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ABSTRACT

DEVELOPMENT OF A HIGH-PERFORMANCE ELECTROCHEMICAL
HYDROGEN COMPRESSOR THROUGH EXPERIMENTAL STUDIES

Bulanik Durmus, Gizem Nur
PhD., Department of Mechanical Engineering
Supervisor: Prof. Dr. Yilser DEVRIM
Co-Supervisor: Prof. Dr. Can Ozgiir COLPAN

June 2023, 114 pages

Energy in the world goes beyond fossil fuels and moves towards green solutions and
clean energy is of great importance for a sustainable future. Hydrogen, which is an
important clean energy alternative, needs to be purified and compressed effectively in
order to become a common energy carrier. Hydrogen compressors, which are widely
used industrially today, are mechanical, pneumatic and electrically operated
compressors, and their most important disadvantages are vibration and noise caused
by their moving parts. However, electrochemical hydrogen compressors allow both
electrochemical hydrogen purification from various gas mixtures and compression in
a single step with high energy efficiency. In addition, they are quiet as they contain no
moving parts. Because of these advantages, they have lower capital costs, longer

service life and less maintenance.

Electrochemical hydrogen (H2) compression (ECHC) technology has recently
attracted attention because it is promising for H2 compression and purification in a
single step. Currently, the most common and cheapest method for producing H: is
steam reforming of hydrocarbons. In other words, natural gas and coal are the most



affordable sources of H2. However, this method has the drawback of emitting some

impurities like carbon monoxide (CO) and carbon dioxide (COz2).

Within the scope of this thesis, a high-temperature electrochemical H2 compressor
(HT-ECHC) has been developed. An experimental method has been used for studies
on the purification and compression of Hz. One of the biggest problems encountered
in ECHC systems is the poisoning of the catalyst due to CO. This makes the catalyst
unusable, and catalyst costs arise. Therefore, this study aimed to develop an HT-ECHC
with a high CO tolerance, operating between 140-180 °C, and consuming low power.
In this study, the Hz purification and compression performance of a Poly [2,2'-(m-
phenylene)-5,5'-bibenzimidazole] (PBI) membrane-based HT-ECHC was investigated
using reformed gases containing different molar ratios of H2, CO2 and CO. In the
performance tests, it was emphasized that the effect of temperature on HT-ECHC
performance was one of the most critical factors. It was observed that the performance
of the HT-ECHC decreased with the increase in the molar ratio of CO. The results of
the gas chromatography (GC) analysis indicate that >99.99% H2 purity was achieved
at 160 °C. According to the results, H2 was successfully compressed from atmospheric

pressure to 60 bar with a 1.5V constant voltage.

Keywords: Electrochemical Hydrogen Compression, Electrochemical Hydrogen

Purification, PBI Membrane
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YUKSEK PERFORMANSLI ELEKTROKIMYASAL HiDROJEN
KOMPRESORUN DENEYSEL CALISMALAR ILE GELISTIRILMESI

Bulanik Durmus, Gizem Nur
Doktora, Makine Miihendisligi Boliimii
Tez Yéneticisi : Prof. Dr. Yilser DEVRIM
Ortak Tez Yéneticisi : Prof. Dr. Can Ozgiir COLPAN

Haziran 2023, 114 sayfa

Elektrokimyasal hidrojen (Hz2) sikistirma (ECHC) teknolojisi, H2'nin tek bir adimda
sikistirllmast ve saflastirilmasi igin umut vaat etmesi nedeniyle son zamanlarda
dikkatleri tizerine ¢ekmistir. Su anda, Hz tliretmenin en yaygin ve en ucuz ydntemi,
hidrokarbonlarin buharla reformasyonudur. Diger bir deyisle, dogal gaz ve komiir
H2'nin en uygun kaynaklaridir. Bununla birlikte, bu yontemin dezavantaji, karbon

monoksit (CO) ve karbon dioksit (COz2) gibi bazi safsizliklar yaymasidir.

Bu tez kapsaminda yiiksek sicaklik elektrokimyasal H2 kompresérii (HT-ECHC)
gelistirilmistir. H2'nin saflastirilmasi ve sikistirilmasi ile ilgili calismalarda deneysel
bir yontem kullanilmistir. ECHC sistemlerinde karsilasilan en biiyiik sorunlardan biri
katalizoriin CO nedeniyle zehirlenmesidir. Bu durum katalizorii kullanilamaz hale
getirmekte ve katalizér maliyetleri ortaya ¢ikmaktadir. Bu nedenle bu g¢alisma, CO
toleransi yiiksek, 140-180 °C arasinda calisan ve diislik gii¢ tiikketen bir HT-ECHC
gelistirmeyi amacglamistir. Bu ¢alismada, farkli molar oranlarda Hz, CO2 ve CO igeren
reformat gazlar kullanilarak PBI membran bazli HT-ECHC'nin H2 saflagtirma ve
sikistirma performansi incelenmistir. Performans testlerinde sicakligin HT-ECHC
performansi tizerindeki etkisinin en kritik faktorlerden biri oldugu vurgulanmistir. HT-
ECHC'nin performansinin CO'nun molar oraninin artmasiyla diistiigli goézlenmistir.

Gaz kromatografisi (GC) sonuglari, 160 °C'de >%99,99 H2 safliginin elde edildigini
\'



gostermistir. Sonuglara gore Hz, 1.5V sabit voltaj ile atmosferik basingtan 60 bara

basariyla sikistirilmistir.

Anahtar Kelimeler: Elektrokimyasal Hidrojen Sikistirma, Elektrokimyasal Hidrojen

Saflastirma, PBI Membrani

Vi
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CHAPTER 1

INTRODUCTION

One of the most critical issues that scientists are currently focusing on is the energy
problem and global warming. This issue has forced governments and other
organizations to consider reducing negative environmental impacts and fuel costs.
Today, many innovative and attractive technologies are being researched to solve the
energy problem. Among these technologies, Hz is predicted to become a more critical
component in meeting the world's energy needs, as it has the potential to decarbonize
the transportation and stationary energy industries. Effective Hz storage and H:
production technologies are very important for the widespread use of Hz in daily life
and the development of the H2 economy. ECHC systems are particularly promising
systems for Hz purification, storage and transmission. ECHCs are single-stage, highly
efficient, low-maintenance and quiet systems that purify high-pressure Hz isothermally
without moving components or mechanical losses. Therefore, this innovative
technology can be used in critical applications such as stationary, residential, military

and aerospace due to its mobility, scalability, quiet and vibration-free operation.
1.1.  Motivation of the Thesis

Most of the world's energy needs are met by fossil fuels. However, alternative energy
sources are increasingly important, especially considering climate change and the
depletion of fossil fuel resources. Hz, which has a high energy density among
alternative energy resources, is gaining more importance day by day. Today, the use
of Hz has become widespread, but some non-technical factors such as economic and
logistics prevent further use of Hz systems in daily life. In addition, difficulties with
H2 compression, purification, storage and transportation cause the cost of Hz supply to
increase significantly. For this reason, supporting R&D and infrastructure studies



related to Hz energy, which is accepted as the energy of the future, seems to be a
necessity for all countries of the world.

In order for the H2 economy to become widespread, high-purity H2 must be produced
and stored in low volumes. The need for H2z purification and pressurization
technologies has led to a greater focus on technologies that can obtain compressed and
high-purity Hz, such as ECHCs. One of the most important difficulties encountered in
ECHC systems is the poisoning of the catalyst used in the system and the cost of the
catalyst. In low temperature (60-80 °C) ECHC applications (LT-ECHC), the use of
different gas mixtures obtained from alternative fuels, especially in mixtures
containing CO and COg, is not efficient because catalyst poisoning is encountered. In
these systems, impurities are adsorbed on the catalyst surface and reduce the
electrochemical activity of the catalyst. Despite the disadvantages of LT-ECHC
systems, HT-ECHC systems are particularly promising for contaminant tolerance.
However, there are not many studies in the literature on HT-ECHC systems. Therefore,

it is important to develop promising HT-ECHC systems.
1.2.  Aim of the Thesis

The significance of HT-ECHC is emphasized in this study because the current methods
utilize separate units to purify and compress Hz. This work offers the HT-ECHC's
operation with unique components, performance and an overview of research on HT-
ECHC technology. The aims of the thesis are as follows:

e To separare Hz from gas mixtures at different temperatures: The best method
to increase impurity tolerance in ECHC systems is to use high operating
temperatures (140-200 °C). In contrast to the low CO tolerance of LT-ECHCs,
operating in the 140-200 °C range will increase the impurity tolerance. While
the tolerance for CO is <100 ppm at 80 °C, this value rises to 3% (30000 ppm)
in the 160-200 °C temperature range. It is aimed to develop HT-ECHC
prepared with unique components that can separate H2 from gas mixtures with
different molar ratios of H2:CO2:CO, H2:CO2, and H2:CO through commercial

PBI membrane in a temperature range of 140-180 °C.

e To investigate the effect of temperature and HT-ECHC performance using

voltage-current characteristics is aimed.
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e To compress Hz as well as H2 purification with HT-PEMFC. Although H2
pressurization technologies appear to be mature and meet the requirements,
there is still a search for critical applications such as military, aerospace,
stationary and residential applications. HT-ECHC is a quiet, vibration-free and
efficient compression technology that can meet the requirement compared to

conventional technologies.
1.3.  Thesis Outline

The second chapter consists of information that covers the properties of Hz, its
production, purification, compression, and storage methods. A comprehensive

literature review on Hz, including recent studies, is also given in this section.

The third chapter is devoted to ECHC technology. Reaction mechanism and
overpotentials in ECHC, a literature survey, its components and properties, the
influence of operating parameters on ECHC performance and finally the importance

of high-temperature applications are emphasized based on the studies done so far.

The fourth chapter is about the preparation process for the experiment. In this section,
the materials used in the experiments, the components prepared using these materials,
all the elements in the test station, the properties of single and stack cells and the

procedure followed in the performance tests are explained in detail.

In the fifth chapter, the properties of the geometry with the new flow channel, the
results of the purification tests and the compression tests are discussed and interpreted.

In the sixth section, a comprehensive summary of all the results is given. Suggestions

for new studies are also included in this section.



CHAPTER 2

HYDROGEN ENERGY

Due to growing populations and technological advancements, the demand for primary
energy has been increasing globally, and it is predicted that this need will rise sharply
in the coming decades [1], [2]. Hz is an exciting energy option that could help with the
world's energy and environmental concerns. Among all available fuels, Hz has the most
considerable calorific content [3] and is considered an alternative to carbon-based
fuels. The systems in which Hz is used are fuel cell-based applications like
automobiles, stationary and military, and other industrial areas like chemistry, glass,
and electronics [4]. Over the next five years, it is anticipated that the demand for H2
will rise 4-5% yearly [5].

The concept of using Hz as a form of energy is not new. In the 1960s, H2 was used as
a component of a mixture of gases for streetlamps and heating [6]. After the 1970s oil
crises, an Hz-based energy system was first proposed. A renewed interest in Hz,
particularly regarding the transportation sector, was spurred by advances in fuel cell
technology in the late 1990s [7]. Today, Hz-based systems are technologies that have
been studied commonly and commercialized in many applications. However, some
non-technical factors, such as economics and logistics, prevent these systems from
becoming more widespread. Difficulties with Hz pressurization, storage, and shipping
cause the cost of Hz supply to rise considerably. For the H2 economy to become
widespread, H2 must be produced, purified, and stored in low volumes since Hzis the

lightest gas and is challenging to store as a gas.
2.1.  Properties of H»

H2 is present in the universe in the greatest amount, which is a colorless, odorless,
combustible gas that is primarily found in water and organic materials [8], [9]. H2 has
an atomic weight of 1.00794 atomic mass units [10]. The energy content of Hz is 141.8

MJ/kg at 25 °C for its higher heating value, and 120 MJ/kg at 25 °C for its lower
4



heating value [10]. These values are considerably higher than the commonly used fuel
gasoline which has a heating value of 44 MJ/kg at 25 °C [11]. In contrast, the density
of liquid Hz is only 8 MJ/L, while that of gasoline is 32 MJ/L [12]. This implies that
significantly less energy can be stored in each volume of liquid Hz. H2 must be stored
in a tank because it has a lower energy density when measured in terms of volume
compared to hydrocarbons but a higher energy density when measured in terms of
weight [13], [14]. Hz properties at room temperature and atmospheric pressure are

given in Table 2.1.

Table 2.1 Hz properties at room temperature and atmospheric pressure [15]

Properties Value

Atomic number 1

Atomic weight 1.008

Molar weight (MW) 2.016 kg/kmol

Specific gravity (air = 1) 0.0696

Density 0.08375 kg/m’

Gas constant 412410 kg K |
Specific Heat at Constant Pressure 14.307 4300k KJ kg_l K
Specific Heat at Constant Volume 10183 00 KJ kg_l K
Specific Heat Ratio, k = Cp/Cv 1.405 G300

Boiling point —253 °C

Melting point —259 °C

2.2. H, Production

There are numerous ways to produce Hz, but Hz is mostly produced from steam
reforming of natural gas [16], [17]. According to the International Energy Agency,
Global Hydrogen Review 2022 report, 62% of the total 94 million tons of H2 produced
in 2021 was produced from natural gas[18]. Other environmentally friendly and
sustainable ways to produce H: are thermochemical (such as coal gasification),
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biological (such as bio photolysis), and electrochemical (such as water electrolysis)
processes [19]. While there are numerous techniques to produce Hz, the gas still has
some pollutants and needs to be purified before it can be used in storage or other

devices like cars or fuel cells.

According to the new perspective on the literature, Hz production is symbolized by
colors according to the primary source and the progress used. This new trend has very
different color coding, however, grey, brown/black, blue, and green H2 seem more
pioneer. Figure 2.1 shows the classification of H2 methods according to the colors.

