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ABSTRACT

PREPARATION AND PERFORMANCE INVESTIGATION OF HIGH
EFFICIENT CATALYST FOR HIGH TEMPERATURE
ELECTROCHEMICAL HYDROGEN SEPARATION

Bal, Ilay Bilge
M.S., Department of Mechanical Engineering
Supervisor: Prof. Dr. Yilser DEVRIM

June 2024, 92 pages

Currently, global hydrogen (H2) production largely relies on fossil resources. The most
widely used method for Hz production is steam-methane reforming (SMR). However,
H> produced by this method contains impurities such as carbon monoxide (CO) and
carbon dioxide (CO2). H2 must be of a certain purity to be utilized as a feedstock in
industry or as an energy carrier in fuel cell systems. Therefore, a purification step is

inevitable to remove these impurities from Ho.

At this point, electrochemical hydrogen purification (ECHP) systems are a strong
alternative to conventional H purification methods with advantages such as
simultaneous H> purification and compression, no moving parts, low operating and

energy costs, and scalability.

Within the scope of this thesis study, a high-temperature electrochemical H>
purification (HT-ECHP) cell has been developed. One potential issue encountered in
ECHP cells is the poisoning of the catalyst layer due to impurities present in the
reformate gas. Typically, Pt catalyst is used for hydrogen oxidation reaction (HOR).
However, the CO tolerance of Pt catalyst is quite limited, and catalyst poisoning occurs
even in the presence of low levels of CO. In this study, graphene nanoplatelet (GNP)



supported platinum (Pt) and bimetallic platinum-ruthenium (PtRu) catalysts were
synthesized for investigation of HT-ECHP performances. The catalysts were prepared
using a rapid and simple method called microwave-assisted synthesis. The prepared
catalysts were combined with phosphoric acid-doped polybenzimidazole (PBI)
membrane for HT-ECHP application. The structural and electrochemical properties of
the catalysts were investigated by thermogravimetric analysis (TGA), X-ray
diffraction (XRD), X-ray photoelectron spectroscopy (XPS), transmission electron
microscopy (TEM) and cyclic voltammetry (CV) analyses. The characterization
results show that the catalysts provided the required properties for HT-ECHP
application. The HT-ECHP performances of Pt/GNP and PtRu/GNP catalysts were
examined with a reformate gas mixture containing Hz, CO2 and CO in the temperature
range of 140-180 °C. The results show that the electrochemical H purification
performances of the catalysts increase with increasing operating temperature. The
highest H. purification performance was obtained with PtRu/GNP catalyst. Gas
chromatography (GC) results showed that a high H. purity of 99.938% was obtained
at 160 °C with PtRu/GNP catalyst. The high electrochemical H. purification
performance of PtRu/GNP catalyst can be attributed to the strong synergistic
interactions between Pt and Ru particles decorated on GNP. These results indicate that

PtRU/GNP is a promising catalyst for HT-ECHP application.

Keywords: Electrochemical Hydrogen Purification, Bimetallic Catalyst, Graphene
Nanoplatelet, PBI Membrane.
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YUKSEK SICAKLIKTA ELEKTROKIMYASAL HIDROJEN AYRISTIRMA
ICIN YUKSEK VERIMLI KATALIZOR HAZIRLANMASI VE
PERFORMANSININ iNCELENMESI

Bal, Ilay Bilge
Yiiksek Lisans, Makine Miihendisligi Boliimii
Tez Yéneticisi : Prof. Dr. Yilser DEVRIM

Haziran 2024, 92 sayfa

Mevcut durumda kiiresel hidrojen (H2) iiretimi biiyiik Olgiide fosil kaynaklara
dayanmaktadir. Hz diretiminde en yaygm kullanilan yontem buhar-metan
reformasyonudur. Fakat bu yontemle tiretilen Hz, karbon monoksit (CO) ve karbon
dioksit (CO>) gibi safsizliklar igermektedir. H2'nin endiistride hammadde olarak veya
yakit hiicresi sistemlerinde enerji tastyicisi olarak kullanilabilmesi icin belirli bir
saflikta olmasi gerekir. Dolayisiyla, bu safsizliklar1 Hz'den uzaklastirmak igin bir

saflagtirma adimi kaginilmazdir.

