figure 4.3 (a), increases for 3h upon introduction of
4 vol% CO, until stabilizing at 180 mV, which is a 35 mV increase in cell po-
tential compared to the Bol. The potential does not recover when switching
the feed back to pure H.. When COs is introduced to the Celtec-MEA, the
cell potential increases by 3 mV and drops by 2 mV once switching back to
pure Ho. The EoT polarization curves (Fig. 4.4 ) show a 20 % increase in the
potential for the Nafion-EHC and a 3 % increase for the Celtec-EHC (Fig.
4.4), which is also observed in the iR-corrected polarization curve, indicat-
ing that the increased potential is mainly caused by deteriorating charge or
mass transfer. With 4% CO», an increase of 0.6 to 0.7 mV would be ex-
pected from the Nernst equation depending on the operating temperature.
The charge transfer resistance of the Nafion-EHC in the EoT EIS strongly
increases (Fig. 4.3 (b)), while no significant changes are observed for the
Celtec-EHC. The potential and charge transfer resistance increase can be
attributed to catalyst poisoning by CO. and CO, formed by RWGS (Eqn.
4.2), adsorption on the Pt active sites, decreasing the active catalyst sur-
face for the HOR [Durm2022; Nord2020].

The ECSA of the electrodes was determined before and after the poi-
soning experiments. A reference experiment with H, and CH,4 showed an
ECSA reduction of 3.6 % for the anode and 5.8 % for the cathode (Fig. 4.7).
The ECSA was determined using the last of at least five cycles; conse-
quently, changes in ECSA due to oxidation of adsorbed species in prior
cycles are undetected. The ECSA analysis could not be performed for CO»
because most of the adsorbed CO was oxidized in the 'pre-peak’ region
below 0.6V (Fig. 4.3 (c)) [McPh2017]. However, in the CV of the anode
at EoT, a reduced hydrogen oxidation charge (0.1 to 0.3 V) can be qualita-
tively observed (Fig. 4.3 (c)). The oxidation peak in CO-stripping can also
be observed in the CV of the cathode in Figure 4.3 (d), indicating that CO»
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crossover to the cathode side occurs. The cathode catalyst is also poisoned
as COis formed by electroreduction of CO, (Eqgn. 4.3 ). For the Celtec-EHC,
a more severe decrease of the anode ECSA of 12 % was measured (Fig.
4.7), which can be caused by increased CO formation from the RWGS at
higher temperatures and low humidity. For the Celtec-EHC no CO oxidation
peak was observed at potentials below 0.6 V (Fig. 4.5 (c)).
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Figure 4.3: Cell potential over time when adding 4 vol% CO, to the EHC feed,
500mAcm—2, \ = 1.6, Nafion-EHC: 70°C, 100 % RH; Celtec-EHC: 120°C, 0.7 %
RH; (b) Electrochemical impedance spectra with 4vol% CO, Beginning of Test
(BoT): squares, End of Test (EoT): triangles, after air bleed: grey circles; First cycle
of the cyclic voltammograms of the Nafion-EHC, black: BoT, blue: EoT, (c) Anode,
(d) Cathode.
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Figure 4.4: Polarization behavior of Nafion-EHC, 70°C, 100% RH and Celtec-
EHC, 120°C, 0.7 % RH, EoT: End of Test, BoT: Beginning of Test, Air bleed (blue):
After flushing the anode compartment with synthetic air for 90 s.

4.3.2 Impact of CO in H, on the EHC performance

With 30 ppm CO in the feed stream, the cell potential of the Nafion-EHC,
shown in Figure 4.5, rises steeply for the first 30 min and then increases
until stabilizing after about 3 h at 380 mV (Fig. 4.5 (a)). At controlled current
operation, an equilibrium between CO adsorption and oxidation is main-
tained, leading to operation at elevated potential [Gard2007; Jusy2001].
When switching back to H,, the potential drops steeply but immediately
jumps back to 380 mV when CO is reintroduced. This stark change can also
be observed in the charge transfer resistance semi-circle in the EIS analy-
sis (Fig. 4.5 (b)). For the Celtec-EHC, the potential rises with decreasing
slope by 4 mV over 3.5h (Fig. 4.5 (a)). The poisoning effect of CO is less
severe for the Celtec-EHC because the equilibrium surface coverage of CO
on the Pt catalyst is reduced with increased temperature [Trég2020]. Addi-
tionally, HER and HOR kinetics are faster at increased temperatures, and
the Celtec-EHC has a higher catalyst loading. When adding 50 vol% CH,4 to
the feed of the Celtec-EHC, the potential increases by 11% (Fig. 4.7 (a)). In
the Nafion-EHC EoT polarization curve (Fig. 4.6 (a)), a jump in potential with
a 200 % increase is observed from 100 mA cm~2 on. The potential remains
at the oxidation potential of CO, indicating a high catalyst surface coverage
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with CO. An increase of 4 % is observed in the EoT polarization curve of the
Celtec-EHC (Fig. 4.6 (b)). The ECSA of the Celtec-EHCs anode decreased
by 24 % with CO (Fig. 4.7).

The performance was restored for both cells by an air bleed after poi-
soning with CO, or CO. In summary, adding 4 vol% CO, or 30 ppm CO to
the feed gas strongly impaired the Nafion-EHC performance, while for the
Celtec-EHC, a minimal increase in cell potential was observed.
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Figure 4.5: (a) Cell potential over time when adding 30 ppm CO to the EHC feed,
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from BoT to EoT (black: Cathode, grey: anode) and from BoT to after 90 s air bleed
(blue); BoT: Beginning of Test (Triangles); EoT: End of Test (Squares); Grey: An-
ode, Black: Cathode, Air bleed (blue): After flushing the anode compartment with

synthetic air for 90 s.
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4.3.3 Impact of NH; in H, on the EHC performance

Adding 14 ppm NHjs to the feed of the EHC, a slight increase in cell potential
slope (0.76 mV h~') can be observed for the Nafion-EHC, in Figure 4.8 (a),
compared to the reference experiment without poison (0.12mV h=1). Figure
4.8 (b) shows the EIS analysis of the Nafion-EHC before and after poison-
ing. The Eol measurement shows an increased HFR and charge transfer
resistance. The increased HFR and charge transfer resistance might be at-
tributed to reduced ionomer conductivity by ion exchange to the NH* form of
Nafion™[Urib2002]. However, the effect observed herein of adding 14 ppm
NHj is less severe than reported in literature by Halseid et al. [Hals2007] for
a Gore MEA at 40 °C, which might be due to the higher operating tempera-
ture and the thicker membrane used in our study [Soto2003]. No significant
changes in cell potential (Fig. 4.8 (a)), impedance spectra (Fig. 4.8 (b)) or
polarization behavior (Fig. 4.9) can be observed for the Celtec-EHC dur-
ing the 3.5 h poisoning experiment with 14 ppm NHj3, also when diluted with
CH4 (Fig. 4.10 (a)).

To challenge the Celtec-MEA for long-term operation stability when intro-
ducing NHjs, a long-term test for 75 h alternately introducing H» with 14 ppm
NH3 and pure Hy for 12 h was performed (Fig. 4.8 (d)). For the periods with
a pure H, feed, the potential declines with an average slope of —83uV h~!
while during the periods with NHs the potential increases by 124 puVh—1.
Although no change in potential was measured in the 3.5h poisoning ex-
periment, these observations indicate an adverse long-term effect of NH3
on the Celtec-EHC, which could be caused by reduction of the membrane
conductivity by the interaction of NH3 with H3PO4 (Eqn. 4.7). The long-term
adverse effect of NH3 has been reported for fuel cells with Celtec MEAs
[Scho2021].

Even though the charge transfer resistance increased significantly, the
change in cell potential after 3.5h NHs-poisoning in the Nafion-EHC was
minimal. This can be explained by the HFR dominating the cell poten-
tial, which increased after poisoning but only minimal. After CV-cleaning,
the charge transfer resistance and the HFR decrease. Consequently, CV-
cleaning mitigates NH3 poisoning, but it is unclear if the poisoning is com-
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pletely reversible. Longer poisoning experiments focusing on the ionomer
and membrane conductivity should be conducted in future research to fur-
ther elucidate the effect of NH3 on Nafion-EHCs and possible mitigation

strategies.
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Figure 4.8: (a) Cell potential over time when adding 14 ppm NH3 to the EHC feed,
no poison was introduced for the first 30 min and from 240 to 255 min, 500 mA cm~2,
A = 1.3; Nafion-EHC: 70 °C, 100 % RH; Celtec-EHC: 120 °C, 0.7 % RH; (b) Electro-
chemical impedance spectra with 14 ppm NHg, Beginning of Test (BoT): squares,
End of Test (EoT): triangles, after CV cleaning: red circles; (c) Cell potential of a
Celtec EHC when alternately introducing Ho with 14 ppm NH3 and pure H, for 12h
each, 120°C, 0.7 % RH, A = 1.3.
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Figure 4.10: (a) Impact of NH3 poisoning when feed stream is diluted with CH4
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(solid line), 120°C, 0.7% RH; (b) Electrochemically active surface area change
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4.3.4 Impact of H,S in H, and Hy/CH,; mixtures on the
EHC performance