R
4
RS
o

Figure 2.1 The H2 production methods

Grey Hz currently forms most of the Hz [20] through the SMR. In this process, Hz is

produced from natural gas, which is an easily accessible and inexpensive resource. The



75-99% molar fraction of natural gas consists of methane (CHa) [21]. This
hydrocarbon decomposes to CO and H: in the presence of steam (H20) [22]. For this
reason, this process is called “SMR” [23]. SMR is frequently used with a Water Gas
Shift (WGS) reaction to oxidize CO to CO2 and produce more Hz. SMR involves the

following sets of reactions [24] :

CH, + H,0 = CO + 3H, H= 206 K (1)
mol

CH, + 2H,0 —» CO, + 4H,  aH = 0%9K @)
mol
—41k

CO + H,0 — CO, + H, AH = / (3)
mol

Equations (1) and (2) are endothermic reactions. Two steps are required to complete
these reactions: The first step is reforming (Equation (1) and (2)) to produce synthesis
gases at 750-800°C. WGS is considered the second step (Equation (3)) and is an
exothermic reaction. WGS involves high-temperature shift (HTS) at 350 °C and low-
temperature shift (LTS) at 190-210 °C [25]. Precious metals such as nickel (Ni), and
ruthenium (Ru) are used as the catalysts in SMR process [26]. However, in the grey
H2 process, carbon capture and storage (CCS) is not done. Therefore, the main
drawback of grey Hz is the significant CO2 emission [27]. The production of ammonia

and the petrochemical industry are the two main uses of grey Hz [28].

Gasification-extracted brown or black Hz from coal is also a widely used production
technique since the planet has huge coal reserves [29]. Coal gasification is a fully
developed technology with a 74-85 % process efficiency [10]. It appears to be an
important process to produce more cost-effective energy and other chemical products
[30]. In addition to H2, some other impurities like CO, CHa4, ash, Hz2S, NH3, HCI and
HCN are released in the coal gasification process [31]. However, carbon capture is the

main problem like the grey Ho.

Green H2 is a promising solution to a decarbonized energy system [32]. Green Hz is
generated from water electrolysis using electricity generated from renewable sources

like wind or solar, with no carbon emissions [33]. There are currently three main



electrolysis technologies: solid oxide electrolyzer cell, polymer electrolyte membrane,

and alkaline water electrolysis [34].

Yellow Hz is a result of electrolysis with electricity inputs from the grid [35] and is
strongly correlated with natural gas prices as grid electricity depends on natural gas in

many areas.

Turquoise H: is obtained from the high-temperature pyrolysis of methane [36]. The
main advantage of turquoise Hz is that it is thermodynamically significantly less
energy-intensive compared to water electrolysis [37] and SMR and takes advantage of
existing natural gas infrastructure [38]. While the production of purple/pink Hz from
nuclear energy-based electricity is not heavily emphasized in European H: strategies,
it may become a workable substitute in other parts of the world, such as China and
Russia [39], [40].

Aqua and white Hz are two brand-new tones mentioned in the literature. Aqua Hz is a
production method that comes from oil fields with no carbon emissions [41]. The color
is chosen because it is between blue and green, is created using fossil fuels (blue), but
does not emit carbon (green). The direct splitting of water molecules using
concentrated solar energy is considered white Hz [42]. However, both suggested colors

are still in the early stages of research [43].
2.3.  HxPurification, Compression and Storage Methods

Current H2 compression and purification techniques are briefly discussed in this work,
along with their benefits and drawbacks. Figure 2.2 shows the Hz production,

purification, and compression methods.
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Figure 2.2 Hz production, purification, and compression methods

2.3.1. Hy Purification Methods

Since Hz production is mainly obtained by SMR through fossil resources [44], [45]
and Hz is usually produced with other gases such as CO, and COz. Therefore, H2 needs
to be separated, purified, and stored safely to be used efficiently. Researchers have
spent many years on Hz separation and purification methods [46], [47]. Different H2
purification methods are shown in Table 2.2, with the purification level at operating

temperature and pressure.



Table 2.2 Comparison of some studies on different Hz purification methods [48]

Purification Method Purification| Temperature Pressure Ref.
(%) (°C) (bar)
Pressure Swing Adsorption 99.95 N/A 25-60 [49]
Pressure Swing Adsorption 99.999 N/A N/A [50]
Pressure Swing Adsorption 99.97 20 9 [51]
Pressure Swing Adsorption 99.9296 30 7 [52]
Pressure Swing Adsorption 99.990 30 35 [53]
Vacuum Pressure Swing
) 99.170 30 5 [54]
Adsorption
Cryogenic Adsorption >99 -213.15 20.6-206.8 | [55]
Cryogenic Adsorption 90-98 -213.15 N/A [56]
Pd based membranes >99.999 400 N/A [57]
Carbon molecular sieve
N/A 30-50 0.1 [45]
membrane
1% stage — 120
Carbon membrane >95 20 [58]
2" stage — 20
PdCu alloy membrane N/A 30 N/A [59]
Pd/NaY/PSS membrane N/A 450 N/A [60]
Pd/NbasoTisoNiso/Pd/porous
_ N/A 300 to 400 15t02 [61]
nickel support membrane
Pd/bcc membrane N/A 500 0.5 [62]
Graphenylene—1 membrane N/A 27 N/A [63]

2.3.1.1. Pressure Swing Adsorption (PSA)

The most common method used to separate H> from other impurities is the pressure

swing adsorption (PSA) method [64]. In the PSA process, an air/ozone mixture is first

produced from the air. The preheated methane/air mixture combines with the air/ozone

mixture and is sucked into the engine. The engine produces syngas containing heating

water and product gas. The WGS is utilized to increase the mole fraction of Hz. As the

gradually cooled product gas is exhausted, the purified Hz is compressed and finally
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cooled [65]. This method usually uses zeolite material because it offers a large surface
area. In addition, PSA provides up to 99.999% H: purification [50], [66]. Using PSA,
Tao et al. [54] separated 99.17% pure Hz from a mixture of N2, CO, CO2, CHa, and
H2. Yanez et al. [51] used a PSA process with various design parameters (e.g., purge-
to-feed ratio and cycle duration) to produce Hz stream with purities of 99.25% and
99.97% at 9 bar. Xiao et al.’s [52] study found a 99.9296% H: purity level at 7 bar
adsorption pressure. Ye et al. [53] reached 99.99% purity on the Cu-BTC bed with 3.5

bar pressure.

2.3.1.2. Membrane Based Purification

Although the PSA method is widely used, the membrane-based can also be used for
H2 purification. Depending on the gas mixture's variety and proportion of gases, the
membrane-based separation method may be more efficient than the PSA method in
some cases [67]. Polymeric membranes, porous membranes such as ceramic, carbon,
dense metal membranes and ion conductive membranes are commonly used for
membrane based H: purification methods [68]. Among these methods, the most
advanced ones are polymeric membranes and dense metal membranes [69]. H2
separation with the palladium membrane is very similar to the PSA method since a
pressure gradient is used in this method [65]. These membrane systems can achieve a
moderate Hz purity of 90-95% [70]. High temperatures (>573 K) can be employed
with palladium (Pd) membranes [59]. High-purity Hz can be produced using ultra-high
permeability CMS-700, CMS-800, and CMS-900 membranes that are manufactured
at 700, 800, and 900 °C, respectively [45]. The use of composite membranes, such as
Pd/NaY/PSS composite membrane [60], Pd/Nb40Ti30Ni30/Pd/porous nickel support
membrane [61], and Pd/BCC metal composite membrane [62], in the purification
process has also been the subject of various investigations [71]. Pure Hz was separated
from gaseous mixtures containing COz, N2, and CH4 using a membrane made of

graphenylene [63].
2.3.1.3. Cryogenic

The cryogenic separation method is an alternative Hz purification method. In this

process, partial condensation of other impurities is done to separate Hz [69]. Since H2
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can be stored directly in liquid form with the cryogenic separation method, it is more
suitable for extensive facilities [72]. The main disadvantage of this method is that it
cannot achieve the high purity levels obtained with PSA and its high cooling
requirements [73].

2.3.1.4. Metal Hydrides

Metal hydrides can be used for Hz purification [74]. When the gas mixture containing
H2 encounters the hydride material bed, and the H2 partial pressure of the gas is higher
than the equilibrium pressure of the hydride material, the material will selectively react
with Hz to form a metal hydride [75]. Metal hydrides may be contaminated due to the
toxic effects of some substances such as HzS, CO, and COz, or the absorption reaction
of H2 may be slowed down due to additives such as N2 [76], [77]. La(Ni, Co, Al, Mn)s
was investigated by Modibane et al. [78] to separate Hz2 from CO2/CO mixtures. La(Ni,
Co, , Mn)s material produced good H2 absorption from the CO and CO2 gas mixture

with hard degradation.

2.3.2. Hz Compression Methods

Compression of the gas in appropriate tanks is a practical approach for transportation
[79]. However, Hz has a low density, it must be stored in huge tanks. The cost of
manufacturing and shipping these tanks will be high. According to Sheffield et al. [80],
although compressed H2 has a lower density than liquid Hz, compression, uses only a
third of the energy required for liquefaction. Recent research indicates that higher Hz
concentrations can be stored at a lower pressure. For instance, Liu et al. [81] reported
using a Ti-Mn alloy to create a gaseous and solid hybrid H2 storage system that can
compress H: at a pressure of 5 MPa and a density of 40.07 kg/m?.

In recent years, researchers have spent much effort on cost-effective and efficient
compression methods. For this purpose, mechanical compressors and non-mechanical
compressors are frequently utilized [79]. Table 2.3 shows some of the most used H2

compression methods in the literature.
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Table 2.3 Some studies on Hz compression methods [48]

Compression Method Inlet Outlet H: Ref.
Pressure | Pressure | Production
(MPa) (MPa)

Mechanical 35 85 N/A [82]
Mechanical 0.6 70 N/A [83]
Mechanical 1.8 28.1 581 Nm3h | [84]
Mechanical/ reciprocating 0.4 25.5 N/A [85]
Mechanical/ linear 2 86-95 10 kg/h [86]
Mechanical/ ionic piston 0.5 100 370 Nmé/h | [87]
Cryo-compressors 0.1 34.5 100 kg/h [88]
Nonmechanical/ metal hydride 0.3 15 10 m¥h [89]
Nonmechanical/ thermally driven 8 70 N/A [90]
Nonmechanical/ adsorption 0.1 10 9.5x107* m3s| [91]

2.3.2.1. Mechanical Compressors

Today, the industry uses mechanical compressors widely [57]. In these systems,

mechanical energy is used to compress the gases by decreasing the volume through

pneumatic and electrically powered compressors. Mechanical compressors come in

various designs, such as linear compressors, liquid compressors, reciprocating

compressors, and diaphragm compressors. In dynamic types, the gas is accelerated by

spinning parts. H2 compression has been completed by HydroPac Inc. [82] with an

inlet pressure of 35 MPa and an exit pressure of 85 MPa. Other investigations have
used mechanical compression to compress Hz at pressures ranging from 0.4 MPa to
25.5 MPa [85], 0.6 MPa to 70 MPa [83], and 1.8 MPa to 28.1 MPa [84]. H2 with a 2
MPa intake pressure was compressed to 86-95 MPa after three stages [86] by a linear
compressor. From 5 bar to 1000 bar of H2 compression was achieved by Markus-
Mavyer et al. [87] using an ionic piston compressor.
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Mechanical compressors have lower efficiency compared to isothermal compression
under the same compression ratios. Adiabatic compression, commonly used in
mechanical compressors, consumes more energy and is less efficient. The moving
parts have potential of failure [92]. Suermann et al. [93] determined that
electrochemical compression efficiency increased with increasing current density and
reached 99% electrochemical compression efficiency at 100 MPa compression and 3
Alcm?,

2.3.2.1.1. Reciprocating Compressor

One of the positive displacement types of compressors is the reciprocating compressor,
which uses pistons that move back and forth to increase the volume. Piston
compressors can operate with or without oil and are preferred in conditions where the
expected pressure is higher than 3 MPa. Its working principle is based on two piston-
cylinder systems, one for suction and one for discharge. The linear motion, known as
reciprocating motion [94], is due to the rotational motion of the moving units. The
power required for compression is supplied externally by an electrical or thermal
device. Multistage reciprocating compressors are used to obtain higher pressure H2
[95]. At each stage, the H2 pressure rises more and reaches the desired value. To limit
the stress that arises in these compressors, it is recommended to reduce the speed. The
definition of speed was made by the number of cycles per unit of time [79].
Embrittlement is also a disadvantage in piston compressors due to their moving parts,
as in other mechanical compressors. Although compressors using mineral oils are still
used today, oil-free compressors that offer high-purity gas compression are preferred

[96]. Another subject that is still being studied is the prevention of H2 leaks.
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Figure 2.3 Reciprocating piston compressor
2.3.2.1.2. Diaphragm Compressors

As one of the positive displacement types, diaphragm compressors are used. Since the
gas is completely isolated from the piston in diaphragm compressors, the contact
between the gas and the piston is prevented and it is widely used for pressurizing high-
purity gases [79]. Besides, it consumes low power and has high efficiency. Metal
membranes are called diaphragms to reduce the volume and increase the gas pressure.
Since these metal membranes are in contact with Hz on one side and oil on the other,

the material should be chosen as stainless steel, nickel steel alloy, or copper alloy [97].

Gas Inlet ‘ ' - Gas Discharge

Piston .

4
Crank f
System I -
== -

Figure 2.4 Diaphragm compressor

15



2.3.2.1.3. lonic Liquid Compressors

lonic liquid compressors were created especially for Hz applications and are based on
the material characteristics of ionic liquids [98]. These salts have low melting points,
high ionic conductivity, good thermal and chemical stability, flame resistance, and
moderate viscosity [99], [100]. lonic liquids can perform exceptionally well in
compression applications when solid pistons are substituted in positive displacement
devices and rotary configurations. It is possible to achieve high volumetric yields and
high compression ratios. lonic liquids are used to compress Hz, which guarantees low
energy usage, long service life, affordable materials, and low noise emissions.
However, the risk of corrosion is still very high, which lowers component material
strength and raises the chance of contamination with corrosion products, lowering

overall efficiency [79].