When introducing 3.5 ppm H,S to the Nafion-EHC, the cell potential starts
increasing 30 min after the poison is introduced and then rises linearly until
it reaches 420 mV after 3.5 h. Even when the feed is switched back to pure
Ho, the cell potential continues to increase, see Fig. 4.11 (a). The charge
transfer resistance semi-circle in the EoT EIS analysis increased (Fig. 4.11
(b)). The cell potential of the Celtec-EHC increases by 1 mV throughout the
poisoning experiment with HoS, and no significant change can be observed
in the EIS analysis (Fig. 4.11 (a) & (d)). The potential in the EoT polar-
ization curve increased by 267 % for the Nafion-EHC (Fig. 4.12). For the
Celtec-EHC, no significant change in polarization behavior was observed in
the 3.5 h poisoning test (Fig. 4.12). The ECSA of the Nafion-EHC anode,
presented in Figure 4.13, decreased by 80 % at EoT while the ECSA of the
Celtec-EHC anode decreased by 21 % at EoT.
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Figure 4.11: (a) Impact of 3.5ppm H>S on EHC performance, 500 mAcm—2,
A = 1.3; Nafion-EHC: 70°C, 100 % RH; Celtec-EHC 120°C, 0.7 % RH; (b) Impact
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H>S and 56 vol% CH,4 (symbols with cross).
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When diluting the HoS/H, feed stream of the Celtec-EHC with CH4 ( Fig.
4.11 (b)), the cell potential increases linearly for about 150 min reaching
200mV. Subsequently, the potential increases exponentially for approxi-
mately 30 min until the slope decreases while potential oscillations can be
observed. The amplitude of the oscillations increases until a potential spike
to the potential limit of the potentiostat occurs after about 225 min, after
which the cell potential drops and the process is repeated. The EoT charge
transfer resistance approximately doubled compared to the BoT measure-
ment (Fig. 4.11 (c)). With the diluted HoS/H, feed stream, an increased
HFR and charge transfer resistance compared to the non-diluted feed can
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be observed in the impedance spectrum at BoT and EoTl (Fig. 4.11 (d)).
Additionally, a second semi-circle indicating mass transport limitation was
measured. At EoTl the charge transfer resistance increases compared to
BoT, indicating catalyst poisoning and a disrupted proton conduction path.
The ECSA with diluted H.S/H, feed decreases by 25 % compared to BoT,
which is 5% more compared to the undiluted feed (Fig. 4.13). Possibly,
even more severe ECSA reduction from sulfur-poisoning occurred during
the poisoning experiment, but high cell potentials during the self-oxidation
cycles probably lead to partial oxidation of the adsorbed sulfur species re-
covering the catalyst area.
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Figure 4.13: Electrochemically active surface area change when adding 3.5 ppm
H.S to the EHC feed from BoT to EoT (black: Cathode, grey: anode) and from BoT
to after 90 s air bleed (blue) and from BoT to after CV-cleaning (red) in percent; BoT:
Beginning of Test (Triangles) ; EoT: End of Test (Squares); Grey: Anode, Black:
Cathode.

The detrimental effect upon dilution can be explained by the poisoning
mechanisms of H.S. H,S dissociates to S and H, when adsorbing to Pt
(Egn. 4.5). Consequently, with decreased H, share in the feed, the adsorp-
tion equilibrium is shifted towards sulfur adsorption. The significant increase
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in cell potential after 150 min may be induced by the start of electro-oxidation
of H>S, which has a thermodynamic equilibrium potential of 165mV vs.
SHE [Faro1977]. Pt-S interferes electrostatically with the adjacent active
sites, leading to more severe poisoning due to a greater reduction of ac-
tive catalyst. Additionally, the electrochemical dissociation may hinder the
backreaction of Pt—S to H,S and Pt because the intermediate of the reac-
tion (Pt—H,S) is electrochemically oxidized [Zolf1999]. The potential spike
may be caused by severe catalyst poisoning, which leads to an increase in
cell potential until the oxidation potential for sulfur is reached. The oxida-
tion onset potential for sulfur oxidation to SO, at 70°C is between 500 to
600 mV vs. DHE [Seth2010]. The polarization curves displayed in Figure
4.12 (c) show a strong potential dependence of the poisoning. Between 200
to 300 mAcm~2, a pronounced non-linear increase in cell potential was ob-
served, which coincides with the start of electro-oxidation of H>S to S and
the enhanced poisoning thereof. Moreover, Sethuraman et al. [Seth2010]
propose an increase in the adsorption degree of sulfur species until 500 mV
vs. DHE and a decrease at higher potentials, which could also lead to more
pronounced poisoning at elevated cell potentials.

Oscillating phenomena are reported for sulfide oxidation on Pt
[Feng2005]; however, they are not reported for the EHC or PEM fuel cells
when H,S is introduced. Jackson et al. [Jack2020] conducted the only
EHC study investigating HoS by operating a low-temperature EHC with
reformate/H,S mixtures under potentiostatic conditions. Upon the introduc-
tion of 100 ppb H,S, the current decreased to 2 % of the current observed
without poisoning. Due to the controlled potential in their study, the oxidation
potential of sulfur species could not be reached, preventing the attainment
of the second metastable state necessary for system oscillation. In con-
trast, our study examined H»S poisoning in a high-temperature EHC under
amperostatic conditions. We propose that the harmonic oscillations before
the potential spike are caused by periodic adsorption and partial oxidation
of sulfur species, temporarily cleaning the catalyst surface and lowering the
cell potential.

Another reason for the increased poisoning could be the onset of CHy4

78



oxidation at 169 mV, and corresponding increased poisoning by the CO»
and CO formed [Jack2020]. However, the oscillatory behavior was also
observed when the feed gas was diluted with Ar instead of CH,4 (Fig. 4.14
(b)). Consequently, CH4 oxidation does not significantly contribute to the
observed behavior. When changing from CH,4 to Ar the smaller oscillations
leading to the self-oxidation are reduced (Fig. 4.14(b), (c)). This minor
change in oscillation pattern might be attributed to the additional poisoning
of CO from CH4 oxidation.
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Figure 4.14: Potential oscillations when operating the Celtec-EHC with diluted
Ho/H,S feed. (a) Zoom in on oscillation with CH4-diluted feed, with 3.5 ppm H.S and
56 vol% CH4 with 0.7 % RH, (b) Zoom in on oscillation with Ar-diluted feed 56 vol%
Ar with 0.7 % RH (c) Cell potential over time of a Celtec-EHC at 500 mA cm~2 and
120 °C, with 3.5 ppm H>S 56 vol% CH4 with 6.5 % RH.
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When increasing the relative humidity of the diluted feed to 6.5 % (Fig.
4.14 (c), 4.15), the oscillation amplitude is increased and there is no lin-
ear phase at low potentials before the exponential increase in cell potential,
which could be caused by facilitated dissociative adsorption with more water
present leading to enhanced poisoning. Moreover, catalyst recovery might
be compromised by H»>S dissociation into HS™ upon desorption and HS™
being adsorbed again. The potential spike height is lowered to 0.9V, and
the frequency of the oscillation cycles is increased. This could be caused by
faster sulfur oxidation when more water is present as water is consumed in
the Pt-S oxidation [Louc1971]. Similar to the observations from the Nafion-
EHC with H>S- poisoning, the potential continues to increase upon discon-
tinuation of H,>S (Fig. 4.15), which could be due to continuing dissociation of
H.S into HS™. Additionally, HoS previously adsorbed in the carbon support
of the MEA might desorb and lead to continued poisoning of the catalyst.
Due to the accelerating effect of water on H»S poisoning of the EHC, the
relative humidity of the feed should be optimized.
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Figure 4.15: Impact of 3.5 ppm H,S on EHC performance, 500 mAcm=2, \ = 1.3;
Celtec-EHC 120°C, 6.5 % RH.
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The operation with CHy4-diluted H,S/H, becomes stabilized when oper-
ating the EHC at 160°C (Fig. 4.11 (b), grey line). The cell potential in-
creases by 10 mV upon adding H.S to the feed, remains stable over 3.5 h,
and drops by 7 mV when switching to pure Hao. The less severe effect of H,S
at 160 °C can be attributed to less adsorption of HoS and a weakened Pt-S
bond [Ke2023; Moht2005]. Additionally, the catalyst activity is increased,
so less catalyst is needed to support the HOR.

In addition to the immediate effects of HoS, a decline in the performance
of the Celtec-MEA used for the H>S poisoning experiments conducted was
observed throughout the experiments. The same Celtec-MEA was used for
the H»S experimental series. The performance decline is probably caused
by the irreversible loss of catalytic activity when operated with H,S, which
is reported for fuel cells. Hard-to-oxidize species are specially formed at
potentials above 500 mV, and the catalyst structure is altered. Conse-
quently, exceeding this anode overpotential should be avoided in operation
[Seth2010].

4.3.5 Poison mitigation strategies for H,S

For all poisons, except HsoS, the potential increase for the Celtec-EHC during
the poisoning experiments was lower than 5%. Consequently, the investi-
gation of poison mitigation strategies was focused on H»>S. A 90 s offline air
bleed was performed to mitigate the effect of operation with H,S. During
the air bleed, the O, from the air chemically oxidizes the adsorbed sulfur
partially [Lope2011]. The EoT polarization performance of the Nafion-EHC
remains 25 % increased compared to BoT and ECSA was still reduced by
50 % after the air bleed (Fig. 4.12 and 4.13). In comparison, Jackson et
al. [Jack2020] could regain 40 to 50 % of the current when operated with-
out poison after 15 min offline O, treatment. After performing CV-cleaning,
during which the adsorbed sulfur or H,S is electrochemically oxidized (Eqn.
4.12), the BoT polarization performance and the ECSA of the Nafion-EHC
could be restored (Fig. 4.12 and 4.13).
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Pt—-S +2H,0 — SO, +4H" +4e™ + Pt (4.12)

For the Celtec-EHC operated with HoS in H, at 120 °C, the ECSA and the
polarization behavior were not completely recovered after 90 s air bleed,
while at 160 °C the polarization behavior and ECSA was recovered by the
air bleed (Fig. 4.12 and 4.13). When operating the Celtec-EHC with CHy4-
diluted H>S/H,, the ECSA and polarization behavior were recovered by five
CV-cycles (Fig. 4.12 and 4.16 (b)).

Increasing the operation temperature to 160 °C, as an online poison miti-
gation strategy, stabilizes the process and increases the voltage efficiency,
which neglects heating, from 70 to 90 %, but decreases the energy effi-
ciency, which considers heating, from 49 to 47 % (Fig. 4.16 (c)). Conse-
quently, different poison mitigation strategies were analyzed regarding their
effectiveness in stabilizing the process and process efficiency when oper-
ated with 3.5 ppm H,>S at 120 °C. Figure 4.16 presents the cell potential over
time when air bleeds, and CV-cleaning are employed as mitigation strate-
gies. Applying periodic air bleeds for 5 min every 90 min at 120 °C avoided
oscillations of the system, and the mean cell potential was reduced com-
pared to the non-mitigated operation. Nonetheless, the cell potential at the
end of the mitigation cycles increased over the cycles, indicating a non-
complete system recovery. This was also observed in the poisoning experi-
ments, in which air bleeds at 120 °C could not completely recover the ECSA
at 120 °C or lower temperatures. Periodic CV-cleaning every 90 min, how-
ever, stabilizes the operation of the Celtec-EHC. In Figure 4.16 (b), the cyclic
voltammogram of the CV-cleaning is shown. The sulfur oxidation peak at
potentials above 0.6V decreases during the first three cycles until no sig-
nificant changes can be observed in the CVs for cycles four and five. The
reduction of oxidation charge and increase in PtO reduction charge in con-
secutive cycles indicate the removal of adsorbates. The energy efficiency
and the voltage efficiency were improved by 14 % and 20 %, respectively,
compared to the non-mitigated operation. However, Lopes et al. [Lope2011]
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observed catalyst degradation when performing CVs for H>S position mit-
igation. Additionally, Pt sulfides and oxides can be formed during CV cy-
cling, which are difficult to remove [Seth2010]. The cyclic heating protocol,
shown in Figure 4.16 (d), in which the cell was heated up to 160 °C period-
ically, although slowing the poisoning, did not yield a stable performance.
Potentially, the operation time at 160 °C is too short to recover the poisoned
catalyst surface sufficiently, and an exponential increase in cell potential is
observed as the temperature drops back to 120°C. Although this method
could be optimized, applying it might cause accelerated component aging
due to the imposed mechanical stress on the cell components from the tem-
perature changes.
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Figure 4.16: (a) Poison mitigation of 3.5 ppm H>S in 44 vol% and 56 vol% CH4 by
5 min air bleeds and five cycles CV-cleaning of a Celtec-EHC at 120°C, 0.7 % RH;
(b) CV of Celtec-EHC after poisoning with 3.5 ppm H.>S in 44 vol% H, and 56 vol%
CHy4, (c) Voltage and energy efficiency of the mitigated and unmitigated operation,
calculated from the average cell potential, not considering the downtime during
mitigation; (d) Poison mitigation of 3.5 ppm H>S in 44 vol% H, and 56 vol% CH4 by
cyclic heating to 160 °C.

4.3.6 H, withdrawal from natural gas

The Celtec-EHC was operated with Hyo/natural gas H mixtures to evaluate
the effect of higher hydrocarbons in the natural gas grid on the EHC. Figure
4.17 (a) shows the potential response when operating with 50 vol % natural
gas H and the Nernst potential as reference. Upon introduction of the natural
gas dilution, the mean potential increases steeply by 23.5mV at 120 °C and
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by 28.9mV at 160 °C and then stabilizes. The Nernst potential for 50 vol %
dilution of the feed is 12.7mV at 120°C and 13.9mV at 160°C. Conse-
quently, the potential increase observed is not only caused by the partial
pressure difference between the anode and cathode. During the discontin-
uation of the natural gas, the cell potential drops and stabilizes at 0.5 mV and
4 mV higher cell potentials than initially, at 120 °C and 160 °C, respectively.
The higher remaining cell potential at 160 °C might be due to insufficient wa-
ter supply to the cell because of equipment limitations (comp. Chap. 3.3.2).
The relative humidity was halved upon the introduction of natural gas. In
Figure 4.17 (b), the charge transfer resistance semicircle is enlarged at Eot,
and a second semicircle at low frequencies appears, indicating mass trans-
fer limitations at 120 °C. At 160 °C, in addition to an increase in charge and
mass transfer resistance, the HFR increases by 10 mQ cm?. This increase
in HFR could be caused by the reduced relative humidity or by poisoning
of the natural gas components. Consequently, further investigations are
needed to detangle the effects of humidity and poisoning.
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Figure 4.17: (a) Mean cell potential over time when operating the EHC with 50 vol %
natural gas H equalized with H; feed at 120°C (light blue) and 0.8 % RH and 160°C
(dark blue) 0.26 % RH, no poison was introduced for the first 30 min and from 240
to 255 min, 500 mAcm—2, X = 1.3 and Nernst potential for the respective gas mix-
ture; (b) Nyquist plots displaying the impedance response of the EHC at 120°C
(light blue) and 160°C (dark blue) before (BoT) and after (EoT) introducing 50 vol %
natural gas H into the feed.
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Upon introduction of 80 vol % natural gas, the mean potential, displayed in
Figure 4.18, increases steeply by 61 mV at 120 °C and by 68.5mV at 160 °C
and then stabilizes for the operation at 120 °C, while at 160 °C the cell po-
tential increases by 25 pV min~'. The potential increase when diluting the
feed with 80 vol % natural gas is 27.2mV at 120 °C and by 30 mV at 160 °C.
Upon discontinuation of the natural gas, the potential drops suddenly and
reaches its initial value at 120°C while 3mV increase in cell potential is
observed at 160 °C. The HFR increases at EoT at both temperatures, prob-
ably due to the very low humidification. The increase in charge transfer
resistance and the second semi-circle, indicating mass transfer limitation
probably due to concentration polarization, is more pronounced compared
to the 50/50 mixture.
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Figure 4.18: (a) Cell potential over time when operating the EHC with 80 vol %
natural gas H equalized with H, feed at 120°C (light blue) and 0.33% RH and
160°C (dark blue) 0.1 % RH, no poison was introduced for the first 30 min and from
240 to 255 min, 500mAcm—2, A = 1.3 and Nernst potential for the respective gas
mixture; (b) Nyquist plots displaying the impedance response of the EHC at 120°C
(light blue) and 160°C (dark blue) before (BoT) and after (EoT) introducing 80 vol%
natural gas H into the feed.

Figure 4.19 presents the cell potential during separation of H, from nat-
ural gas with 20 vol % H, and simultaneous compression to a differential
pressure of 1 to 3bar. The cell potential increases stepwise when the dif-
ferential pressure over the cell increases, as expected from the increasing
Nernst potential (grey line). The product gas of the electrochemical hydro-
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gen compressor (EHC) was analyzed for trace impurities. The gas chro-
matography analysis determined a methane content in the product gas of
below 10 ppm at 3 bar differential pressure. Due to the detection limit, other
gases were not detected in the product gas.

Overall, combined compression and separation of H, from Ho/natural gas
mixtures in shares representing the natural gas grid was demonstrated. The
hydrocarbons in natural gas seem to have a minor poisoning effect, and
most of the potential increase during the operation with the gas mixtures
is probably caused by increased mass transfer resistance and possibly in-
sufficient water supply. However, the operation of EHCs in real natural gas
mixtures of different compositions should be investigated in more detail in
future studies. Additionally, operation at higher differential pressures, being
more representative of the application environment, and a thorough analy-
sis of trace impurities in the product gas should be conducted.
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Figure 4.19: Equivalent Nernst potential (grey line) and measured cell potential
(black line) over time with varying pressure difference (Ap) between cathode and
anode at 120°C and 0.33% RH at 500 mAcm~2 and \ = 1.6.
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4.4 Conclusion

We provided a comprehensive characterization of low (Nafion-EHC) and
high-temperature EHC (Celtec-EHC) and elucidated the effect of CO,, CO,
NH3, and H>S on both EHCs’ performance under galvanostatic operation.
Strategies to reduce adverse effects of H,S on the Celtec-EHC were com-
pared regarding efficiency and effectiveness. For the Nafion-EHC, severe
performance loss through poisoning was observed for CO,, CO, and H,S.
The Celtec-EHC showed no significant performance decay when operated
with CO, and CO at a moderate temperature of 120°C. It was found
that 14 ppm NH3 will potentially lead to long-term performance degradation
caused by ionomer alteration. The Celtec-EHC operation with 3.5 ppm H.S
in Ho at 120 °C did not cause significant performance loss, although a reduc-
tion in active catalyst area could be detected. However, when substituting
56 % of the Hy in the mixture by CHy, the cell potential oscillated, and signif-
icant performance reduction was observed. When increasing the process
temperature from 120°C to 160 °C, the Celtec-EHC showed stable opera-
tion. However, the energy efficiency was impaired due to the increased need
for heating power. Temperature pulsing and repeated air bleeds at 120°C
as mitigation strategies for the adverse effects of H»S in diluted H, could
not stabilize the performance. Repeated electro-oxidation by cyclic voltam-
metry leads to a stable performance with reduced poisoning, although long-
term catalyst degradation needs to be evaluated.

This research underscores the applicability of EHC technologies in nat-
ural gas infrastructure while addressing operational challenges posed by
contaminants like HoS and NHz. The comparative study of Nafion and
Celtec-EHC establishes a foundation for comprehensive techno-economic
evaluations. Future work should compare the long-term effects of different
mitigation strategies, especially at higher current densities. Additionally, hy-
brid processes for separating the most detrimental contaminants H,S and
NH3 before the EHC need to be assessed regarding economics.
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5.1 Introduction

Hydrogen is envisioned as the central energy vector in a defossilized econ-
omy [Staf2019; vdSpek2022]. By increasing the contribution of renewable
energies, the role of hydrogen as chemical energy storage becomes in-
creasingly important. Nevertheless, due to the low volumetric energy den-
sity of hydrogen, compression is of paramount importance in hydrogen
processing [Abe2019; Yanx2019; Sdan2020; Nord2019]. Currently, me-
chanical compressors are used for hydrogen compression. These are usu-
ally positive replacement devices, e.g., membrane and piston compressors
[Sdan2020]. Mechanical compression is a mature technology which offers
single-stage compression ratios up to seven. However, it entails limitations
such as vibration, moderate efficiency (45% [Sdan2020]) due to the isen-
tropic compression principle, and high maintenance costs due to mechani-
cal wear [Sdan2019b; Togh2020; Piva2024].