Expansion Liquid

Chamber Piston Chamber

Combustion
Chamber Gas Discharge

Figure 2.5 lonic liquid compressor

2.3.2.1.4. Linear Compressors

Linear compressors are formed by the direct coupling of a resonant spring system to a
linear motor, which has fewer moving parts. Since the number of moving components
is less than in other compressors, it saves significantly on maintenance and repair costs

[101]. However, because it is an innovative method, it is used less frequently.
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Figure 2.6 Linear compressor

Despite being often employed for compression, mechanical compressors have several
drawbacks such as a significant amount of power being consumed during the
compression process [102]. Mechanical compressors produce noise and vibration due
to their moving parts; it is not practical to utilize them in strategic applications like the
defense industry [57], [103], particularly in reformer-integrated studies. Although the
efficiency of these compressors is comparable, the significant expenses associated
with their installation and repair make these systems expensive [57]. As a result of oil
and moving parts used in conventional compressor systems, Hz can be contaminated

during pressurization.

2.3.2.2. Non-mechanical Compressors

Alternatives and non-mechanical compressors to reduce the high cost of the
widespread use of Hz are presented in this section. According to some studies, non-
mechanical compressors can compete with mechanical compressors in some markets
[104]. Metal hydride compressors, cryo-compression (which operates between -243.15
°C and -173.15 °C), adsorption compressors, and electrochemical H2 compressors are

a few alternatives to traditional techniques of compressing Ho.
2.3.2.2.1 Cryogenic Compressors

One of the innovative non-mechanical compressor types is cryo-compressors. The idea

behind cryo-compression is to pressurize Hz at very low temperatures (between
17



-243.15 °C and -173.15 °C). Systems using cryo-compression are twice as efficient in
terms of volume than mechanical systems [105]. The system's thermal insulation must
be constantly monitored due to the low temperatures. The main technological
challenge is controlling vacuum stability which increased system complexity [106],
[107]. The geometry of the pressure vessel and the materials used have a direct impact

on the system's performance.

= Liquid
.4 HP H2 H2
Tank
Thermal h
Discharge Unit £ o
Thermal t l Thermal Source Cryogenic
Source Inlet Discharge Pump

Figure 2.7 Cryogenic compressor

2.3.2.2.2 Metal Hydride Compressors

In the metal hydride technique, Hz can be kept at a moderate temperature and pressure
by joining with specific metals or alloys. Since the metals' natural absorbing and
desorbing abilities, metal hydride compressors are also known as “thermally powered

compressors” [108]. Metals react with Hz reversibly (Eq. (4)):
X
M +5Hy(g) & MH(s) +Q (4)

H2 absorption is an exothermic reaction and Hz desorption is an endothermic reaction

[109]. Low-pressure Hz diffuses in the metal hydride bed and H2 exothermic

absorption occurs when it is added to the metal hydride tank. Absorption continues

until the equilibrium pressure and supply pressure are equal. Once the equilibrium

pressure has been reached, H2 desorption can be carried out by applying heat to the

metal hydride. Thus, thermally driven compression can be carried out without the use
18



of moving parts or noise. The production cost significantly impacts whether
pressurizing Hz using metal hydrides will be commercially successful. However,
surface poisoning is one of the most significant issues with metal hydride materials.
Lototskyy et al. [110] increased pressure from 100 bar to 5000 bar in their metal
hydride compressor study.

Metal Hydride Reactor Gas
Discharge

Thermal Source

Inlet
LP H; HP H,

Figure 2.8 Metal hydride compressor

2.3.2.2.3 Adsorption Compressors

In the H2 compression technology based on adsorption, Hz s fed to a closed tank filled
with a solid bed of porous material with a high surface area and consequently high
adsorption potential. Adsorption only occurs on the surface of the porous material at
specific temperatures and pressures. Heat is added to the system after adsorption,
which raises the temperature and results in Hz desorption. As a result, high-pressure
Hz is produced [111].
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The choice of the H2 compression technique is influenced by various operational
factors, including cost, the temperature ranges that can be used, and the pressure
restrictions. Therefore, the application determines which H2 compression technique to

use.

2.3.3. Ha2 Storage Methods

Storage of Hz in compressed gas form is currently the most popular approach, although
solid storage of H: is safer than liquid or gaseous since the safety concerns and
volumetric storage capacity [3], [112], [113]. Physical techniques include cryo-
compressed storage, liquid storage, or compressed gas storage. Materials-based H2
storage techniques include storing Hz in metal hydrides, glass microspheres, liquid
organic carriers, activated carbons as H: storage materials, and metal-organic
frameworks [114]-[117]. Cryo-compressed Hz storage could be used to achieve high
volumetric energy density. However, this approach is only favored for specific
applications due to the cost of cooling and compressing Hz and the difficulty of
designing a storage system that can hold cryogenic liquid for an extended period [80].
The use of well-insulated tanks is recommended for liquid-state storage. The
liquefaction process is costly and consumes a lot of energy. Since Hz has a low boiling
point, if there is a leak in a tank that is not adequately insulated, the H2 will shift from
a liquid to a gas and begin to boil locally. This would build pressure, which could lead

to a dangerous condition in the storage. The zero-boil-off concepts are being worked
20



on by a select few institutions, including NASA [118]. There have been many different
H2 absorption materials investigated for Hz storage. However, none of the materials
have achieved the desired high volumetric energy storage density, and the best designs
for large-scale H: storage systems have not yet been established [119]. The need for

efficient and affordable H2 storage in small volumes hinders commercialization.
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CHAPTER 3

ELECTROCHEMICAL HYDROGEN COMPRESSORS

Researchers claim that since the first antecedents of Nafion® films were created for
fuel cells, electrochemical Hz transport over a membrane employing an ionic transport
mechanism has been recognized [120]. Although Hz evolution or oxidation is used in
fuel cells and electrolyzers, both processes are significantly different from
compressing Hz because, except for a slight overvoltage at each electrode, the net
chemical reaction neither produces nor consumes energy [121]. However,
electrochemical H2 transport offers other advantages, including purification,

compression, and silent operation.

ECHCs can be used for pressurization, purification of H2 or both purification and
pressurization [122]. ECHCs and PEM fuel cells appear to be quite similar in terms of
components. A membrane electrode assembly (MEA), gas diffusion layers, bipolar
plates, current distribution plates, and end plates are the main component of a single-
cell ECHC (Figure 3.1). Membrane is the key component between the anode and
cathode side electrodes. Bipolar plates' gas flow channels deliver reactants uniformly
to the gas diffusion layer. The anode and cathode catalyst layers are in contact with
the porous gas diffusion layer. They are essential for managing heat and water.
Mechanically robust end plates keep all these parts together. Fasteners (such as nuts

and screws) are used, and gaskets are used to prevent leakage [57], [123]-[125].

ECHC has a high efficiency and pressurization capacity and become a viable
alternative to conventional Hz compressors [57]. The idea of electrochemical H2
compression has been around for a while, and it has recently accomplished
compression in the ECHC technology with a high level of efficiency [126]. Both
capital expenditure and O&M expenses for ECHC are cheaper than mechanical
compressors, particularly for low-pressure applications (<10 MPa) [79]. ECHC
systems have other additional benefits over traditional approaches. These systems do
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not have moving parts; therefore, there is less chance of a malfunction, less noise
during compression, and lower maintenance and repair costs. The humidification of
the membrane is crucial for the proper operation of ECHC at low temperatures.
Similarly, acid doping is vital for high-temperature applications. The membrane may
become damaged under specific working conditions if adequate humidification/acid
doping is not provided. Since ECHC is a power-consuming technology, the operation
should aim for low power density. Since ECHC is a more recent technology, new

challenges might arise when the theoretical studies are translated into experiments.
3.1.  Reaction Mechanism and Overpotentials in ECHC

A Pt-based catalyst assists in the oxidation of Hz (given in Eq. (5)) into protons (H")
and electrons (e ™) when it encounters the anode electrode [127]. Theoretically, only
protons are allowed to pass through the membrane, and the membrane behaves as a
kind of barrier for gases other than Hz2. H* passing through the membrane combine

with e~ from the external circuit at the cathode to form Hz (Eq. (6)).

Anode side [H2 oxidation reaction (HOR)]: H,(LP) - 2H* + 2e~ (5)
Cathode side [H2 evolution reaction (HER)]: 2H* + 2e~ - H, (HP) (6)
Overall cell reaction: H,(LP) — H,(HP) (7)

The gas flow channels on the bipolar plates transmit the reactants homogeneously to
the gas diffusion layer. The porous gas diffusion layer is in contact with the anode and
cathode catalyst layers. Since ECHC systems are also employed as compressors, large
pressure differences occur between the anode and cathode sides, and this pressure can
damage the MEA. Therefore, materials such as ti mesh or felt are often used to prevent
the high pressure on the cathode side from damaging the MEA. All these components
are sandwiched using a mechanically resistant end plate. Gaskets are used to prevent
leakage, and fasteners (e.g., nuts, screws) are used to hold parts together [126], [128]-
[133].
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Cathode

Figure 3.1 Components of the ECHC

The significant difference in these systems compared to the PEM fuel cell is that the
ECHC is operated in an electrolytic mode rather than a galvanic mode. ECHC systems
require power to complete electrochemical reactions. Since H: reactions are easy to
oxidize and reduce and have an almost Nernstian electrochemical behavior, minimal
power is needed to operate the cell [123]. The ECHC can be operated under
atmospheric pressure to provide rapid Hz purification, and the applied power controls
the separation speed. High current densities cause poor performance due to the
increasing resistance inside the cell. Therefore, ECHC systems should be operated at

low power. Figure 3.2 illustrates the working principle of the ECHC.
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Figure 3.2 The working principle of the ECHC

DC power from an external source is used to run the ECHC. The theoretical minimum
cell voltage (Nernst voltage) required for the ECHC only depends on the partial
pressure of Hz at the anode and the cathode, as well as the operating temperature (Eq.
(8)) [134]. The supplied voltage must be greater than the Nernst Voltage due to the
irreversibility associated with the activation overpotential, ohmic overpotential, and
mass transfer limitations. Therefore, in practice, the necessary voltage is determined
considering overpotentials and Nernst potential. This irreversibility needs to be
reduced to improve the performance of the ECHC. In an ECHC, ohmic and activation
overpotentials, caused by the activity of the catalyst and membrane ion conductivity,

are often dominant [92].

RT (Patnode
E =E°+—In|—H— 8
Nernst nF n( lezOde ( )
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For ECHC applications, the cell potential at standard conditions, E°, is 0 [92]. One
mole of H2 can be oxidized by passing n moles of electrons (n=2 from Eq. (5)). T
stands for the temperature in K, R for the ideal gas constant (8.3144 J mol™* -K™?), Fis
the Faraday’s constant (96,485 C/mol), and Pcathode and Panode are the partial pressures

of Hz on the cathode and anode sides, respectively.

The DC power supplied to drive the ECHC can be obtained from Eq. (9) .

Ecell = ENernst + AEActivati(m + AEOhmic + AEMass transfer (9)

+ EBack Dif fusion

Both the anode and the cathode of an ECHC exhibit activation polarization (Eqg. (10)).
The Volmer-Tafel mechanism dominates the HOR on the anode side, while the
Volmer-Heyrovsky mechanism dominates the HER on the cathode side. The cathode
shows a greater activation overpotential due to the VVolmer-Heyrovsky mechanism's
slow reaction rate [128]. The Tafel equation was used by Dale et al. [135] to
demonstrate the activation overpotentials needed for the anode and cathode. These
overpotentials can be determined using Equations (11) and (12) for the anode and

cathode, respectively.

— Activation Activation
AEActivation - EAnode + ECathode (10)
L RT [
Activation _
EAnode - 2 F In ( ) (11)
Xanode lo,anode
. RT [
Activation _
ECathode - 2 F In ( ) (12)
Xcathode lo,cathode

where, ioanode and io,cathode are the exchange current densities (A/cm?) for anode and
cathode, respectively, i is the current density (A/cm?), and a indicates the transfer
coefficient as 0.5 for anode and cathode [136]. Due to the rapid kinetics of Ho,
AEActivation IS assumed to be very small [137].

The most prevalent overpotential is the ohnmic overpotential caused by the membrane's

ionic resistance [138]. Eq. (13) can be used to determine this ohmic overpotential.
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. .t
AEohmic = iRohmic = l?m (13)

In this equation, Rohmic denotes the ohmic resistance of the cell, tm denotes the thickness
of the membrane (in cm), and 6 denotes the ionic conductivity of the cell (S/cm). The
significant elements influencing ohmic overpotential are the membrane's proton
conductivity and electrical resistance. To minimize ohmic losses, a membrane with
strong ionic conductivity is required. The membrane's operating temperature and water
content (for low-temperature applications)/acid doping (for high-temperature
applications) impact the conductivity. The membrane must have excellent mechanical,

thermal, and chemical stability to resist working circumstances.

Mass transport overvoltage is estimated by considering mass flows inside the cell
electrodes (Eq. (14) and (15)). The concentration of each species at the reaction sites
can be estimated by applying Fick's Law of diffusion and then the Nernst equation is

used to evaluate the diffusion overvoltage at each electrode [139]:

RT Canode
E = —[n—2t2%E 14
Mass Transport,anode 2F Canode,o ( )

E _ El Ccathode
Mass Transport,cathode — 2F n

Ccathode,o (15)
where, Canode and Ceathode are Hz concentration (mol/m?®), and Canode,o and Ceathode,0 are
reference working condition (mol/m?®), “0” condition, for anode and cathode,

respectively.

The anode and cathode sides are at atmospheric pressure at t=0. In this case, there is
no back diffusion. However, as the pressure on the cathode side increases, and the
pressure difference between the anode and cathode increases, back diffusion from the
cathode to the anode side may occur [138]. This prevents the ECHC from reaching

higher pressures.
3.2. Literature Survey on ECHC

One of the first studies in the literature was published by Rohland et al. [126], they

used Nafion® 117 membrane with an active area of 100 cm? for compression, and they
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reached a pressure of 43 bar in approximately 18 minutes. Strobel et al. [128], used
100 cm? active area pressuring Hz up to 54 bar at room temperature. Wong et al. [140]
reported reaching about 830 bar pressure with multi-cell assembly in their patent
studies. According to the Analytic Power Corp. report [141], published in 2006, a
cathode pressure of 17.2 MPa was achieved using pure Hz using Nafion® 117.
Grigoriev et al. [73], used the modified Nafion® through a zirconyl phosphate
membrane, and compressed Hz up to 130 bar pressure and had to end the experiment
due to a leakage problem. Bouwman et al. [142] compressed H2 to 100 MPa using a
series setup. Lee et al. [143], used H2-N2-CO2 gas mixture and Nafion® 115 at 30 to
70 °C, which succeeded in purifying H2 at a rate of 97.39%. Ibeh et al. [144] separated
H2 from a natural gas-Hz gas mixture using platinum or platinum/ruthenium anode
electrocatalysts in the temperature range of 293-343 K, with the cell they designed
with 25 cm? active area. They also developed a mathematical model for this study and
reported that the results were compatible with the experiment. Gardner et al. [145]
used platinum and ruthenium electrocatalysts and Nafion® 115 membrane in their
experiments with a single cell with a 25 cm? active area at room temperature. They
separated Hz from the gas mixture containing H2-CO2-CO and reported that the
efficiency was poor when the gas mixture containing CO was used since the catalyst's
poisoning. Perry et al. [123] reported the advantages of working at high temperatures
in their experiments with PBI membrane in the temperature range of 120 to 160 °C.
They have also proven the durability of ECHC with tests lasting approximately 4000
hours. Casati et al. [122], used N2 and Hz2 gas mixture, and claim that the specific
energy consumption applied to the ECHC is only a function of the DC voltage. Onda
et al. [146] declare that low-concentration H2 can be separated and recovered almost
100% from the H2-N2-CO2 gas mixture by ECHC. Nguyen et al. [147] discuss the
characterization and optimization of ECHC using electrochemical impedance
spectroscopy (EIS) with Nafion® 117 membrane. Their study focused on purification,
used Hz and N2 gas mixture at a current density of 200 mA/cm?, and showed that proton
conductivity increases with increasing temperature. Yang et al. [148], in their study
with a membrane based on poly-2-vinylpyridinium dihydrogenphosphate (P2VP-
DHP) that can operate in the 105-180 °C range, demonstrated that ECHC technology
could be used with a membrane that can work without water. Kim et al. [149]

completed their experiments with H2/CO2 gas mixture at 160 °C using PBI/PA
28



membrane. Investigating the effects on ECHC performance by changing the Pt charge,
researchers found that when the Pt charge was reduced from 1.1 mg/ cm? to 0.2
mg/cm?, the voltage supplied to the ECHC increased by 72%. Wu et al. [150] evaluated
the possibility of using a non-fluorinated proton exchange membrane to reduce cost
when separating H2/CO2 in ECHC. In their experiments, keeping the limiting currents
around 0.5—0.6 A, they obtained a minimal decrease in energy efficiency from
Nafion®-based ECHC, and this was explained by the promising future applications.
Hao et al. [151] ran the ECHC with an internal humidifier and reported that the PEM
conductivity was higher than the conventional humidifier. In addition, it has been
reported that the HER activation overpotential can be suppressed by increasing the
cathode pressure. Rico-Zavala et al. [152] modified membranes based on Sulfonated
Poly (Ether-Ether Ketone) (SPEEK) with Halloysite nanotubes (HNT) and Halloysite
nanotubes impregnated with phosphotungstic acid (PWA/HNT30)15. Their results are
introduced as when compared to the unmodified membrane, the proton conductivity
of S70/HNT15 and S70/(PWA/HNT30)15 has increased by 42% and 88%,
respectively. Sdanghi et al. [153] have worked experimentally and modeled with the
Nafion® XL and Nafion® 117 membranes. Their modeling studies estimated that the
ECHC could compress the Hz up to 32 bar. For various input gas mixtures, Vermaak
et al. [127] compared commercial Hz separation technologies with an ECHC and
concluded that the ECHC technology is tolerant of CO and CO:2 at high temperatures
and sensitive to catalyst deactivation. A summary of different H2 compression
technologies was also provided by Zou et al. [92], with an emphasis on the ECHC
performance in terms of thermal and water management, as well as the ECHC testing
protocol. Table 3.1 and Table 3.2 summarize some of the patents and studies related

to ECHC available in the literature, respectively.
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Table 3.1 The patents for ECHC technology [48]

Patent Number Tittle Ref.
Electrochemical type hydrogen compression
JP2018095953A [154]
device
JP2019119654A Electrochemical type hydrogen pump [155]
US10202696B2 Electrochemical hydrogen pump [156]
Method and apparatus for electrochemical
US7045233B2 compression and expansion of hydrogen in a fuel [157]
cell system
Membrane electrode assembly of
electrochemical device, membrane electrode
assembly of fuel cell, fuel cell, membrane
US20210005899A1 | electrode assembly of electrochemical hydrogen [158]
pump, electrochemical hydrogen pump,
membrane electrode assembly of hydrogen
sensor, and hydrogen sensor
JP2019163521A Electrochemical type hydrogen pump [159]
Composite bipolar plate and electrochemical
CN111799483A [160]
hydrogen compression device
US2004/0211679A1 | Electrochemical hydrogen compressor [161]
EP3208880B1 Electrochemical hydrogen pump [162]
US10480087B2 Membrane e-lectrode assembly and [163]
electrochemical hydrogen pump
KR20200086530A | Electrochemical hydrogen compressor [164]
Electrochemical hydrogen compressor for
US6994929B2 electrochemical cell system and method for [165]

controlling
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Table 3.2 Literature studies for ECHC studies

Process Membrane Temperature Cathode | Purification Ref.
Pressure (%)
Compression Nafion® 117 N/A 43 bar N/A [126]
Compression N/A N/A 54 bar N/A [128]
Compression N/A N/A 830 bar N/A [140]
Purification Nafion® 115 30-70 °C N/A 97.3 [143]
Compression Nafion® 117 N/A 17.2 MPa N/A [141]
Compression Nafion® N/A 130 bar N/A [73]
Purification PBI/PA 160 °C N/A N/A [149]
Compression N/A N/A 12,800 psi N/A [166]
Compression N/A N/A 100 MPa N/A [142]
Compression Nafion® XL/117 N/A 32 bar N/A [153]
Purification TPS®-based 120-160 °C N/A 99.63 [127]
Compression Nafion® 115 22°C 154 bar N/A [167]
Purification PBI 160 °C N/A 99.999 [168]
Purification HT-PEM 200 °C N/A 99.85 [169]
Compression Nafion® 115 30-80 °C 50 bar N/A [170]

3.3.  Components of ECHC

ECHC systems have similar components to fuel cells; however, the cathode

polarization is very low since the ECHC has Hz gas instead of O2 at the cathode. Thus,
ECHC can be operated with an efficiency of >80% [128]. A single-cell ECHC consists

of a membrane electrode assembly, gas diffusion layers, bipolar plates, current

distribution plates, and end plates.
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3.3.1 Membrane Electrode Assembly

A typical membrane electrode assembly (MEA) consists of catalyst layers on both
sides of a polymer electrolyte membrane and gas diffusion electrodes on the anode and
cathode sides. MEA types can be categorized depending on the component
arrangement. Catalyst-coated membrane (CCM) consists of the catalysts on both sides
of the membrane and is called a 3-layer MEA. 5-layer MEA has two GDE, two
catalysts and a membrane in the center. 7-layer MEA has a membrane, two catalyst
layers, two GDE and two sealing layers. Figure 3.3 shows the 3-layer, 5-layer and 7-
layer MEA structure. Because of its components, they are the most essential and costly
parts of the ECHC cell. Especially at high-pressure differences, MEA can be
considered the weakest part of the cell. The MEA chosen for this purpose should have

an optimum thickness and a smooth surface area.

7 Layer MEA
5 Layer MEA
3 Layer MEA

Figure 3.3 Components of 3-layer, 5-layer and 7-layer MEASs
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3.3.1.1. ECHC Membranes

The membrane is the most fundamental component of the ECHC. Factors influencing
cell performance, like proton conductivity and electrical resistance, should be
considered when choosing the membrane. Similarly, the selected membrane must be

impervious to high-pressure values.
3.3.1.1.1. Low-Temperature ECHC Membranes

The typical operating range for the low-temperature ECHC is 50 to 80 °C. Membranes
based on perfluorosulfonic acid (PFSA) are frequently employed in LT-ECHC
applications. High proton conductivities, strength, and stability are characteristics of
PFSA membranes. Due to its high proton conductivity, thermal stability, and oxidative
stability, the commercially available Nafion® membrane is the most frequently used
PFSA membrane in LT-ECHC applications. The operating temperatures are low
because proton conduction depends on the sulphonic acid groups in the membrane
structure and, thus, moistening. Protons are transported through the membrane using

structural diffusion when the relative humidity is high [171].

Casati et al. [122] found in their study that the MEA resistance is influenced by the
membrane's surface area, crossover losses, and the purity of the Hz produced. Nordio
et al. [172] found that temperature increases the Nafion® 212 membrane's conductivity
while decreasing its ohmic resistance. A feasibility study on the electrochemical H2
recovery from natural gas and methanol using Nafion® 115 was carried out by Gardner
et al. [145]. As a result, while the efficiency of separating Hz from the CO2 mixture is
higher, and separating H2 from a mixture with CO, the efficiency is only moderately
high as poisoning occurred in the mixtures containing CO. Lee et al. [143] also found
that temperature had a favorable impact on the Nafion® 115 membrane and overall

efficiency.

Membranes based on sulfonated poly ether-ether ketone (SPEEK) is shown to be an
alternative to Nafion® membrane. Depending on the sulfonation level, SPEEK, an
aromatic polymer, offers high mechanical stability, proton conductivity, and thermal
stability. Wu et al. [150] studied the SPEEK cross-linked CrPSSA (polystyrene
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sulfonic acid) polymer membrane for LT-ECHC, and they discovered that it had an

energy efficiency of 30%, which is a roughly less than Nafion®-based ECHC.

Although their common usage, proton exchange membranes have certain drawbacks,
including low mechanical resistance, a requirement for humidification, and high H2
gas permeability at low temperatures. To eliminate these drawbacks, research on
composite membranes has been done. To enhance the functionality of membranes,
inorganic proton-conducting substances can be added to their structures such as
phosphotungstic acid, heteropoly acids, zirconyl phosphate salts, and hydrosulfates of
metals [173]. Rico-Zavala et al. [152] created a modified SPEEK membrane
containing halloysite nanotubes and halloysite nanotubes treated with phosphotungstic
acid. By a membrane modified with phosphotungstic acid, they got improved proton
conductivity and decreased crossover. Grigorev et al. [73] reduced the penetration of

H2 back to the anode with Nafion® zirconylphosphate composite membranes.

Water management is one of the most critical problems with LT-ECHC systems. For
the Nafion® membrane inside the LT-ECHC to have excellent proton conductivity and
longevity, it must be kept hydrated with appropriate humidification [174]. Due to
inadequate humidification, water may build up in the electrode layers or along the gas
flow channels [175]. Additionally, excessive moisture might limit access to active
catalyst regions, which lowers cell performance. Low tolerance for contaminants is
another drawback of low-temperature operation. CO poisoning is the primary issue

that reduces cell performance [176].
3.3.1.1.2. High-Temperature ECHC Membranes

Operating at high temperatures (up to 200 °C) without humidification offers significant
benefits to HT-ECHC. At high working temperatures, PBI membranes provide
substantial advantages for HT-ECHC applications because of their improved thermal
stability, excellent chemical resistance, and simple water management. PBIs are
various amorphous thermoplastic polymers with excellent textile fiber characteristics,
a high glass transition temperature, and excellent chemical resistance. Figure 3.4
shows the structure of the PBI membrane.
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Figure 3.4 Chemical structure of PBI

However, the proton conductivity of the PBI membrane is inefficient. Strong acids,
including sulfuric acid (H2SOs4), phosphoric acid (PA), (H3sPOa4), nitric acid (HNO3),
and hydrochloric acid (HCI), should be added to PBI membranes to preserve proton
conductivity. H2SO4and HsPO4 have the highest conductivities among these acids, and
PBI can readily react with each of them [177]. HsPOu is typically used since H2SOa4
can physically harm the membrane. Protons travel across the membrane using the
proton hopping mechanism and diffuse between molecules by H2-bonding. Here it
attaches to the PA and causes another hydrogen ion to dissociate. Therefore, with the
contribution of PA for proton transfer, a more dynamic H2 bond network is formed
[178]. Figure 3.5 shows the interaction between PBI and PA.
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Figure 3.5 Proton conductivity mechanism of PA-doped PBI membrane
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Huth et al. [138] searched the proton transport characteristics of the PBI membrane
and discovered that its maximum proton transport capacity was comparable to the
Nafion® membrane. Huang et al. [176] created three different PA-doped PBI
membranes: para-PBI, m/p-PBI, and meta-PBI to test the effectiveness of the HT-
ECHC with reformate gases at 160—200 °C. They obtained high Hz purification levels
(>99.6%) and high-power efficiency of up to 72%. Thomassen et al. [179] examine
PBI membrane functioning by various gas mixes and purification levels. A gas mixture
containing 50.5% H2, 39% COg, 6.1% CHya, and 4.4% CO was passed through a PBI
membrane at 160 °C and achieved 99.9% purity of Hz at the cathode side.

Proton conductivity of the PBI membranes depends on the acid in the membrane
structure, and as the acid leaves the membrane over time, proton conductivity and
performance are reduced. A practical method for increasing the protonic conductivity
and enhancing acid retention capacity is the introduction of inorganic fillers in the
membrane structure [180]. These materials must possess strong H-bonds and excellent
acid retention. They should also be reasonably priced and chemically stable. The most
popular inorganic fillers are zeolites, metal-organic frameworks (MOF), silicon
dioxide (SiOz), and titanium dioxide (TiO2) [181].