Alternatively, electrochemical hydrogen compressor (EHC) is an emerg-
ing technology to overcome the challenges of its mechanical counterpart
because no moving parts are incorporated in the device. Additionally, theo-
retically unlimited compression ratios and efficient compression in small sys-
tems can be achieved, offering enhanced flexibility [Nord2019; Verm2021Db;
Rhan2020]. In addition, less theoretical compression work is required due
to the isothermal compression [Zach2021].

The main challenges in EHC are membrane and catalyst materials, wa-
ter mass transport to humidify the PEM, sealing, and cost [Durm2021;
Zou2020; Gong2023; Chou2020]. State-of-the-art catalysts in EHC are
platinum group metals, which are costly and are susceptible to catalyst poi-
soning in media containing impurities, e.g., by CO [Trég2020]. Most ion
exchange membrane materials used in EHC must be sufficiently humidified
to ensure ion conductivity, which is challenging to maintain in a process with
a gaseous reactant and product such as EHC [Gong2023]. Moreover, the
back-permeation of hydrogen through the ion exchange membrane is lim-
iting the process efficiency of EHC. Additionally, sealing concepts for high-
pressure applications are challenging [Ayku2023].
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While there have been some studies on catalyst [Wu2012; Jack2020]
and membrane [Rico2018; Zou2023; Maxw2023] development for EHC,
research on process aspects e.g. cell geometry, flow field, and gas diffusion
layer design, sealings, and reactor designs has been limited [Capo2022;
Casa2008].

Tubular cell designs offer advantages in sealing length, surface-to-volume
ratio, and mass transport [Laub2022; Cour2003; Mohs2023; Webe2023].
Additionally, tubular systems are intrinsically well-suited for differential pres-
sure applications such as EHC. Additionally, uniform pressure distribution
on the cell compared to planar ones can lead to lower ohmic losses and,
consequently, less stress on the membrane and mechanical support for the
PEM in tubular cells [Zou2020; Ward2011].

Despite these advantages, tubular cell concepts, especially including
membrane electrode assemblies, have been sparsely realized [Laub2022;
Rabi2022; Dong2021]. Laube et al. [Laub2022] developed a tubular mem-
brane electrode assembly for PEM-electrolyzers, which can be fabricated
through cost-effective and in-line co-extrusion. Recently, they achieved
450 mA cm~2 at 2 in their tubular PEM water electrolyzer [Laub2023]. Dong
et al. [Dong2021] developed a solid electrolyte tubular cell for CO, elec-
troreduction using a SN-Cu hollow fiber electrode, reporting a cell potential
of —1.4V at 0.11 mA cm~2 for acetaldehyde and acetone production.
However, in both studies, liquid electrolytes were employed. To date, no
tubular concepts for all gas phase electrochemistry, e.g., EHC, have been
presented. These pose specific challenges as mass transport to and from
the catalytic site.

This chapter introduces the first all-tubular EHC with a membrane elec-
trode assembly comprising a 3D-printed anode and a catalyst-coated mem-
brane. The EHC’s electrochemical performance was examined in a tubu-
lar module via linear sweep, multi-chronopotentiometry, and electrochemi-
cal impedance spectroscopy. The compression performance was tested in
short-term stability experiments. Additionally, a 2D model of a tubular and
planar EHC was developed for performance investigation.
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5.2 Materials and Methods

Pt/C nanoparticles 40% Pt on carbon black and Fumion 1005, 5% sus-
pension in n-propanol were purchased from Quintech. Nafion™ tubes with
2.18 mm inner diameter and 305 um membrane thickness were supplied by
Permapure.

5.2.1 Anode fabrication

The porous tubular anodes of 8 cm length, 3.3 mm outer diameter, and 1 mm
wall thickness were produced by metal selective laser melting (SLM) using
a selective laser fusion printer (Sisma MySint100 PM), enabling tunable
pore size and porosity. Stainless steel powder 1.4404 (AISI 316L, particle
size <60 um) was employed as substrate. The anode was produced with a
radial pore pattern, which was achieved by scan line patterning developed
by Limper et al. [Limp2022]. The SEM image in Figure 5.1 shows the radial
pore pattern of the shell side and cross section of the tubular porous support.
The pore size distribution of the herein used anode is presented in Figure
S1. The pore size distribution and morphology of the anode were measured
via gas-liquid porosimetry (POROLOX 1000, Porometer NV) and scanning
electron microscopy (SEM) (TM3030plus, Hitachi), respectively.
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Figure 5.1: SEM image of porous support shell side and cross section.

5.2.2 Catalyst-coated membrane fabrication and MEA
assembly

The fabrication process of the tubular MEA is displayed in Figure 5.2. The
catalyst ink was prepared by sonicating a mixture of 14 mg Pt/C nanopar-
ticles, 2.3 mL isopropanol, 100 uL Fumion 1005 suspension for 30 min
(amounts for one 8 cm tube). First, the ink was airbrushed on the tubu-
lar anode via manual spray coating (Harder & Steinbeck, Evolution Infinity).
The theoretical catalyst loading of the anode and cathode is 0.7 mgcm~—2.
The catalyst layer was dried for two hours at a vacuum of 50 mbar and a
temperature 80°C. Subsequently, the Nafion™ tube was soaked in 80%
methanol in DI-water for at least twelve hours, then slid on the tubular anode
and dried at ambient conditions for 24 hours, which led to a firm shrinkage
of the membrane on the anode. Afterward, the cathode catalyst layer was
sprayed on the outer surface of the membrane using the same parameters
as for the anode.
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Figure 5.2: Assembly of tubular electrochemical hydrogen compressors. Porous
support prepared by 3D-printing. Anode and cathode catalyst layers are prepared
by manual spray coating Pt/C catalyst ink. Anode and cathode catalysts are sep-
arated by a commercial Nafion™ tube. The cathode is contacted via a stainless
steel clamp.
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5.2.3 Tubular EHC assembly

The tubular anode was contacted via a silver-coated copper wire as the
current collector by ultrasonic soldering (MBR electronics). The cathode of
the tubular membrane electrode assembly was contacted by titanium felt
(Bekaert, 20 um fiber diameter, 400 g m~2 weight, nominal porosity of 50 %)
and a stainless steel clamp (3D-printed), as shown in Figure 5.1. Three
bolts ensure the tightness of the clamp for electrical contacting.

The membrane electrode assembly was potted into polyethylene tubing
using two component epoxy resin (UHU Plus Epoxy Ultra Quick) and then
installed into the reactor. All experiments were conducted in an in-house
fabricated tubular reactor, depicted in Figure 5.3.

H,

Phigh

Figure 5.3: Reactor for the operation of tubular EHC.

5.2.4 Electrochemical experiments and analytics

All experiments were executed in a two electrode set-up and at room temper-
ature. Mass flow controllers (Series 358, Analyt MTC) were used to control
the gas supply to the cell. The relative humidity was monitored by a hu-
midity sensor (UFT75-ST1, MELTEC). The back pressure on the cathode
side was regulated by a check valve (Spring loaded back pressure regulator,
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Swagelok), if required, and monitored (A-10, WIKA).

Before supplying hydrogen, the anode and cathode compartments of the
reactor were flushed with nitrogen for safety reasons. For preconditioning,
humidified hydrogen (100% RH) with a flow rate of 50 N mL min~—! was fed
to the anode, starting 20 min in advance of each experiment to ensure sat-
uration of the compartment with hydrogen.

Electrochemical experiments were conducted by a biologic VSP poten-
tiostat with a booster (VMP3B-20) and impedance module. Polarization
curves were obtained by multi-chronopotentiometry experiments with a step
duration of 40 min. The mean value of the last five minutes of the current
step is displayed in the polarization curve. All electrochemical impedance
measurements were performed at OCV with 10 mV perturbation and six
points per decade. Electrochemical impedance spectra were measured
from 10k Hz to 1 kHz before an experimental series and from 10k Hz to
10 Hz for all other impedance measurements. Linear sweep voltammetry
(LSV) measurements were performed with 0.5 mV s~ scan rate. The ohmic
resistance for the LSV was determined at 5k Hz, and 85% iR-compensation
was considered. Unless otherwise mentioned, all data is presented as the
mean value of duplicate experiments, with the standard deviation as the
error bar.
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5.3 Model formulation

2D models for a planar and a tubular EHC were developed in the simulation
and computation software Matlab to investigate hydrogen separation and
compression with EHCs. The main features of the model are illustrated in
Figure 5.5. The inlet stream is a ternary gas mixture of hydrogen, methane
and water vapor. The cell was modeled using the following sub-models. The
EHC cell is symmetrically built, as illustrated in Figure 5.5. The anode feed
side and the cathode product stream were modeled as a bulk phase with
constant feed concentration. The gaseous mass transport in porous gas
diffusion layers on the anode and cathode side was modeled. The active
catalyst layer was implemented as an infinitesimally thin layer accommodat-
ing the faradic reaction. The mass transport resistance of the catalyst layer
was modeled in the gas diffusion layer regime. Mass transport in the pro-
ton exchange membrane was described using the solution-diffusion model.
Water transport in the membrane was included in the model. The proton
conductivity, depending on water activity in the membrane, was computed.
The input parameters are the molar feed flow rate, molar share of H, and
H-O in the feed and product gas and the anode and cathode pressure p,,

Pe.
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Figure 5.4: Simplified illustration of an EHC with the input parameters and bound-
ary conditions. The variables in thick print are inputs. A solid line means "calculated
from", a dash dot line "solved by ODE" and a dashed line "determined by empirical
formula".

The model determines the cell potential with varying current density and
the substance mole fractions in steady state in r- and z-direction. Addi-
tionally, the model allows parameter examination for temperatures, cathode
pressures, inlet molar flows, current densities, membrane thickness and
electrode porosity.
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Figure 5.5: lllustration of the main features considered by the model for the planar
cell example.
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Figure 5.6: lllustration of the tubular EHC model.