MOFs are crucial in creating ECHC composite membranes. In contrast to porous
materials like zeolite, MOF is a hybrid material made of covalent organic components
and inorganic materials. MOFs are superior to conventional porous materials because
they have a high surface area, adjustable pore size, and organic binders [182]. Chee et
al. [183] claimed that MOFs gave membrane technology a fresh outlook. Due to their
high chemical stability and promising technology, they are instrumental in gas and
liquid separation due to their molecular sieving properties. They can be applied to

almost all applications.

The solid oxide type HT-ECHC uses ceramic oxide electrolyte layers with conductive
oxide ions or protons to operate between 500 and 900 °C. Electromotive force and
electrochemical Hz transfer are the two primary uses of proton conductive ceramics in
the solid oxide type HT-ECHC. The ceramic membrane's impermeability makes it
possible to utilize significantly less expensive non-Pt materials as catalysts. Iwahara
et al. [184] investigated SrCeo.95Ybo.0503-, & ceramic-based material, for use as an
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electrode and proton conductor in high-temperature solid oxide applications. Le et al.
[185] employed BaCeo.sZroaYo1Ybo10s-d4, & ceramic substance, as a proton-
conducting electrolyte for a maximum temperature of 600 °C. They showed that at the
same current density, higher temperature also leads to an increase in pressure.
Kawamura et al. [186] produced a perovskite-type SrCeo.05Ybo.0sO3-5 ceramic proton
conductor for solid oxide-type HT-ECHC application. The materials utilized as
components in ceramic-based solid oxide type HT-ECHC are thermally strained
because of the high operating temperatures. Additionally, significant issues must be
resolved regarding the expensive and complicated production processes. Other
drawbacks are a lengthy startup process and the requirement for extensive thermal
insulation [187], which are similar to high-temperature solid oxide fuel cell (SOFC)
applications. Creating appropriate sealing materials presents a significant obstacle for
ceramic proton conductors. Seals that are highly stable at high working temperatures
and allow compression under the given load are necessary to guarantee the required
mechanical stability. Due to the fragility of ceramic materials, metallic, metallic-

ceramic, and ceramic-ceramic composite gaskets have been examined [188].

Due to its high proton conductivity, and high thermal stability, PA-doped PBI is
thought to be the most promising among the alternative membranes for high-
temperature applications [189] because of its excellent proton conductivity, and
remarkable thermal stability, phosphoric acid is the most promising of these acids.

3.3.1.2. Catalyst Layer

A catalyst layer is inserted at the anode and cathode sides of an ECHC. The polymer
electrolyte membrane divides these catalyst layers, and GDLs are in touch with them
on the other side of the catalyst layers. Each half-reaction (oxidation and evolution)
occurs at these layers, and the layers can lower the activation energy of the reactions.
Carbon-based support and electroactive metal are the catalyst layer's primary
materials. Because of its strong electrocatalytic activity and excellent resistance to
corrosion and oxidation, platinum (Pt) is employed frequently as a metal. Despite its
successful performance, Pt is a costly precious metal. To decrease precious metal
usage and support materials such as carbon black, carbon nanotubes (CNT), and

graphene have been employed. Innovative and promising materials, like nanocarbon
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supports like nanotubes, can be utilized to minimize Pt usage [152]. Important factors,
including good metal-catalyst material interactions, high electrical conductivity, high
surface area, and enhanced water management, should be considered when choosing
the catalyst support materials utilized in ECHCs [92]. To enhance ECHC performance,
Lubers et al. [190] examined the improved XC72R carbon support.
Trimethyl(methylcyclopentadienyl) platinum (IV) (MeCpPtMe3) was chosen as the

reagent for delivering platinum.

Reformate gas frequently contains CO, which significantly affects Pt's catalytic
activity. CO aggressively adsorbs on Pt and obstructs the catalysts' active sites for
further Hz oxidation and reduction processes [72]. As a result, a significant decrease
in performance with the poisoning of Pt-containing anode catalysts by contaminants
like CO or H2S is observed [72], [145]. The impact of CO and CO2 on HT-ECHC with
Pt catalyst and PBI membrane was studied by Perry et al. [123].

To lower the price and improve the catalyst's CO tolerance, Pt catalysts were alloyed
with non-Pt group metals [92]. When Jackson et al. [191] examined the CO tolerance
of PtRu/C, Pt/C, and PtNi/C catalysts, they found that the PtRu/C bimetallic catalyst
performed the best. Kim et al. [192] developed an Ir/C-based catalyst and they saw
improved performance. In comparison to Pt catalysts, Ir-based catalysts offer good
performance with lower material costs. According to Wu et al.’s [193] comparison of
the LT-ECHC performances of Pt/C and Pd/C catalysts with Nafion®115 membrane,
the Pd/C catalyst had an energy efficiency for Hz recovery from reformate mixtures
that was 80% greater than that of the Pt/C catalysts.

3.3.2 Gas Diffusion Layer

For both the anode and cathode compartments, GDLs are porous layers that are in
contact with the catalyst layers. An ideal GDL should have strong electrical and
thermal conductivities and the ability to move reactants toward catalyst layers. While
thermal conductivity is required for heat transfer from catalysts to other components,
electrical conductivity is required for the movement of electrons. Because they offer

strong gas permeability, which facilitates the movement of reactants, good electronic
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conductivity, good compressibility, and stability in acid environments, carbon-based

compounds are preferred [194] like carbon paper and carbon cloth.

Careful management of the liquid water inside the cells is required for the dependable
and long-term operation of LT-ECHCs. As in the PEM fuel cell, overflooding can be
avoided by covering the GDL with hydrophobic polytetrafluoroethylene (PTFE or
Teflon) dispersion. However, LT-ECHCs are subject to some limitations when using
coating methods based on PTFE to maintain water management. PTFE particles
frequently block the holes in a low-porous GDL structure and may not stick to the
porous surface very effectively. Additionally, the PTFE treatment procedure must be
carried out at a high temperature in a protected environment, which raises the

complexity and expense of the process.

As aresult, various strategies can be used in GDL applications. Lee et al. [195] applied
a hydrophobic coating made of a Nafion® and O-CNT mixture on porous copper
metallic GDL. They noticed that the Nafion®/O-CNT coating eliminated anode
flooding. Lee et al. [196] used silver particles in another research for a hydrophobic
metallic GDL. Additionally, they discovered that the hydrophobic porous metallic
GDL improved the water management capability. In contrast to fuel cell applications,
high anode-cathode pressure differences should be considered in ECHC, and GDL
should withstand the pressure difference. SUS316L was used by Hao et al. [151] as
the mechanical support and backing layer to shield the MEA from the pressure

differential during the ECHC operation.

3.3.3 Bipolar Plates

Graphite is used mostly as a bipolar plate material in fuel cells due to its excellent
electrical conductivity and chemical stability [197]. However, there are drawbacks of
graphite plates, such as high permeability, difficult machining, and expensive
manufacturing. Thicker graphite plates should be used as bipolar plates due to their
brittleness, which increased the volume and mass of stacks [198]. Metals and
composites are alternative materials to graphite [199] (as shown in Figure 3.6). Bipolar
plates can be made from a variety of non-coated and coated metals [200]. Metallic

bipolar plates demonstrate strong mechanical strength, good machinability, low gas
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permeability, reduced thickness and weight, good electrical and thermal conductivity,
and ease of mass production [201]. In ECHC studies, there is a significant pressure
difference between the anode and cathode compartments. Therefore, metal bipolar

plates are used instead of graphite material.

Bipolar Plates
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Figure 3.6 Bipolar plate materials (based on Ref. [202])

They supply the flow of reactants as well as collect and conduct electrons. Since ECHC
applications are not commercialized as fuel cells or electrolyzers, there is not much
research in the literature on flow channels. However, it is possible to find commonly
used flow geometries in fuel cells and electrolyzers in the literature and based on these
findings suitable flow geometry can be found for ECHC. Figure 3.7 shows bipolar

plates with different flow geometries.
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Figure 3.7 Bipolar plate flow geometries with inlet (green) and exit (red) directions
of the reactant

3.3.4 Sealing and O-rings

Gaskets ensure that the gas stays in the MEA and moves only in the desired path. In
addition, it is one of the most critical components in pressurization experiments. They
must be able to keep the gas inside, being resistant to high temperatures and chemical
corrosion. Polymeric materials are generally used as gaskets [203].

Kapton seals and o-rings are preferred for compression tests in the literature. O-rings
are machine elements used for sealing purposes. It ensures that the overlapping
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machine parts fit together perfectly. The most important features of Viton o-rings are
that they can operate under high temperatures. These o-rings can work without any
problems at temperatures of +240 °C [204]. In addition, it appears with its chemical-
resistant structure. It can be used for many years with its flexible and durable structure.
They can be installed quickly and easily [205].

Figure 3.8 a) Kapton seal and b) Viton o-rings

3.3.5 End Plates

The end plates must be resistant to mechanical and chemical degradation because they
serve as the ECHC's primary structural support. The materials should not deform under
high pressure and temperature in an acidic environment. For better pressure
distribution, the thickness of the end plates must be carefully determined, as the
number of bolts. During ECHC operation, the anode and cathode end plates must be
electrically isolated [206], [207]. The end-plate material should be inert to the gases
utilized since the end plates also serve as gas connectors for supplied and exit gases.
According to their operating temperatures, active areas, and current densities, the

materials used for ECHC are listed in Table 3.3 briefly.
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Table 3.3 Literature survey on ECHC components

. ) Operating
Anode | Gas Diffusion Bipolar
Membrane Temperature| Ref.
Catalyst Layer Plate
(°C)
Nafion® 117 Pt/Ru Metal felt N/A 24- 70 [126]
Nafion® 212 Pt Carbon Graphite 20 [172]
Nafion® 117 Pt Carbon paper N/A 35,55, 75 [73]
Nafion® 115 Pt/Ru N/A Graphite 20-70 [144]
Nafion® 115 Pt N/A Titanium 30- 70 [143]
Nafion® 105,
Nafion® 115, Pt N/A N/A 2542 [128]
Nafion® 117
Nafion® 117 Pt N/A Graphite 25- 60 [122]
PBI Pt N/A Graphite 120- 160 [123]
Nafion® 1110 Pt/C Stainless steel N/A 60 [125]
SPEEK-
Pt/C N/A N/A 80 [150]
CrPSSA
Nafion® 115 Pt/Ru N/A Graphite 25 [145]
Carbon
PBI Pt N/A _ 160- 200 [179]
flow field
Nafion® 212 Pt Carbon-based N/A 60 [190]
Nafion® 212 Ir, Pt Carbon-based N/A 70 [192]
Nafion® and O- Hydrophobic
Pt ) N/A 65 [195]
CNT coated metallic
Porous metal
. @anode/ pristine
Nafion® Pt N/A 65 [196]

porous metal

@cathode
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Table 3.3 Literature survey on ECHC components (continued)

Nafion® 115 Pt Carbon Graphite 22 [140]

Carbon paper
. @cathode/

Nafion® 117 Pt/C N/A 30, 60 [151]

carbon cloth
@anode
Nafion® 115 Pt/C N/A N/A 25 [208]
Lao.9Bao.1YbOs-a Pt N/A N/A 600, 800 [209]

) Carbon-based
Nafion® 117/XL

. N/A @cathode/a gold- N/A 60 [153]
Nafion® XL _
coated Ti @anode
Nafion® 115 Pt Carbon cloth Aluminum 25 [137]

3.4.  Effects of Operating Parameters on ECHC Performance

The performance of the ECHC is significantly influenced by various operating factors,
including H2 permeability and thickness of the membrane operating temperature,
humidification level for low-temperature applications/ acid doping for high-
temperature applications, and ECHC design. The literature contains numerous studies

that evaluate how these factors affect performance.

Appropriate humidity/acid doping and temperature are factors that significantly impact
proton transport in the ECHC. Nafion® membrane must be humidified for proton
transport in ECHC systems because it is frequently used at low operating temperatures.
The lack of water production on the cathode side means there is not enough water in
the cathode to moisten the membrane through electro-osmotic drift, therefore, ECHC
systems require external humidification. The ECHC was examined by Hao et al. [151]
with an internal humidifier. Liquid water is present in the internal humidifier, which
directly moistens a polymer electrolyte membrane. The internal humidifier led to
improved proton conductivity. To determine the effects of various humidity levels,
Zou et al. [210] conducted an experimental study at operating temperatures between
30 and 90 °C, and inlet pressures between 30 and 90 kPa. Their findings showed that

the increase in current density resulted in Hz dehydration and inadequate humidity
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increased ohmic losses. The electro-osmotic drag from the anode to the cathode caused
by the high current density is another factor that raises ohmic losses. These
observations collectively demonstrated the need to maintain the equilibrium between
proton transport and humidity levels carefully. Grigoriev et al. [73] compressed Hz up
to 130 bar. According to the findings, from the start of the experiment, the gas
humidification level should be observed since the lack of moisture in the H2 gas causes
mass transportation restrictions, which raises energy consumption and reduces

efficiency.

H2 gas permeates from the cathode to the anode due to the pressure differential
between the two electrodes. Strobel et al. [128] examined the influence of membrane
thickness on Hz permeability. They discovered that as membrane thickness is reduced,
H2 permeability increases. Also, they indicate that although back diffusion cannot be
entirely stopped, acceptable back diffusion rates can be established. Zou et al. [92]
investigated the impact of membrane thickness on mechanical strength. According to
their research, the mechanical strength of the membrane is crucial because of the high
pressure present in ECHC operating conditions. Thin membranes with excellent
mechanical strength should be created for ECHC applications, while Hz permeability

is also considered.

Chouhan et al. [137] tested a Nafion® 115 membrane at room temperature. An
experimentally confirmed theoretical formulation for the ECHC was proposed to
investigate back diffusion’s impact. They used a single cell with a voltage of 0.1 V to
achieve a pressure of 150 bar. Although high-performance ECHCs appear more
attractive than conventional mechanical compressors, it was found that back diffusion
is a significant issue limiting ECHC performance. Huang et al. [176] reported a
fascinating investigation on 160, 180, and 200 °C and found that, when utilizing para-
PBI, the CO tolerance for the Pt catalyst rose as the temperature climbed (from 38%
to 72%). m-PBI looks to be the best high-temperature membrane that can be utilized
for ECHC, despite para-PBI having the maximum proton permeability due to its good

permeability and long-term durability.

Kim et al. [149] investigated the impact of various Pt loading on the ability of the
ECHC to compress Hz and separate Hz2-COz2 at a temperature of 160 °C. They obtained
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80 mV voltage and 0.8 A/cm? current density for H2 compression. Additionally, when
the Pt loading on the anode side was reduced from 1.1 mg/cm? to 0.2 mg/cm?, the cell

voltage in the separation experiment increased by 72%.

The ECHC stack performance was compared by Chouhan et al. [130] between the
electrically connected in series and the flows being parallel (ESFP), the electrically
connected in series and the flows being in series (ESFS), and the hybrid of ESFP and
ESFS. With the same number of cells and under the same operating conditions, it was
found that the ESFP configuration had a higher power and work efficiency than the
other two configurations. In the ESFP configuration, all membranes have a greater
propensity to fail because they are exposed to high-pressure differentials. It implies
that if even one membrane fails, the stack will lose pressure and become useless. The
pressure difference will also be divided in series in the ESFS configuration, where
electrical connection and flow are both in series, and membrane failure will be less
likely. Therefore, it is advised to choose the configuration that is connected in series

in both the electrical and flow directions for ECHC applications.
3.5. Importance of High-Temperature ECHC

Before ECHC can be fully commercialized, a few problems must be handled. CO
poisoning is the primary issue that reduces cell performance [176]. CO molecules are
strongly adsorbed on one Pt atom (terminal site), two adjacent Pt atoms (bridging site),
or three adjacent Pt atoms (three-fold hollow site). In the first two cases, the reaction
efficiency is reduced because the active area required for HOR is occupied by CO. In
the case of CO, which is tightly bound to three adjacent Pt atoms, a blocking layer
forms on the surface and Pt loses much of its active site for the reaction [211]. The
poisoning of Pt by CO is shown in Figure 3.9.

Hydrocarbon-based Hz production contains 20% CO:2 by volume in the fuel, and the
CO2 can be converted to CO by the RWGS reaction. According to Gu et al. [212], 1%
by volume of CO released at low temperatures can cover more than half of the catalyst
surface [213]. Therefore, besides CO, CO2 can be considered one of the critical factors
that reduce performance in low-temperature applications.
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Figure 3.9 CO poisoning of the bare Pt surface a) terminal site, b) bridging site, c)

three-fold hollow site (modified from Ref. [214] )
The other important factor is maintaining proton conductivity and high durability. The
Nafion® membrane inside the LT-ECHC must be properly humidified and kept
hydrated [174]. Due to inadequate humidification, water may build up in the electrode
layers or along the gas flow channels [175]. Excessive moisture can block access to
catalyst active regions, lowering cell performance. The HT-ECHCs are unable to
humidify the membrane with water because it was operating above the boiling point
of water. As a result, HT-ECHC applications (up to 200 °C) without water
management offer significant benefits and PBI membranes provide substantial
advantages for HT-ECHC applications due to their superior thermal stability, high
chemical resistance, and simple water management. The high operating temperatures
provide higher impurity tolerance to Pt catalyst and faster electrode kinetics for anodic
and cathodic reactions [175], [176].

The best option appears to be a membrane made of PBI, which operates at high
temperatures while having excellent proton conductivity and high thermal stability
[189]. However, the proton conductivity of the bare PBI membrane is low. H2SO4 and
HsPO4 have the highest conductivities of these acids, and PBI can readily react with
both [177].
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CHAPTER 4

EXPERIMENTAL STUDIES

4.1. Materials

PBI polymer was synthesized according to the reported procedure [189].
Diaminobenzidine tetrachloride hydrate (DAB.4HCI.2H20, 98%), isophthalic acid
(IPA, 99%), polyphosphoric acid (PPA, 115%), phosphoric acid (H3POa, 85%), and
N,N Dimethylacetamide (DMAC) isopropyl alcohol (CH:CH(OH)CH:), purchased
from Sigma-Aldrich (USA) and used exactly as received. Polytetrafluoroethylene (60
wt. % dispersion in H20, Sigma-Aldrich), gas diffusion layer (GDL) (Freudenberg,
Germany), and platinum-supported carbon catalyst (Pt/C 40 wt. %, Johnson Matthey,
UK) were used for MEA preparation. High-purity Hz, CO2, CO, and N2 gases
(>99.98%) were provided from Linde (Turkey).

4.2.  MEA Preparation

4.1.1. Membrane Preparation

The solution casting method was used to preparation of the PBI membrane. First, PBI
polymer (5 wt.%) (Figure 4.1 (a)) was dissolved in DMACc solution at atmospheric
pressure (Figure 4.1 (b)), and the homogeneous solution was cast onto the glass surface
(Figure 4.1 (c)). The surface of the cast glass was dried for 12 hours at 80 °C in a
ventilated oven. shows the PBI membrane preparation steps.

PBI membrane must be doped with strong acid for proton conductivity. For acid
doping, PBI membranes were kept in HsPOs for a week (Figure 4.1 (d)). The
membranes were taken out of the solution, the excess acid was wiped off with blotting

paper, and they were stored in an airtight container until the tests.
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Figure 4.1 PBI membrane preparation steps

Membrane acid doping level can be determined from Equation (16):

MW of PBI repeat unit
MW Of H3 P04

. . _ Wpgy
Acid doping = Wary (16)
where Wea and Wary are the weight of the Hs3PO4 doped membrane, and dry membrane
(9), respectively, and MW indicates molecular weight (g/mol) [176]. The acid doping
level of the PBI membrane was determined as 12.

The proton conductivity of the PA-doped PBI membrane was determined by a four-
probe analysis with Electrochemical Workstation (WonATech, Korea). The
conductivity tests were executed in the longitudinal direction under non-humidified

conditions. Equation (17) was used to calculate the proton conductivity.
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where o (S/cm) is the proton conductivity, r () is the membrane resistance, w (cm) is
the membrane width, t (cm) is the membrane thickness, and L (cm) is the space
between the conductivity cell's two probes. Table 4.1 shows the properties of undoped

PBI and PA-doped PBI membrane.

Table 4. 1 Properties of the undoped and PA-doped PBI (modified from Ref. [215])

Properties Undoped PBI PA-doped PBI
Proton Conductivity (S/cm) - 0.083
out (MPa) 140.9+5.0 13.1+£1.2

E (GPa) 2.030 £0.12 0.080 +0.01
Elongation at break (%) 83+10 151+5

H2 Permeability at 160 °C (Barrer) 12.7 836

4.1.2. Gas Diffusion Electrode Preparation

The process outlined by Devrim [216] was used to prepare the catalyst ink. Catalyst
ink contains PVDF, DMAc, 5 wt. % PBI solution, and Pt/C catalyst (Figure 4.2 ().
The ultrasonic coating process was used to manufacture the gas diffusion electrode
(GDEs) (Figure 4.2 (b)) due to the high homogenous distribution of catalyst with the
least amount of loss [217]. An ultrasonic spray coater (Sono-Tek/the model
ExactaCoat) and 120 kHz Impact Nozzle were used on commercial carbon paper GDL
at 80 °C. The coating procedure was fully computer-controlled and programmed
concerning the coated area. Before atomization at the nozzle, the catalyst ink was
loaded into a syringe pump, leveled to a flow rate of up to 0.5 mL/min, and sprayed
over the GDLs to create 1 mg/cm? catalyst loading. Figure 4.2 (c) shows the prepared
GDE.

50



Catalyst Ink Ultrasonic Coating Gas Diffusion Electrode

Figure 4.2 GDE preparation steps

Finally, GDEs were hot pressed onto the HsPOs doped PBI membrane at 150 °C and
172 N/cm? for 15 minutes. Figure 4.3 shows the steps of the MEA preparation steps.

Figure 4.3 MEA preparation steps

4.3. HT-ECHC Single Cell and Stack

When the literature is examined, it is seen that the PEM fuel cell design and
components are used in ECHC studies. Although ECHCs show similarities with PEM
fuel cells, there are differences in cell design and components, especially considering
high-pressure conditions. A single cell consists of two compression plates, two gas and

current distribution plates, o-rings, Ti mesh and felt group, and an MEA.
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HT-ECHC systems should have compression plates that provide the desired
homogeneous force distribution. Compression plates are made of 316 quality stainless
steel with a thickness of 40 mm. In addition to the holes for the gas supply and exit on
the anode and cathode end plates, holes for the thermocouples are also created. To
maintain a constant pressure distribution over the MEA and reduce the resistances of
the GDEs, the HT-ECHC test cell was compressed using a torque wrench. Figure 4.4

shows the anode and cathode end plates with a technical drawing.

Within the scope of the thesis, considering the flow plate simulation results and the
latest studies in the literature, a two-layer gas distribution plate was used to obtain low-
pressure loss in the flow channels and homogeneous gas distribution in the gas
diffusion layer. Although graphite plates can often be used in gas flow channels in
PEM fuel cells, titanium materials are preferred in ECHC when high-pressure
conditions and cell strength are considered [125], [126], [196]. However, it is a
difficult method to process the gas flow channels used in PEM fuel cells bipolar plates
on pure Ti plates with the CNC machining technique. Therefore, bipolar plates were
manufactured with Ti-alloyed stainless steel.
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Figure 4.4 a) Anode end plate, b) cathode end plate
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Figure 4.5 Single-cell HT-ECHC

1st cell

Figure 4.6 HT-ECHC stack with 5 cells

In the design, 5 mm 316-Ti doped steel gas distribution plates are placed in front of
the Ti mesh gas distribution plate. Considering the acidic operating conditions in the

cell, porous titanium sieve plates with a porosity of 56% and a thickness of 0.2-0.3
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mm (uncompressed height) were used due to high corrosion resistance. The gas fed to
the cell reaches the porous Ti sieve gas distribution plate and the gas mixture is
homogeneously distributed in the HT-ECHC with the help of the mesh structure. In
HT-ECHC systems, impermeability is important in terms of both purification and
pressurization. The Viton o-rings were preferred with their resistance to high
temperature and high mechanical stress. In Figure 4.5 and Figure 4.6, 3D designs of
HT-ECHC single-cell and HT-ECHC stack with five cells are given, respectively.
Within the scope of the thesis, a 5-cell HT-ECHC stack was designed with the same
active area as a single HT-ECHC cell. The 5-cell HT-ECHC is electrically connected
in series so that one side of the stack remains as the anode and the other as the cathode

pole.

Figure 4.7 Assembled render view for (a) single cell and (b) stack

The anode bipolar plate was first placed on the end plate and o-rings were placed in
the channels available on the bipolar plate. After, the MEA structure was placed on the
bipolar plate. A single cell consists of this assembly closed with the cathode bipolar
plate and the end plate. For the stack, bipolar plates and MEA structures were placed

step-by-step and similar to the single cell, the stack closed with a cathode end plate.
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Figure 4.8 shows the HT-ECHC cell preparation. Assembled single cell and the stack

are shown in Figure 4.9.

Figure 4.8 HT-ECHC cell preparation
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Figure 4.9 Assembled HT-ECHC single cell and stack

4.4, HT-ECHC Test System

Figure 4.10 shows the flow diagram of the HT-ECHC test station. After the gas

mixtures are adjusted at the desired rates with mass flow controllers, enter the anode.

N2 acts as a purge gas. All gases were kept in high-pressure gas cylinders, and Teflon

tubing was used to connect them to the HT-ECHC cell test station. The gas temperature

was raised from room temperature to cell temperature during the performance tests

using heated gas lines. The flow of the gas streams was regulated using mass flow
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controllers (Alborg). The current collector plates of the HT-ECHC test cell were wired

to an external DC power source.

Test Station
Software

co, ;Z Esv )

HT-ECHC
Exhoust gases
wEC
v Cathode exit
sV
¢ Pressure
_.~ Gauge

Gas
Chromotography

SV: Solenoid Valve

CV: Check Valve

MFC: Mass Flow Controller
TC: Temperature Controller

Figure 4.10 Diagram of HT-ECHC test station

Two heating rods, one on the cathode side and one on the anode side, were used to

keep the cell temperature constant. The operating temperature of the HT-ECHC test
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cell was determined by thermocouples connected to the cell, and the temperature was

controlled by heaters. Swagelok supplied every fitting.

Figure 4.11 HT-ECHC test station

The HT-ECHC cell was stabilized at 0.2 V for 2 hours before the performance tests,
then voltage and current data were collected. From the open-circuit voltage (OCV) to
1V for pure Hz and 1.4 V for reformate gas mixtures, the current values in steps of
0.05 V were recorded. At 140, 150, 160, 170, and 180 °C, HT-ECHC performance
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curves were obtained using a variety of gas streams, including pure Hz and the
reformate gases RG-1 (H2:C02:CO-75:25:0), RG-2 (H2:C02:CO-72:26:2), RG-3
(H2:C02:C0O-75:22:3), RG-4 (H2:C0O2:CO-75:20:5), RG-5 (H2:C02:C0-97:0:3), RG-
6 (H2:C02:C0O-95:0:5). Reformate gas compositions are shown in Table 4.2. The tests
conducted under atmospheric pressure.

Table 4.2 Gas compositions for HT-ECHC purification experiments

Gases H2 CO2 CO
(Vol. %) (Vol. %) (Vol. %)
H2 100 - -
RG-1 75 25 -
RG-2 72 26 2
RG-3 75 22 3
RG-4 75 20 5
RG-5 97 0 3
RG-6 95 0 5

A gas chromatograph (GC) (Shimadzu Co., Nexis GC-203) was used to analyze the
gas composition (Hz, CO2, and CO) of the HT-ECHC cathode stream using an
automated gas sample valve. The thermal conductivity detector (TCD) was installed
in the GC, and Ar was chosen as the carrier gas. Before the experiments, the TCD
detector was calibrated for the quantitative analysis using different gas mixtures
(including CH4, NHs3, CO, CO2, Nz, and Hz) with known concentrations. Gas
calibration curves based on peak area were used to determine the compositions of the

cathode exits.