5.3.1 Model assumptions

The model is based on the following assumptions:

» The process is at steady state (% =0)
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» The temperature in the cell is constant
» The pressure at the anode and cathode is constant
» Hydrogen and methane are treated as ideal gases

* Only the influence of the membrane proton conductivity is considered
in the calculation of the ohmic overvoltage

+ Only diffusion in x-direction for the planar cell and in the r-direction for
the tubular cell is considered

» Advection is neglected

» The catalyst layer is considered as an infinitely thin interface layer, thus

outer _ pinner _ ,CL inner _ ,outer _ ,CL
Ia pEm = T2 andrg PEM = o

» The cathode bulk is ideally-mixed

» The current along the electrodes is constant

* Precipitating water has no influence on mass transport

5.3.2 Porous gas diffusion layer

The gas diffusion layers borders the bulk inlet and outlet streams and the
catalyst layer. In the gas diffusion layer, only gaseous mass transport of the
modeled components occurs.

The mass transport of a species i as the molar flux A; in the gas com-

partments of the electrochemical cell is described by the Maxwell-Stefan

ac;

51+ the concentration ¢; and the

equation with the concentration gradient
source/sink term S [Kris1997].

oc;

ot +Vn; =8 (5.1)

The flux of a species i is composed of a diffusion part expressed by use
of Fick’s law and an advection part, as seen in Equation 5.2. The advection
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term (second term) is neglected in the model. Additionally, no production
or consumption of a species occurs in the porous gas diffusion layer of the
anode and cathode; thus, the source/sink term can be omitted.

fl,’ = —D,' . VC,‘ + C,‘ - u (5-2)

For a planar EHC, the nabla operator is simplified to a partial derivative
in the x-direction.

. oC;

iy =-D ox

(5.3)

For a tubular EHC, the general equation can be simplified to a partial
derivative in radial direction.

. oC;

i =-D or

(5.4)

The gaseous mass transport in the porous gas diffusion layer was mod-
eled considering a diffusion coefficient for multi-component mass transport
according to Rieckmann et al. [Riec1997] with the binary mass diffusivities,
D;; and D;x, the Knudsen diffusion coefficient D, ;, and the mole fraction
of the respective component x.

1 Xj Xk -
= + + 55
Dkni Dij Dk (5:9)

D;

The binary diffusion coefficients D,%(To,po) were computed as a function
of temperature and pressure based on the diffusion coefficient at a reference
temperature T, and reference pressure po [Sdan2020].

Di(T.p) = Dfy(To.po) - 22 (1> E (5.6)
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The Knudsen diffusion coefficient is computed by the following equa-
tion with the pore diameter dpoe and the molar mass of component i M;
[Yuan2014].

(5.7)

The Bruggeman correlation delineates the effective diffusion coefficient
in porous media, based on the porosity ¢ and tortuosity 7 [Sabh2019]. The
relation 7 = ¢~ was assumed.

nlw

Df"(p,T) = = - Dilp, T) = ¢ - Dy(p, T) (5.8)

5.3.3 Catalyst layer

The catalyst layer was modeled as a layer without thickness and thus is not
resolved in the model. Consequently, the mass transport resistance of the
porous catalyst was added to the equation modeling the gas diffusion layer.
having a fixed mass transport resistance. In the catalyst layers, the faradaic
reaction of hydrogen oxidation on the anode and hydrogen evolution on the
cathode take place.

The hydrogen catalyst layer mass transport resistance R¢; was set to 30
s/m for a catalyst layer with a thickness L, of 8 um [Mu2019]. The resis-
tance was chosen to be 80 % of the total hydrogen mass transport resis-
tance. The catalyst layer resistance is included in the hydrogen diffusion
coefficient of the gas diffusion layer as a parallel resistance, as the catalyst
layer is not resolved in the model.

)
T d-d¢aL

eff
D Ho,GDL

(5.9)

+ RCL

The temperature dependence was approximated with the temperature re-
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lationship of the diffusion coefficients in Equation 5.8 with To = 318K.

S To %
RcL = 305 . (T) (5.10)

The faradaic reactions at the anode and cathode were modeled with Fara-
day’s law (compare section 2.3), which describes the correlation of the cur-
rent density j and the amount of hydrogen consumed or produced at the
catalyst interfaces. The anodic current density is defined as negative, and
the cathodic current density is defined as positive as proposed by Bard et
al. [Bard2001] (j = jc = Ja)-

/ Z-F~/V,l_/2
“AT T A (5.11)

For a tubular cell, the current density is a function of the radius r:

/

j=—2-7r-r-H (56.12)

5.3.4 lon exchange membrane

The solution-diffusion model was used to describe the permeation of hydro-
gen and methane through the dense membrane. The back diffusion flux
Np,; of a gaseous component i across the membrane, assuming a constant
concentration profile and constant diffusion coefficients for hydrogen and
methane along the membrane thickness L, can be described with the fol-
lowing equation.

AC;
L

Np; = D; (5.13)

The relation between the partial pressure and the molar fraction of the
component is given by Dalton’s law:

Pi =P X (5.14)
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Henry’s law correlates the partial pressure of a component with its con-
centration in the liquid phase using the Henry constant S;. The permeability
coefficient P; is defined in Equation 2.8. The permeability coefficient val-
ues of Mukaddam et al. [Muka2016], obtained at 2 atm and 35°C for dry
Nafion™, were used in the model.

The global water flux A}je5*@™ for a planar EHC is described by the follow-
ing equation with ¢) the membrane water content, ¢ the electro-osmotic drag
coefficient (the number of water molecules dragged per proton), D"H”zegb’a”e
the diffusion coefficient of water across the membrane, pq,, the dry mem-
brane density and EW the membrane equivalent weight [Sdan2020].

. Memb ./ Memb Pdry 31/1
nHze(r)n rane _ ¢ £ DHzeg rane EW ) 8_X (5.15)

And for a tubular EHC:

. Membrane _ » J Memb Pary  OY
ang rane _ C . F o DHfCr)n rane _EW . W (5.16)
The membrane water content can also be expressed as membrane water
concentration CMembrane:
2
Ew
w - C/ll/llzeombrane =7 (5.17)
Pdry
The electro-osmotic drag coefficient is computed as a function of the
membrane water content, as described in Springer et al. [Spri1991] for
Nafion™117 at 80°C:

i

(W)=25 (5.18)

The diffusion coefficient of water across the membrane is modeled using
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an empirical formula from Costamagna et al. [Cost2001]:

DegPame(y) =(5.1 —0.66 -y +5.2-1072 - ¢ — 1.3- 102 ¢%) - 10°°

- exp (2416- (31@ — %))

The membrane water content ) at the membrane-electrode interface was

(5.19)

computed as a function of water activity ay,o in the gas phase using the
empirical relation in Springer et al. [Spri1991] for Nafion™117 at 30°C.

Y =0.043 +17.81 - ay,0 — 39.85- a2, + 36 - a3, o (5.20)

This relation is only valid for activities in the range 0 to 1. For water
activities greater than 1, water condensation occurs, and a case distinc-
tion is introduced for the calculation of the membrane water content at the
electrode-membrane interface, as presented by Toghyani et al. [Togh2020].

1/;:14+1-4‘(3H20_1) 1 <ap,0<3 (5.21)
Y =16.8 amp,0 > 3 (5.22)

The relative humidity RH corresponds to the water activity in the gas

phase with a factor of 100 with the partial pressure py,o of water and the

water vapor pressure p'0 .

RH =100 - a0 = 100 - P40 (5.23)

vap
H-0

The water vapor pressure as a function of temperature T was determined
using the Antoine equation with the parameters A = 6.20963, B = 2354.731
and C = 7.559 [Lins].

plh = 104727 . 10° (5.24)
The partial pressure of water at the anode-membrane interface is ob-

tained from the mole fraction closure condition (Equation 5.33), using Dal-
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ton’s law.

The membrane water content ¢), computed from Equation 5.20 and Equa-
tion 5.23 is used as the left boundary condition in the differential equation of
membrane water mass transport. The water content at the membrane cath-
ode interface is defined as the right boundary. The sum of all component
fluxes in the proton exchange membrane (PEM) is equal to zero.

5.3.5 Potential calculation

The cell potential was calculated as the sum of Nernst potential, Ohmic and
concentration overpotential as presented in Section 2.3.

The activation overpotential is neglected due the fast reaction kinetics of
the hydrogen oxidation reaction (HOR) and the hydrogen evolution reaction
(HER) [Sdan2019b; Str62002].

The ohmic overpotential can be described as a function of the membrane
proton conductivity o and membrane position x or r in the planar and tubular
reactor, respectively by:

P dEOhmic
j=o0 e (5.25)
. dEonmic
j=o =2 (5.26)

The membrane proton conductivity of Nafion™117 can be expressed by
Equation 5.27, obtained in Springer et al. [Spri1991], as a function of the
temperature T and the membrane water content ¢, for ) > 1:

1 1

o(T,y) =100 - exp (1268 : (ﬁ — T)) -(0.005139 - ¢ — 0.00326)

(5.27)

The concentration overpotential occurs due to mass transport limiting ef-
fects and is computed by the following equation with the limiting current
density at the anode j; ; and the current density at the anode j, [Bard2001].
The cathode mass transport limitation was neglected in the model, which is
standard practice in the literature, and initial computation showed the cath-
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ode limiting current to be significantly higher than the anode limiting current.

_ R-T jL,a —ja
EConc,a/c =+ n-F |09 jL,a (5.28)

The mass transport differential equation of the gas diffusion layers (Sec-
tion 5.3.2) was solved in a "while loop" to compute the limiting current den-
sity. The current density was increased gradually after each calculation
loop. The calculation process was aborted when reaching a mole fraction
of less than 0.00277 ( at 1 bar and 333.15 K) at the anode-membrane inter-
face of the last sub-element, and the current density was given as output.
This method results in a slight inaccuracy due to the selected current steps
and the termination condition. Furthermore, calculation time is high.

5.3.6 Boundary and closing conditions

The model structure, including boundary and closing conditions is illustrated
in Figure 5.4. For both gas diffusion layers, the bulk mole fractions of hy-
drogen and water are fixed.

Cbulk ‘R-T
xbuk = 8o = const. (5.29)
’ pa/c
ppuk
X250 = %/02 = const. (5.30)

The flux of H, and CH4 at electrode-membrane interfaces were set as the
Neumann boundary conditions.

sinter _ pinter
Mar, = Ne.H, (5.31)

sinter _ sinter
Na,cH, = Nc,CH, (5.32)

The mole fraction of the n" substance was calculated with the mole frac-
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tion closure condition.

D x=1 (5.33)

5.3.7 Discretization of the Cell

A 2D model was developed to model the planar and tubular EHC. The cell
was discretized into n, sub elements of the height dz along the z-axis, as
illustrated on the example of mass transport in Figure 5.7. Mass trans-
port and electrochemical overpotentials are solved separately in x- or r-
direction. Coupling between the domains in x- or r-direction is achieved
through boundary conditions.

Element n dz

\] out,n+l \] out,n+1
Pch Pch

Element n+1 dz

\]. out,n+1
Ni,a

Figure 5.7: Discretization in inlet flow direction exemplary for the mass balance of
sub elements in a tubular EHC.

The Nernst voltage of the cell is determined by averaging the Nernst volt-
ages of all sub elements. The ohmic overvoltage of a sub element as well
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as of the entire cell is determined as follows:

L .

ED - / _J 5.34
Ohmic 0 O'()\(X)) n, ( )

rénner i

n — .

EOhmiC B rguter 2 - dZ . O'()\(r)) - r dr (535)

nz
Eonmic = Y, Edpmic (5.36)

n=0

Moreover, by determining the limiting current density of each sub-
element, the concentration polarization overpotential can be computed. To
determine the concentration polarization potential of the whole cell, the con-
centration polarization of the sub elements are averaged.

5.3.8 Efficiency and Recovery Factor

The power efficiency n of an electrochemical hydrogen compressor was
calculated as the quotient of the power requirement of a thermodynam-
ically ideal compressor Pigey and the actual power requirement Pagga
[Chou2020]:

P actual

Assuming isothermal conditions, the ideal power requirement was com-
puted by [Chou2020]:

Pieal = Npeg s, - R - T - log 2@ (5.38)

a

The net hydrogen flow rate N,,e,‘,,j,2 is the difference of the rate of moles oxi-
dized Nf,H2 according to Faraday’s law and the rate of moles diffusing back
Nb,Hg:

Nret 1, = N, — Np g, (5.39)
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The actual power requirement was calculated by [Chou2020]:
Pactual =z-F- EEIectrode ’ Nf.H2 =/ EEIectrode (5-40)

The Hydrogen Recovery Factor (HRF) was calculated as the quotient of
the outlet Nﬁ,’;”’ef and the inlet hydrogen flux N,"jz’ef

\ Joutlet

H
ARE = Rt (5.41)
2
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5.4 Results and Discussion

5.4.1 Design concept

Electrical contacting is a significant challenge for small, tubular designs.
For adequate contact, sufficient pressure must be applied on the membrane
electrode assembly, requiring high mechanical stability of the centered an-
ode as it bears the applied force. The herein-employed 3D-printed metal
anode with tunable porosity provides sufficient mechanical stability. The
tailor-made clamping device also ensures a uniform pressure distribution
from the cathode to the membrane and anode. Additionally, the design fa-
cilitates self-reinforcement, as the pressurized side of the cell is the cathode
side. A pressure gradient between the cathode and anode develops upon
electrochemical hydrogen compression, pressing the MEA onto the rigid
anode support.

5.4.2 Electrochemical characterization

The tubular EHC was characterized electrochemically by linear sweep
voltammetry, multi-chronopotentiometry, and electrochemical impedance
spectroscopy. Figure 5.8 shows the iR-corrected and non-corrected po-
larization curve of the tubular EHC as well as the results from the multi-
chronopotentiometry. Linear behavior of the polarization curves is observed
until 60 mA cm~2, followed by an exponential increase at higher current den-
sities. The current-voltage behavior is validated by the results from the multi-
chronopotentiometry (square symbols). The limiting current density under
non-pressurized operation conditions reached approximately 90 mA cm~—2.
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Figure 5.8: Steady-state current-voltage behavior of tubular EHC recorded by cur-
rent steps (40 min, squares) and polarization behavior recorded by linear sweep
voltammetry (solid lines) and iR corrected linear sweep (dashed line), 50 ml/min
H>, 100% relative humidity in the feed gas.

Figure 5.10 (a) presents the Nyquist plot of electrochemical impedance
spectra recorded between multi-chronopotentiometry experiments. The
current and voltage response of the consecutive runs between the
impedance spectra is presented in Figure 5.9. The high-frequency re-
sistance of the cell ranged between 2 to 2.75Qcm? in electrochemical
impedance measurements (Fig. 5.10 (a)). In comparison, studies on planar
EHCs have reported limiting current densities ranging from 0.5t0 3.5 Acm—2
at room temperature, which is significantly higher than achieved in this work
[Zou2021; Str62002]. For instance, Zou et al. achieved 3.5 Acm~2 with
similar catalyst loading as in this study but with a significantly thinner ion
exchange membrane of 15um compared to 300 um in this work. The iR-
corrected linear sweep demonstrates cell potentials comparable to those in
the literature and emphasizes major ohmic loss contributions to overall cell
performance. For example, at a current density of 50 mA cm—2, the poten-
tial declines from 150 mV to 50 mV after iR correction. However, it should
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be noted that this work introduces the first tubular EHC, and the potential
for optimization is thus not yet tapped.

200 . : : 80
150 } -60&51
- =
S

E =
5 100 F 140 =
g y=
50+ 120 9
5
O

ot 0

0 120 240 360 480

Time [min]

Figure 5.9: Cell potential and current over time during a multichronopotentiometric
measurement.

Possible reasons for the limited electrochemical performance of the tubu-
lar EHC, especially at current densities above 60 mA cm~2, might be dry-
ing out of the proton exchange membrane, condensation of water in the
porous support or on the electrodes, and corrosion of the stainless steel
anode support. At higher current densities, more water is needed to main-
tain a sufficient wetting degree of the proton exchange membrane. Thus,
non-ideal humidification of the proton exchange membrane, due to mass-
transport limitations in the porous transport layer of the anode, could lead
to an increase of the cell potential at higher current densities [Piva2024;
Pine2022a].

This hypothesis can be underlined by the impedance data (Fig. 5.10 (a)).
After preconditioning, the ohmic resistance of the cell is 2.75Qcm?. Af-
ter 2.5 h chronopotentiometry at 10 mA cm~—2, the ohmic resistance drops
to 2.18 Qcm? (Fig. 5.10 (a), plot 2), but the Nyquist plot qualitatively re-
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mains similar to the initial spectrum. After 2.5 h chronopotentiometry at
40mAcm~—2 (Fig. 5.10 (a), plot 3), the first semicircle in the Nyquist plot
is significantly smaller. The spectrum’s shape changes over the whole fre-
quency range indicating rehumidification of the membrane [Méri2006]. After
operation at 60 mA cm~2, the magnitude of the impedance increases (Fig.
5.10 (d), plot 4), and the spectrum is shifted to higher resistances indicating
again the dehumidifaction of the membrane, also correlating with the in-
crease of potential observed in the linear sweep at current densities above
60 mA cm~—2 (Fig. 5.8). After running the cell at 80 mAcm—2 (Fig. 5.10 (d),
plot 5) for 4 min, the spectrum shifts to the initial high-frequency intercept
and additionally changes qualitatively, indicating a fundamental change in
the electrochemical system such as dehydration of the membrane.
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Figure 5.10: (a) Nyquist plot of impedance spectra consecutively recorded be-
tween multi-chronopotentiometry experiments, 1: after preconditioning of the cell,
2: after 2.5 h at 10mAcm~—2, 3: after 2.5 h at 40mAcm~2, 4. after 2.5 h at
60mAcm~2; (b) zoom in on high frequencies of (a) all spectra shifted to zero
ohmic resistance; (c) Bode diagram of measurement 3 and 4, (d) Nyquist plot of
impedance spectra consecutively recorded between multichronopotentiometry ex-
periments, 1: after preconditioning of the cell, 2: after 2.5 h at 20 mA cm~2, 3: after
2.5 h at40mAcm2, 4: after 2.5 h at 60 mAcm2, 5: after 4 min at 80 mA cm—=.

Additionally, water might condense in the hydrophilic porous anode and
on the catalyst surface, leading to flooding and resulting in diffusion-limited
hydrogen and water vapor transport toward the cathode [Nguy2011]. In
electrochemical impedance analysis, the effect of flooding can be observed
in the low-frequency regime. As membrane drying seems to occur simul-
taneously, changing the impedance spectrum over the whole frequency
range, it is difficult to separate the two effects (Fig. 5.10 (a, b)) [Méri2006].
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Consequently, optimizing the water transport to the EHC membrane is cru-
cial to improve the performance of the herein presented prototype. More-
over, corrosion might occur on the stainless steel anode support struc-
ture, leading to increased contact resistance between the anode gas dif-
fusion and anode catalyst layers and, consequently, higher cell poten-
tials [Miya2013]. The leaching of iron ions from the stainless steel anode
could additionally lead to contamination and severe degradation of the pro-
ton exchange membrane, leading to decreased cell performance [Li2020;
Chen2007].

5.4.3 Hydrogen compression in tubular reactor

The hydrogen compression capability of the tubular EHC was examined at
a cathode pressure of 2 bar at a constant current density of 60 mAcm—2 for
three and at a constant current density of 50 mAcm~2 for six hours. It should
be noted that the three-hour and six-hour experiments were not conducted
consecutively. Figure 5.11 (a) shows the pressure build-up on the cathode
side of the EHC in the initial electrolysis phase. The targeted 2bar cath-
ode pressure was achieved after 60 min electrolysis. The set pressure was
maintained for 100 min at a mean cell potential of 180 mV. In a six-hour ex-
periment, presented in 5.11 (b), the pressure on the cathode side was set
to 1.8 bar at the beginning of the experiment. The cell potential decreases
from 230 mV to 190 mV during the first 150 min of the experiment. As the
cell potential is elevated compared to the 60 min experiment, we hypothe-
size that the system’s preconditioning was insufficient. Thus, in the first 150
min of the experiment, the membrane is hydrated further, and the resistance
decreases [Pine2022a].