After the sample is injected into the system since the velocity of the components in the
sample varies depending on the compound, they separate from each other in the
column Curves are drawn with the electrical signals coming out of the detector. In a
typical chromatogram, the horizontal axis shows the time until the component reaches
the detector, if the component is defined, a peak is drawn according to its intensity
(Figure 4.12). The vertical axis shows the intensity of this signal [218]. HT-ECHC
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purification tests were repeated twice while the cell was operating at constant voltage

and the margin of error of the GC analysis was determined as +0.001.
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Figure 4.12 Typical GC chromatogram for RG-3
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CHAPTER 5

RESULTS AND DISCUSSION

5.1.  Bipolar Plate Design and Flow Analysis Results

The H2 purification rate in ECHC systems depends on the gas composition supplied to
the system, the components used in the cell and the cell design. One of the most
important parameters affecting the performance of ECHC systems is the design of gas
flow channels through which the Hz and/or reformate gas mixture is distributed to the
cells. Flow plates’ crucial functions in the cell are controlling electrical conductivity,
current density distribution, thermal conductivity, and mass transport. In addition, the
design of flow plates directing the flow of gases entering the ECHC stack affects the
pressure drop on both the anode and cathode sides, thus affecting the ECHC
performance. Since both purification and pressurization will be done in ECHC, the
flow geometry that will minimize the pressure drop is selected. Within the scope of
the thesis, gas flow analyses were performed using SolidWorks Flow Simulation
software to visualize gas flows, which are difficult to determine experimentally, and

to examine the effect of different flow channel designs on pressure drop.

The designs of PEM fuel cell flow geometries have been used for bipolar plate
geometries because there isn't enough information about HT-ECHC design in the
literature. Firstly, flow plates were designed with square geometries based on the
examples in the literature. Channel depth, width and height are taken as Imm x1mm
x1mm. Designed flow geometries with “Solidworks” shown in Figure 5.1 shows the
wavy flow channel, parallel flow channel, serpentine flow channel, triple coil flow
channel, parallel serpentine flow channel, pin flow channel, multiple serpentine flow
channel, leaf flow channel, enmeshed flow channel-1, enmeshed flow channel-2, spiral
flow channel, grid flow channel. As a result of the analysis, it has been determined that
in square designs, pressure drops occur along the flow of gases in the flow channel.
This situation causes problems in high pressurization conditions in ECHC systems.
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Wavy flow field Parallel flow field Serpentine flow field

Serpentine 2 flow field Serpentine 3 flow field Pin type flow field

Parallel serpentine flow field Leaf-like flow field Lounge-like flow field

Lounge-like 2 flow field Spiral serpentine flow field Grid flow field

Figure 5.1 Bipolar plates of square flow geometries

In the literature, it has been observed that recent studies were also carried out with a
circular design. The design is changed, and the circular designs were investigated to

ensure homogeneous pressure distribution.
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Wavy flow field Parallel flow field

Serpentie flow field

Lounge-like flow field

Leaf-like flow field

Pin type flow field

Figure 5.2 Bipolar plates of circular flow geometries



Wavy flow field

Serpentine flow field Leaf-like flow field

Lounge-like flow field Pin type flow field

Figure 5.3 Pressure analysis of the bipolar plates
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Flow simulation analyses were performed where channel depth, width, and height are
taken as Imm xImm xImm. 160 °C temperature and H2 gas were used in all flow
simulations. By the flow analysis results for each geometry, the pressure difference
between the gas entering the flow channel and the gas leaving the channel was
examined. Figure 5.3 shows the pressure contours of the wavy flow field, parallel flow
field, serpentine 2 flow field, leaf-like flow field, lounge-like flow field, pin type flow
field simulation where the “red” indicates higher pressures and “blue” indicates

relatively low pressures.

According to the results of the analysis, it was determined that lower outlet pressure
was obtained with the increase of the residence time of the gas in the cell. While the
highest pressure was obtained in the different serpentine flow channels, it was
observed that the pressure drop decreased in the flow channel with parallel flow
geometry. The best results were obtained with grid and pin-type flow channels.
However, the reduction of pressure drop across the flow channel is not sufficient for
optimum flow channel design. Since the reaction time of the gas in the cell is reduced
in the channels with low-pressure drops, the chance of the gas reacting also decreases.
For this reason, a different flow channel design for the HT-ECHC application is

investigated.

In the scope of the thesis, a two-layer gas distribution plate is used to obtain low-
pressure loss in the flow channels and homogeneous gas distribution in the gas
diffusion layer. In the two-layer gas distribution plate, a 5 mm 316-titanium doped
steel gas distribution plate and integrated Ti mesh on the plate are used. The gases
enter the cell with the channel on the flow plate and reach the MEA layer by dispersing
homogeneously from the porous titanium mesh layer on the plate. With this design,
since the first layer does not contain a flow channel as in classical designs, the gases
are transmitted to the porous layer without pressure drop. Thanks to the Ti mesh
integrated into the flow channel, the gases entering the cell are more homogeneously
distributed over the MEA. Figure 5.4 shows the flow plate design of the HT-ECHC

cell.
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Figure 5.4 a) Flow plate of HT-ECHC cell, b) pressure analysis of flow plate
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5.2. HT-ECHC Purification Test Results

5.2.1. Pure H; Experiments

First, pure Hz was fed from the anode side. By adjusting the gas flow rate between
0.05 slpm and 1 slpm at 160 °C, it was possible to assess how the gas flow rate affected
the performance of the HT-ECHC cell. The polarization curves for HT-ECHCs

supplied by pure Hz at various gas flow rates are shown in Figure 5.5.
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Figure 5.5 Polarization curves for pure Hz at 160 °C with different Hz inlet flow rates

The maximum current density recorded was 0.404 A/cm? with a flow rate of 0.25 slpm
at 160 °C and 1 V. When the gas flow rate on the anode side is reduced, poor
performance occurs as the reactants on the electrode surface are consumed [127]. As
anticipated, performance degraded noticeably at flow rates lower than 0.25 slpm (0.1
slpm and 0.05 slpm). At 0.05 slpm and 1 slpm, the highest current densities were
measured to be 0.195 A/cm? and 0.199 A/cm?, respectively. It may be inferred that as
the gas flow rate increases on the anode side, the gas exits the cell without undergoing
an electrochemical reaction, which lowers performance. 1 slpm flow rate produced the
lowest performance, which was followed by 0.75 slpm. In these circumstances, the gas
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is fed quickly, sweeping the gas into the active area and lowering an electrochemical
reaction. For 1 slpm and 0.75 slpm, respectively, the highest current densities were
measured as 0.143 A/cm? and 0.165 A/cm?,

The polarization curves of an HT-ECHC fed by pure H2 at various operating
temperatures are shown in Figure 5.6. At temperatures of 140, 150, 160, 170, and 180
°C, respectively, the voltage and current values were measured. All the experiments
were conducted at atmospheric pressure (101.320 Pa) and a 0.25 slpm Hz flow rate.
The power supply's limiting voltage was maintained at 1 V, and data on current were
recorded starting from 0 A and every 0.1 A. It has been noted that performance

improves when the operating temperature rises from 140 °C to 160 °C.
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Figure 5.6 Polarization curves of HT-ECHC with pure Hz at different operating
temperatures

The relationship between temperature and membrane resistance can be used to explain
how temperature has a favorable impact on cell performance [219]. The improved
reaction kinetics of the electrodes at higher temperatures was observed. At 160 °C, the
maximum achievable current density was measured as 0.404 A/cm?. Consistent

performance was not possible between 160 °C and 180 °C, the maximum current

69



densities at 170 °C and 180 °C were recorded as 0.126 A/cm? and 0.182 A/cm?,
respectively. Temperatures exceeding 160 °C, a drop in conductivity caused by the
dehydration of orthophosphoric acid to pyrophosphoric acid [220], and potential
stability problems occurred. Damage to other cell components due to increased HT-
ECHC temperature may have resulted in lower performance [219], [221].

5.2.2. H; Separation from Reformate Gas Mixture

In this part, the effect of Hz, CO2, and CO ratios in the reformate gas mixture on HT-
ECHC performance was examined. In contrast to pure H2 experiments, it was
discovered that the OCV values of reformate gas mixtures were not zero because of
variations in partial pressures [123]. Because reformate gas mixtures have
contaminants, a higher voltage is needed for electrochemical purification than for pure
H2. Vermaak et al. [127] reported similar outcomes. Ohmic and mass transport
resistance are the two main types of resistance in the HT-ECHC since the separation
of Hz is limited by contaminants in the supplied gas [221]. The performance of the
RG-1 gas with 75% H:z and 25% COg, is shown in Figure 5.7.

For the RG-1, the required voltages were measured as 0.396 V, 0.377 V, 0.360 V,
0.481 V and 0.545 V at a current density of 0.1 A/cm? and a temperature of 140, 150,
160, 170 and 180 °C. The minimum power consumption was found to be 0.036 W at
160 °C (Eq. (18)).

P=ixAXV (18)

The performance of HT-ECHC cells improved with temperatures up to 160 °C. Due
to the increasing reaction activity of electrodes with the increased temperature, it was
found that overall performance had improved. The literature has noted comparable
outcomes [127], [143].

However, a decline in HT-ECHC performance was observed as the operating
temperature was raised higher. The performance loss may be connected to the reverse
water-gas shift (RWGS) process at the high working temperature, where the COz is
converted to CO (Eq. (19) and (20)) [222].
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2Pt + H, - 2Pt — H (19)

CO, +2Pt—H - Pt—CO + H,0 + Pt (20)
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Figure 5.7 Polarization curves of HT-ECHC with RG-1 at different operating
temperatures

In the RWGS reaction, CO2 and Hz on the catalyst combine to create CO, which
subsequently adsorbs to the active areas of the catalyst and limits Hz separation [223].
Even though CO:z2 is considered inert, it has a harmful effect because of the creation of
CO because of the RWGS [224]. The temperature is one of the critical factors
impacting CO production because of the endothermic RWGS reaction. When the
amount of COz2 in the feed gas is high, even if the gas does not contain CO, the
performance can degrade significantly because the RWGS reaction accelerates with
increasing operating temperature. De Bruijn et al. [225] demonstrated similar results
in their work. They discovered the production of CO increases as temperature rises.
As a result of the RWGS reaction, CO would be formed up to 1% at the operating
temperature range of 125-200 °C [226].

71



CO can be formed by the electrochemical reduction of CO2 when voltage is applied,
however, its contribution is negligible compared to the RWGS reaction [223].

Equation (21) shows that electrochemical CO2 reduction reaction [227]:
CO, + 2H* + 2e”~ + Pt » Pt — CO + H,0 (21)

In contrast to RG-1 gas, when RG-2, RG-3, RG-4, RG-5, and RG-6 reformate gases
were fed, performance was better as the temperature increased from 140 °C to 180 °C.
The increased operating temperature leads to improved catalytic activity, enhanced
electrochemical reactions [228], and reduced ohmic overpotential caused by the
conductivity of the membrane [223]. The CO adsorption on the Pt catalyst is also
decreased by the high operating temperature, which lowers Pt poisoning [229], [230].
CO is adsorbed on Pt-H sites formed during HOR and on bare Pt surfaces [231] given

in the following equations:

CO + Pt » Pt — CO (22)
H, + 2Pt > 2Pt — H (23)
2C0 + 2Pt — H - 2Pt — CO + H, (24)

Since CO adsorption is an exothermic process, the active site of Pt is covered by CO
faster at low operating temperatures, forming poorly at high temperatures [232].

The performances of RG-2, RG-3 and RG-4 gases are shown in Figure 5.10, Figure
5.9, and Figure 5.10, respectively. In RG-2, RG-3 and RG-4 gases, the CO
concentrations are 2%, 3% and 5%, while the CO2 concentrations are 26%, 22% and
20% by volume. In all three gases, besides the direct negative effect of the CO, the
above-mentioned RWGS reaction also causes the conversion of CO2 to CO and
performance degradation is expected in HT-ECHC. Polarization curves for RG-2, RG-
3 and RG-4 reveal that performance decreases when CO content rises. Therefore, it
can be concluded that as the vol.% CO increases, it has a greater effect than the RWGS
reaction. Depending on the operating environment, these processes compete with one
another [233]. The performance of the HT-ECHC is decreased by adding more CO to
the reformate gas mixture because the CO adsorption is significantly faster than the

RWGS reaction [234].
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Figure 5.8 Polarization curves of HT-ECHC with RG-2 at different operating
temperatures
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Figure 5.9 Polarization curves of HT-ECHC with RG-3 at different operating
temperatures
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Figure 5.10 Polarization curves of HT-ECHC with RG-4 at different operating
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Figure 5.11 Polarization curves of HT-ECHC with RG-5 at different operating
temperatures

Due to its low heat of adsorption, CO adheres to the Pt surface more easily than Ho.

When more CO is adsorbed on the catalyst surface, less active areas for Hz oxidation
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are accessible. Therefore, there is a significant decrease in HT-ECHC cell performance
in tests of RG-5 and RG-6 gases containing 3% and 5% CO by vol. as shown in Figure
5.11 and Figure 5.12, respectively. The cell performance also decreases with increased
voltage [235].
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Figure 5.12 Polarization curves of HT-ECHC with RG-6 at different operating
temperatures
To determine the electrochemical Hz purification level, the GC analyzer was coupled
to the HT-ECHC cell cathode output. Table 5.1 displays the analysis results. The two
repetitions of GC analysis show the admirable reproducibility of the experiments
(£0.001). When results were examined, it was determined that higher purification was
obtained with RG-2 at 160 °C with 99.999%. The highest purification levels for RG-
1, RG-3, RG-4, RG-5, and RG-6 gases were obtained as 99.66% (160 °C), 99.561%
(180 °C), 99.890% (160 °C), 99.389% (160 °C), and 98.821% (180 °C), respectively.

When CO2 and CO are present in the gas stream, the CO effect is more significant than
the CO2. The reason may occur the rapid and more considerable CO adsorption

kinetics in the gas phase [227].
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Table 5.1 Purification grades of Hz purified from reformate gas mixture

Temperature RG-1 | RG-2 | RG-3 | RG-4 | RG-5 | RG-6
O (%) (%) (%) (%) (%) (%)
140 99.309 | 99.742 | 99.212 | 99.674 | 99.326 | 98.574
150 99.651 | 99.916 | 99.163 | 99.829 | 99.338 | 98.594
160 99.660 | 99.999 | 99.216 | 99.890 | 99.389 | 98.647
170 99.548 | 99.848 | 99.527 | 99.762 | 99.240 | 98.681
180 99.527 | 99.899 | 99.561 | 99.776 | 99.222 | 98.821

The separation efficiencies were determined according to Equation (25) [236]:

Eseparation =

where 1 is the current (A), F is Faraday’s constant as 96468 coulombs/mol, and 71 is

the molar flow of H: at the inlet of the anode (mol/s). The separation efficiency is

directly proportional to the applied current and it is expected that the separation

2F (nf0%)

efficiency will increase as the current increases.

The separation efficiency of the RG-1 at 160 °C temperature, corresponding to 0.1 V,
was 4.4%, while the efficiency was calculated as 37.7% at 1.4 V voltage. As RG-1
does not contain CO, the catalyst active sites were not covered by CO, and the
efficiency increased from 140 °C to 160 °C. The highest separation efficiency was
found as 37.7% at 160 °C. However, as explained above, the efficiency decreased after

160 °C to 31.4% and 29.4% at 170° C and 180 °C, respectively. The separation

efficiency of RG-1 at various temperatures is shown in Figure 5.13.
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Figure 5.13 Separation efficiencies of HT-ECHC with RG-1 at different operating
temperatures

RG-2, RG-3, RG-4 gases contain 2%, 3% and 5% CO, respectively. Since the effect
of CO is more dominant than the presence of CO2, the efficiency decreases as the
amount of CO increases in these gases. The highest separation efficiencies for RG-2,
RG-3, RG-4 were calculated as 40%, 24% and 22% at 180 °C, respectively. The
separation efficiencies of RG-2, RG-3, RG-4 at various temperatures are shown in,
Figure 5.14, Figure 5.15 and Figure 5.16, respectively.
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Figure 5.14 Separation efficiencies of HT-ECHC with RG-2 at different operating

temperatures
50.0
—o—140°C
—o—150°C
40.0 t 160°C
& 170°C
2 —o—180°C
a 300
9
&
84|
.E 200 F
=
&
53
wvn 10.0 F
00 1 1 1 1 1 1 1
0.0 02 04 0.6 0.8 1.0 1.2 14
Voltage (V)

Figure 5.15 Separation efficiencies of HT-ECHC with RG-3 at different operating

temperatures
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Figure 5.16 Separation efficiencies of HT-ECHC with RG-4 at different operating
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Figure 5.17 Separation efficiencies of HT-ECHC with RG-5 at different operating
temperatures
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Figure 5.18 Separation efficiencies of HT-ECHC with RG-6 at different operating
temperatures
Since RG-5 and RG-6 gases contain 3% and 5% CO, respectively, separation
efficiencies are expected to be lower than other reformate gases. The highest
separation efficiencies for RG-5 and RG-6 were 21% and 21% at 180 °C, respectively.
The separation efficiencies of RG-5 and RG-6 at various temperatures are shown in
Figure 5.17 and Figure 5.18.

As a result, it is possible to observe the positive effect of temperature on catalyst
poisoning and its direct effect on cell performance. As the molar ratio of CO increased,
the separation efficiencies decreased. For RG-1 gas, the highest separation efficiency
of 38% was found at 160 °C, in contrast to other CO-containing reformate gases. As
the RWGS reaction speeds up as the temperature rises, CO production from CO2 and
catalyst poisoning increase as well. Abdulla et al. [236] claimed that mass transfer

through the GDE is one of the most important factors affecting efficiency.

5.3. Compression Results

Compression experiments were conducted with pure Hz. Low-pressure Hz is fed into
the anode flow field. The current-distributing plates receive voltage from the external

DC power source. The H2 molecule is split into two atoms; each oxidized into a proton
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H* and an e™ at the anode catalyst layer. Only protons pass through the acid-doped PBI
membrane before being reduced to H2 at the cathode catalyst layer with the help of

electrons. Under higher pressure, Hz is collected on the cathode side.

The required power to obtain compressed H: at the HT-ECHC cathode is low when
compared the conventional compressors. Since the Nernst equation provides the
theoretical compression work for the HT-ECHC [126], [128], [134] and uses only a
thermodynamic approach based on anodic and cathodic pressures, the theoretical
approach is insufficient to account for a phenomenon like the ohmic resistance and
some mass transport constraints. Ohmic and mass transport resistances increase with

applied voltage, reducing the energy efficiency of an HT-ECHC [57].

The HT-ECHC cell experienced a gas leak test before the performance tests. The anode
and cathode compartment exits were closed, and N2 was gradually fed at 160 °C up to
60 bar. The manometers on the anode and cathode were used to determine whether the
pressure in the cell had remained constant for an hour. The cell was considered gas-
tight because the anode and cathode pressure gauges display the same bar pressure
after 1 hour. The tests were then conducted using Hz under the same circumstances.
Since the best electrochemical H2 separation performance was found at 160 °C in the
previous experiments [168], all compression performance tests were carried out with
pure Hz at this temperature. The cell was first run through the tests in cathode open
mode for an hour at a constant 0.4 V. After that, the cathode outlet was closed, and
pressurization tests were conducted with a steady supply of Hz2. A manometer at the
cathode outlet was used to measure the pressure in the HT-ECHC cell, and data were
gathered until a total pressure of 60 bar was reached. Then the H2 valve was closed
and the N2 valves were opened for cleaning. Finally, the HT-ECHC cell temperature

was lowered to room temperature.

The polarization curve of the HT-ECHC fed with Hz in the open cathode condition at
160 °C is shown in Figure 5.19. When the obtained result was examined, 61.2 A was

recorded as the highest current at 160 °C.
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Figure 5.19 HT-ECHC polarization curves at 160 °C for open cathode

The time variation of the cathode pressure at different voltages is shown in Figure
5.20. The minimum voltage required for a Pcathode cOmpression of 10, 30, 40, and 50
bar can be calculated as 0.030, 0.051, 0.056, and 0.060 V, respectively, using the
Nernst Equation at 160 °C. In experimental studies, this equation is insufficient. When
the results were examined, it was discovered that operating voltages of 0.1, 0.2, 0.4,
0.6,0.8,1, 1.3, and 1.5 V, respectively, were used to achieve pressures of 10, 14, 22,
30, 36, and 38, 50, and 60 bar. The difference between the actual applied voltage and
the theoretical applied voltage (Enemst) increases as the pressure increases. The
increased applied voltage is related to the constraints experienced in real-world
applications. For instance, in the HT-ECHC system, the pressure differential causes
back diffusion of Hz. This overpotential is represented by Esack piffusion. The increased
H2 pressure at the cathode causes the H2 molecules to traverse the membrane from the
cathode to the anode [128]. Chouhan et al. [167] measured pressure as 6.84 bar,
whereas the estimated pressure for 0.025 V is 7.24 bar. This is explained by the
considerable increase in back diffusion in the cathode closed mode, which primarily

affects the applied voltage.
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Figure 5.20 The change of cathode pressure of HT-ECHC at 160°C

Due to the equilibrium between H2 passing from the anode side to the cathode side and
H2 back diffusion from the cathode side to the anode side, high compression pressure
could not be achieved at low operating voltages. As demonstrated in Figure 5.20, the
applied voltage affects the compression time since the HT-ECHC compression time
depends on the cathodic region's compression volume, Hz flow across the membrane,
and the Hz volume returned to the anode by back diffusion. Pineda-Delgado et al. [170]
reported observing a comparable outcome. The HT-ECHC cell required a voltage of
0.1V and 728 seconds of compression to reach 10 bar. A more significant proton flow
to the cathodic side was observed when the voltage was raised to 1.5V. In 525 seconds,

the HT-ECHC cell attained its maximum compression pressure of 60 bar.
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CHAPTER 6

CONCLUSIONS

Considered a carbon-free energy source, Hz plays an important role as an energy
carrier to provide sustainable and reliable energy. Fossil fuels are currently the primary
source to produce Hz. In comparison to some alternatives, fossil fuel-based H2
production technologies are already sophisticated and mature industrial processes that
can generate high-quality H: at relatively lower costs. However, the emission of CO
and the resulting low-efficiency electrochemical device applications are one of the
main problems. To make these applications more efficient, high-purity and
compressed H2 must be made portable and easily accessible. Hz supply costs have
increased significantly due to the challenges associated with Hz pressurization, such
as storage and delivery. Because of the above factors, Hz pressurization issues get more

challenging.

Within the scope of this thesis, Hz purification and compression studies with HT-
ECHC single cell and batch prepared with PA-doped PBI membrane were successfully
carried out. Electrochemical Hz purification performances of acid doped PBI
membranes prepared within the scope of the thesis were determined with reformed gas
mixtures with different H2/CO2/CO compositions. Hz purification experiments were
carried out at operating temperatures of 140-180°C. Within the scope of the study,
besides H2 purification, Hz pressurization was also examined. The results obtained in

the thesis study are given below:

e Within the scope of the thesis, the first single HT-ECHC cell design was made
and Hz purification tests were performed. As a result of the performance tests, it
was determined that 99.99% H: purity was reached with the RG-3 reformate gas
containing 72% Hz, 26% CO2 and 2% CO at 160 °C.

e  The obtained results show that HT-ECHC operating temperatures and cell voltage

directly affect the H2 purification performance.
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e Based on the data obtained as a result of the HT-ECHC single performance tests,
the 5-cell HT-ECHC stack was designed and manufactured.
e H2 has been successfully compressed from atmospheric pressure to 60 bar with

the developed HT-ECHC stack without any gas leakage.

Today, Hz is compressed using stepper mechanical compressors. However, lack of
reliability and high maintenance costs are the main problems of traditional H2
compressors that can compromise an efficient Hz infrastructure. In mechanical
compressor systems, when one of the compressor stages fails or needs maintenance,
the entire system is out of use. Despite this, ECHC systems offer a single-stage, quiet
and compact compaction system with low maintenance and downtime. In addition,
ECHC systems, where H: purification can be performed in reformate gas mixtures,
will have an important place in the spread of the H2 economy in the future. The findings
indicate that the HT-ECHC system has the potential for use in the future for purifying
H2 produced by fossil fuels. However, they are relatively new technologies, HT-ECHC
systems still require much research to be more competitive with traditional
technologies. A deeper understanding of electrochemical H2 compression is needed,
particularly regarding Hz recovery and performance factors like different impurities,
temperature, flow rate, etc. Despite all the encouraging advancements, the literature
lacks sufficient data and modeling research. Increased research is needed in coated or
supported CL materials, composite membranes, flow field geometries, composite
GDL materials, and alternative materials that can be employed for more excellent
insulation, particularly on the cathode side. The thesis study will also be basic research
for the fuel cell integration of ECHC in future research of fuels such as natural gas,
biogas, etc. Additionally, cells capable of simultaneously purifying and compressing
H2 can be developed. New design approaches can be explored to enable the
performance of both tasks within the same cell. Today, as they are fairly new
technologies, a lot of research still needs to be done before ECHC systems can be more

competitive with today's traditional technologies.
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<Peak Table>
PTCD1 _ i
Peak# Ret Time| Area ‘ Conc. ‘ Unit | Name | Area%
1 5,279 35917 25791 % coz2 2,279
| 2 | 11448 1540236 76,113 % H2 | 97721
Total | 1576153 100,000
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E. TYPICAL GC CHROMATOGRAM FOR RG-2
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H2CO2CO:72 262
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Analysis Report
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<Peak Table=
PTCD1
Peak# Ret. Time Area | Come. | Unit Name Area%
1 | 5237 | 3676a 26,402 % CO2 2,355
2 | 11403 | 1498487 73,951 % H2 97 460
3 | 2061 | 2237 1,295 % CO 0,146 |
Total 1535493 100,000
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F. TYPICAL GC CHROMATOGRAM FOR RG-3

SHIMADZU

 Labsolutions  ANnalysis Report
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<Peak Table>
PTCD1 _
|Peak# Ret. Time Area Conc. Unit | Name Area%
1 5,220 36212 22,087 Y% coz2 2,400
2 | 11428 1470204 75,365 % H2 97,452
3 22,796 2221 3,001 Y% Co 0,147
Total | 1508637 _ 100,000
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G. TYPICAL GC CHROMATOGRAM FOR RG-4
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: LabSolutions

Analysis Report
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<Peak Table>
PTCD1
|Peak# Ret. Time Area Conc. Unit Name Area%
1 5,299 28986 20,814 % co2 1,840
2 | 11,435 1537205 75,963 % H2 97,576
3 22,042 9207 5327 % Cco 0,584
Total | 1575398 100,000
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H. TYPICAL GC CHROMATOGRAM FOR RG-5

.f:ggcglzztions AnalySiS Report
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<Peak Table>
PTCD1 _ _
|Peak# Ret. Time Area Conc. Unit | Name | Area%
1 11,466 1954276 96,574 % H2 99,727
| 2 | 22033 5350 3,096 % | co | 0273
Total | 1959626 _ | 100,000
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I. TYPICAL GC CHROMATOGRAM FOR RG-6

Labsoutions Analysis Report

H2CO2C0O:9505
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<Peak Table>
PTCD1 _ _
|Peak# Ret. Time Area ‘ Conc. Unit | Name | Area%
1 11,456 1927341 95,243 % H2 99,535
[ 2 | 22018 8996 5,205 % | co | 0465 |
Total | 1936337 | 100,000
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