This hypothesis is also underlined by the impedance spectra measured
before and after the experiment - the high frequency ohmic cell resistance
decreases from 3.75 Qcm? to 2.75 Qcm? over the course of the experiment.
The cell potential of both pressurized experiments is not significantly dif-
ferent from the non-pressurized experiments, as to be expected from eq.
2.3.
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Figure 5.11: Cathode pressure (grey) and cell potential (black) of tubular EHC
over electrolysis time, 50 mL min—' H, feed flow rate equals lambda of 10, 100%
relative humidity of the feed gas, (a) 60 mA cm~2 constant current, (b) 50 mA cm—2
constant current, the three-hours and six-hours experiments were not conducted
consecutively.

5.4.4 Modeling of a tubular EHC

A numerical model was developed to investigate mass transport and evalu-
ate the compression and separation performance of tubular EHCs. The pla-
nar EHC model is validated by comparing the modeled polarization curves
with experimental research data from Onda et al. [Onda2007] and Ibeh et
al. [Ibeh2007]. The validation is also assumed to be valid for the tubular
EHC model as only the geometrical parameters change, and the general
model equations are the same as for the planar cell. The following tables
5.1 and 5.2 summarize the modeling parameters for the validation.
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Table 5.1: Inputs used in the validation with experimental data from lbeh et al.

[lbeh2007].
Input Value
T 318 K
Pa 1.013 bar
Pc 1.013 bar
L membr 140 um
02 176 um
A 25 cm?
RH™ 100 %
RHo°ut 100 %
xeuk 0.9
No, | 1.891 104 22
Radd 6.1 mQ

Table 5.2: Inputs used in the validation with experimental data from Onda et al.

[Onda2007].
Input Value
T 333.15 K
Pa 1.013 bar
Pc 4,8,10 bar
Lmembr 112 um
da, Oc 200 um
A 10 cm?
RH™ 100 %
RHout 97 %
Nb. | 3.22x1075 ™
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Table 5.3: Hydrogen bulk mole fractions used for the model validation with experi-
mental data from Onda et al. [Onda2007].

Cathode Pressure | xTst | x24¥
4 bar 0.8037 | 0.9517
8 bar 0.8037 | 0.9758
10 bar 0.8037 | 0.9807

The cell potential reported by Ibeh et al. [Ibeh2007] increases logarithmic
at low current densities, transitioning to a linear rise towards infinity at the
limiting current density, as illustrated in Figure 5.12. Overall, the numeri-
cal method agrees well with the experimental data from Onda et al. The
predicted limiting current density demonstrates an accuracy of 2.3 % for a
hydrogen inlet mole fraction of 0.25 and 1.2 % for 0.08. However, the cell
voltage is underestimated near the limiting current density, likely due to the
assumption of constant hydrogen and water content in the bulk phase.

In Figure 5.12, the polarization curve computed using the model is com-
pared with experimental data from Onda et al. [Onda2007]. The numerically
determined cell potential trend aligns well with the experimental findings,
with ohmic overpotential—exhibiting a linear trend—dominating the cell volt-
age. Onda et al. determined that the activation overpotential is one order
of magnitude smaller than ohmic potential, making its neglect in the model
reasonable. Overall, the numerically determined cell potential is exceed-
ing the experimental values over the whole current density regime, which
indicates an overestimation of the ohmic resistances of the cell.

Overall, less than 10 % deviation in the ohmic region and under 2.3 %
deviation for limiting current density predictions were achieved in the model
validation. It was confirmed that activation overpotential and mass transport
limitations at the cathode are negligible for EHC modeling.
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Figure 5.12: (a) Comparison of simulation (dashed line) and experimental results
of Ibeh et al. [Ibeh2007] (solid line) of the polarization behavior with different feed
compositions; (b) Comparison of simulation (line) and experimental results (points)
of Onda et al. [Onda2007] of the polarization behavior with different cathode pres-
sures.

Table 5.4: Inputs used in the model examination.

Inputs Value
Pa 60 bar
Pc 700 bar

T 323.15 K
/ 1A
L 280 um
xmet 0.1
xoulk 0.9997
RH™ 100 %
RHeut 100 %
ND. | 1.03643 104 ™
€a 0.4
€c 0.6

Polarization behavior

The model input parameters used in the model examination if not explicitly
mentioned otherwise, are presented in Table 5.4. In the modeled polariza-
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tion curve of the tubular cell in Figure 5.13 shows the predominant contribu-
tion of the Nernst voltage resulting from the high partial pressure gradient
across the cell. The ohmic overpotential exhibits a typical linear relationship
with current. As the current increases, the impact of mass transport limita-
tions becomes more pronounced. At a current density of 2.25 A cm—2, which
represents the maximum achievable value, based on the hydrogen feed flow
and Faradays law, the limiting current is reached. At this current, no hydro-
gen is available for oxidation at the catalyst layer of the anode outlet, as
the diffusion rate is insufficient to support higher oxidation rates at elevated
currents. This results in an increase in both mass transport overpotential
and total electrode voltage towards infinity. The abrupt rise in mass trans-
port overpotential observed in the simulation arises from averaging across
all sub-elements, with the steep exponential increase in electrode voltage
of the final sub-element becoming evident just before reaching the limiting
current.
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Figure 5.13: Polarization curve of the tubular EHC. The inputs used in the compu-
tation can be found in Table 5.4.
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Anode porosity

Mass transport plays a crucial role in the performance of the EHC. As il-
lustrated in Figure 5.13, mass transport limitations at the anode result in
a significant rise in electrode voltage at elevated currents. Consequently,
understanding and optimizing mass transport becomes increasingly impor-
tant. The optimization objective should focus on maximizing the limiting
current to enhance the hydrogen recovery factor (HRF). Therefore, a more
detailed analysis of hydrogen mole fractions at the anode was conducted.

The influence of anode porosity on limiting current density and hydrogen
mole fraction is investigated in Figure 5.14 (a) and (b). The anode hydro-
gen mole fraction decreases from the bulk to the catalyst layer. Hydrogen
is oxidized at the catalyst layer, resulting in a mole fraction gradient towards
the membrane. A higher porosity leads to a higher diffusion coefficient (see
Bruggeman correlation in 5.8), i.e. to smaller mass transport resistances.
Thus, the mole fraction gradient at the anode towards the membrane de-
creases with increasing porosity, as shown in Figure 5.14 (b). A hydrogen
mole fraction of zero at the anode catalyst layer of the last sub element
is observed at a higher current when using a more porous anode. Conse-
quently, the limiting current density, shown in Figure 5.14 (a), increases with
increasing anode porosity.

123




2.40
(b)

0.012 | .

N
w
o

€=0.6
0.008

2.30

0.004 €05

T

2.25

Limiting current density [Acm?]
Anode Hydrogen Mole Fraction [-]

2.20 1 1 1 0000 1 1 1 1 1 1
0.40 0.45 0.50 0.55 0.60 0.11 012 013 0.14 0.15 0.16

Porosity [-] Radius [cm]

Figure 5.14: (a) Limiting current for the last sub element (number 50), and thus for
the entire cell as a function of the anode porosity. The inputs used in the compu-
tation can be found in 5.4. (b) Anode hydrogen mole fraction for last sub element
(number 50) for three different anode porosities at 2.2 Acm—2.

Aiming for maximum process efficiency, both HRF and power efficiency
should be maximal. The power efficiency, shown in Figure 5.15, increases
at low current densities until reaching a maximum, which shifts to higher
current densities for thinner membranes, and then, decreases again. The
trend of power efficiency relative to current in Figure 5.15 can be explained
as follows: back diffusion, decreasing logarithmically with increasing mem-
brane thickness, dominates efficiency at low currents, making thicker mem-
branes preferable in this range. Conversely, at high currents, the cell poten-
tial dominates the efficiency, favoring thinner membranes; this advantage
grows with increasing current due to increasing ohmic potential. Overall,
thicker membranes are more efficient at low currents and thin membranes
exhibit high efficiency at high currents. These observation are consistent
with the findings of Kim et al. [Kim2022] on specific power consumption,
which is inversely proportional to the power efficiency.

The HRF, increases linearly with increasing current density and constant
feed flow, due to the linear relation of the hydrogen product flow and current
by Faradays law. Back diffusion shows minimal dependence on current
since the boundary conditions, including cathode pressure and purity, are
maintained constant. Consequently, the net hydrogen flow to the cathode
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is nearly linear with respect to current, which also applies to the HRF.

The operating point with maximum HRF and power efficiency in our com-
putations was obtained for a membrane thickness of 100 um at a current of
2.5 A achieving a HRF of 87.5 % at an efficiency of 56.8 %. In comparison,
the HRF using pressure swing adsorption is in the range of 35 % for com-
parable inputs, and the isentropic efficiency of a reciprocal hydrogen com-
pressor is in the range of 56 %, indicating technological competitiveness
of EHC for hydrogen compression and separation [Nord2019; Liem2017;
Gard2009].
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Figure 5.15: Power efficiency and hydrogen recovery factor for varying current
densities with 100 um (solid lines), 200 um (big dashed line) and 280 um (small
dashed line) , all other input parameters according to Table 5.4.

Model Shortcomings and Outlook

To further refine the model, it is recommended to eliminate the fixed cathode
hydrogen purity as a boundary condition. The model simplifies the boundary
layers by assuming constant molar concentrations, neglecting concentra-
tion gradients developing by component transport towards the electrodes.
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However, those concentration gradients significantly influence mass trans-
port resistance and humidification of the membrane. A more detailed treat-
ment of these gradients should be implemented to provide a realistic as-
sessment of mass transport limitations. Additionally, flow conditions in the
bulk phase, which is a key difference between planar and tubular cells are
not included in the model due to the constant bulk assumption. At 700 bar,
Ho significantly deviates from ideal gas behavior, consequently dropping
the assumption of ideal gas behavior and incorporating real gas equations
of state would improve prediction accuracy under these conditions. The
catalyst layer mass transport resistance constitutes a substantial portion of
total resistance [Spin2017]. Future work should focus on modeling trans-
port processes within the catalyst layer to understand how various catalyst
layer morphology affect the EHC performance.
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5.5 Conclusion

This chapter introduces the first tubular electrochemical hydrogen compres-
sor (EHC) featuring a 3D-printed, stainless-steel porous tubular anode. This
work introduces an innovative concept to fabricate tubular membrane elec-
trode assemblies for high differential pressure applications comprising a
rigid, 3D-printed anode and a catalyst-coated tubular membrane. Electro-
chemical testing revealed the tubular MEA’s efficacy for gas-phase electro-
chemistry at current densities up to 60 mAcm~2 in continuous mode, reach-
ing a differential pressure of 2 bar across the anode and cathode compart-
ments. Additionally, electrochemical impedance spectroscopy analysis be-
fore and after EHC experiments demonstrate the change in electrochemical
properties of the EHC, which could be attributed to the membrane drying,
flooding caused by water condensation in the porous network of the an-
ode, and contamination due to the undesired leaching of iron ions from the
stainless-steel anode. This work spotlights the proof-of-concept for the first
tubular EHC, expanding the horizons in the field of EHC, transitioning from
planar to tubular modules that promise greater surface-to-volume ratios,
superior packing densities, and facile high differential pressure operation.
The presented module has potential forimprovement by considering thinner
tubular membranes, inert electrode materials, e.g., titanium, and depositing
noble metals for enhanced stability and electrical conductivity, which is un-
der investigation in our group. Additionally, a basic 2D model was developed
to investigate mass transport in the tubular cell. The efficiency and hydrogen
recovery of tubular EHC with varying operation conditions and membrane
thickness was evaluated. At optimal operating conditions, a hydrogen re-
covery of 87 % at a power efficiency of 56 % was computed for compression
of hydrogen from 60 to 700 bar and purification from 10 vol % to 99.97 vol %.
However, due to simplifying assumptions, the model could not capture the
cell’'s behavior observed in the experimental part.
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Conclusion and Perspectives

Hydrogen compression will play a crucial role in a decarbonized energy
system by facilitating the efficient storage, transportation, and utilization of
hydrogen as a carbon-free energy carrier. Electrochemical hydrogen com-
pressors (EHCs) are a promising alternative to conventional mechanical
compressors due to their high theoretical compression efficiency, reduced
maintenance needs, and lower capital costs. Additionally, EHCs combine
compression and separation of hydrogen, enabling both withdrawal from
natural gas/hydrogen mixtures for on-site use and separating hydrogen from
gas mixtures to yield value-added products. This thesis focuses on the de-
velopment and assessment of electrochemical hydrogen compression tech-
nologies, emphasizing their role in facilitating efficient combined hydrogen
purification and compression. The answers to the research questions raised
in the introduction are summarized in the following:

Sub-question 1: How do low- and high-temperature EHCs
compare regarding hydrogen compression and
separation performance?

The first sub-question was addressed by comparing the performance of per-
fluor sulfonic acid (PFSA, low-temperature) and polybenzimidazole (PBI,
high-temperature) based EHCs in terms of operational parameters, polar-
ization behavior, and compression efficiency. While both EHCs achieved
hydrogen compression to 6 bar, the high-temperature EHC demonstrated
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a higher compression efficiency of 40 % compared to 30 % for the low-
temperature EHC, attributed to its lower cell potential. Additionally, the influ-
ence of feed gas humidity on the high-temperature EHC was investigated.
The findings highlighted that although the high-temperature EHCs can op-
erate in anhydrous conditions, introducing very low relative humidity (<1 %)
lowers the cell potential up to 30%. Combining the unit operations com-
pression and separation in one technology holds great potential for reduc-
ing process complexity, footprint, and, consequently, cost. Combined com-
pression and separation were studied in both EHC-types while measuring
the product gas purity. The high-temperature EHC achieved lower methane
concentrations during separation from methane/hydrogen mixtures meeting
fuel cell grade requirements.

Sub-question 2: What is the influence of trace impurities
present in the natural gas grid on EHCs and how to
mitigate them?

The influence of trace impurities present in the natural gas grid on EHCs
was studied experimentally by introducing single natural gas impurities to
the feed gas. Low- and high-temperature EHCs were compared regarding
their poisoning tolerance against the natural gas impurities 4 vol.% CO», 30
ppm CO, 14 ppm NH3 and 3.5 ppm H,S. Detrimental increase in cell po-
tential of up to 270 % was observed upon introduction of CO,, CO and HoS
in the hydrogen-feed of the low-temperature EHC. Stable operation of the
high-temperature EHC was achieved in the presence of CO,, CO, and H,S,
with an increase in cell potential remaining below 5 %. The effect of dilution
with methane - as a model for natural gas - on the poisoning of the EHc
was investigated for the high-temperature EHC to get closer to the real op-
eration conditions in natural gas. Diluting the CO,, CO, and NHs/hydrogen
mixtures with methane yielded negligible changes in the high-temperature
EHC. However, diluting the H>S/hydrogen feed led to a stark potential in-
crease and potential oscillations, which were attributed to the adsorption
mechanism of HoS on the Pt-catalyst. Focusing on HoS poisoning in high-
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temperature EHC, poison mitigation strategies were evaluated regarding
effectiveness and process efficiency. Temperature cycling, air bleeds, and
electro-oxidation by cyclic voltammetry were investigated as strategies to
mitigate the poisons’ effect. Performing repetitive electro-oxidation showed
the most potential among the investigated strategies. However, future re-
search should focus on the long-term effects of the mitigation strategies.
Finally, the effect of natural gas on the high-temperature EHC was investi-
gated. The higher hydrocarbons in the natural gas had a minor effect on the
EHC operation. Separation of hydrogen from 20 vol. % hydrogen in natural
gas was demonstrated, achieving a product gas purity of 99.999%. Further-
more, simultaneous compression and separation from natural gas/hydrogen
mixtures was performed for the high-temperature EHC, which had not yet
been demonstrated.

In summary, the high-temperature EHC with a H3PO4-doped polybenz-
imidazole membrane showed superior compression efficiency, product gas
purity, and robustness. Challenges remaining for a successful combination
of compression and separation of hydrogen from natural gas are mechan-
ical and chemical stability of PBlI-membranes. Additionally, a mechanistic
understanding of sulfur catalyst poisoning and membrane alteration by NH3
is lacking, as well as long-term operation data with those poisons enabling
lifetime predictions.

Sub-question 3: Can a tubular EHC be built and
operated?

An innovative tubular design for EHCs based on 3D-printed porous anodes
was developed. After establishing a production method for the tubular mem-
brane electrode assembly, an experimental proof-of-concept of the tubular
gas phase electrochemical cell achieving compression up to 3 bar was con-
ducted. A 2D model for the analysis of the tubular EHC was developed.
By establishing a proof-of-concept of the tubular reactor design for EHC,
a starting point for future transitioning from planar to tubular modules that
promise higher packing densities and facile high differential pressure opera-
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tion was established. Additionally, this work opens up new research oppor-
tunities in electrochemical process engineering by translation of the concept
to other applications, for example, electrochemical CO, reduction. Future
work should focus on reaching state-of-the-art current densities as well as
lower cell potentials, for example, by improved material systems of the tubu-
lar anode and contacting concepts. The developed 2D model enabled the
evaluation of anode morphology and indicated the technological competi-
tiveness of the EHC against state-of-the-art technologies. The current 2D
model provides insights into the operational characteristics of the tubular
design; however, its simplifying assumptions limit its ability to fully capture
the interactions occurring within the electrochemical cell. To enable techno-
logical comparison of tubular and planar EHCs, and thus predict technologi-
cal feasibility, a more detailed model, especially considering mass transport
phenomena, should be established.

Overall, this work advances the industrial applicability of EHCs by eluci-
dating key challenges related to impurity tolerance and developing mitiga-
tion strategies and novel reactor concepts. This research paves the way for
more effective integration of hydrogen into existing energy infrastructures,
ultimately supporting the transition to a sustainable hydrogen economy in
both industrial applications and broader energy systems.
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n

Thickness

Molar flow rate

Volumetric flow rate

Density

Area

Activity
Concentration
Molar mass
Pressure
Partial pressure
Temperature
Time

Volume
Velocity

Molar share
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Constants, Coefficients, Dimensionless Quantities

A Stoichiometric excess factor

D Diffusion coefficient

F Faraday constant

n Polytropic index

P Permeability

R ldeal gas constant

S Henry coefficient

z Number of electrons transferred

Fundamentals

E, Activation overpotential

Eo Thermodynamic equilibrium potential
E el Cell potential

EwassTransport Mass transport overpotential

En Nernst potential

Eonm  Ohmic overpotential

h Specific enthalpy
/ Current

S Specific entropy
w Work

w Specific work
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QHeat

Heating power

n Efficiency

)i Current density

P Electrical power

Chapter 4:

qpt Specific oxidation charge
Chapter 5:

€ Porosity

(0 Water content

o Proton conductivity

T Tortuosity

¢ Electroosmotic drag coefficient
d Diameter

H Height of cell

r Radius

RcL Transport resistance of the catalyst layer
RH Relative humidity
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List of Abbreviations

CV cyclic voltammetry

ECSA electrochemically active surface area
EHC electrochemical hydrogen compressor
EIS electrochemical impedance spectroscopy
GHG green house gas

HER hydrogen evolution reaction

HOR hydrogen oxidation reaction

HRF hydrogen recovery factor

MEA membrane electrode assembly

PBI polybenzimidazole

PEM proton exchange membrane

PFSA perfluor sulfonic acid

PSA pressure swing adsorption

PTFE polytetrafluoroethylene
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