Bu noktada, elektrokimyasal hidrojen saflastirma (ECHP) sistemleri es zamanli H»
saflagtirma ve sikistirma yapabilme, hareketli parga igermeme, diisiik isletme ve enerji
maliyetleri, Olgeklenebilirlik gibi avantajlar1 ile geleneksel H2 saflastirma

yontemlerine giiglii bir alternatiftir.

Bu tez calismasi1 kapsaminda yiiksek sicaklik elektrokimyasal H> saflastirma (HT-
ECHP) hiicresi gelistirilmistir. ECHP hiicrelerinde karsilasilabilecek olasi
problemlerden biri katalizor tabakasinin reformat gaz icerisinde bulunan safsizliklar
nedeniyle zehirlenmesidir. Literatiirde hidrojen oksidasyon reaksiyonu i¢in tipik

olarak Pt katalizorii kullanilmaktadir. Fakat, Pt katalizoriiniin CO toleransi oldukga
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sinirlidir ve diisiik miktarda CO varliginda bile katalizor zehirlenmesi meydana gelir.
Bu ¢alismada, HT-ECHP performanslari incelenmek tizere grafen nanoplatelet (GNP)
destekli platin (Pt) ve bimetalik platin-rutenyum (PtRu) katalizorleri sentezlenmistir.
Katalizorler, hizli ve basit bir yontem olan mikrodalga-destekli sentez yontemiyle
hazirlanmistir. Hazirlanan katalizorler HT-ECHP uygulamasi i¢in fosforik asit katkili
polibenzimidazol (PBI) membran ile birlestirilmistir. Katalizorlerin yapisal ve
elektrokimyasal 6zellikleri termogravimetrik analiz (TGA), X-1sin1 kirtnimi (XRD),
X-151m1 fotoelektron spektroskopisi (XPS), gecirimli elektron mikroskopisi (TEM) ve
dongiisel voltametri (CV) analizleri ile incelenmistir. Karakterizasyon sonuglari,
katalizorlerin HT-ECHP uygulamasi i¢in gerekli oOzellikleri sagladigini
gostermektedir. Pt/GNP ve PtRU/GNP katalizorlerinin HT-ECHP performanslar1 140-
180 °C sicaklik araliginda Hz, CO, ve CO igeren reformat gazi karigimi ile
incelenmistir. ~ Sonuglar,  katalizérlerin  elektrokimyasal H>  saflasgtirma
performanslarinin artan ¢alisma sicakligr ile arttigini gostermektedir. En ytiksek H»
saflastirma performansi1 PtRu/GNP katalizori ile elde edilmistir. Gaz kromatografisi
(GC) sonuglari, PtRu/GNP katalizorii ile 160 °C'de %99.938 yiiksek Hz safliginin elde
edildigini gostermistir. PtRu/GNP katalizoriiniin  yiiksek elektrokimyasal H>
saflastirma performansi, GNP {lizerine dekore edilmis Pt ve Ru partikiilleri arasindaki
giiclii sinerjik etkilesimlere baglanabilir. Bu sonuclar, PtRu/GNP’nin HT-ECHP

uygulamasi i¢in umut verici bir katalizor oldugunu gostermektedir.

Anahtar Kelimeler: Elektrokimyasal Hidrojen Saflastirma, Bimetalik Katalizor,

Grafen Nanoplatelet, PBI Membrani.
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CHAPTER 1

1. INTRODUCTION

1.1. Motivation of the Thesis

The majority of global energy demand is met by fossil sources. The risk of depletion
of these resources, and their negative effects on the environment, which become more
noticeable with climate change, have led to the search for alternative energy sources.
Hydrogen (H>) is seen as a promising solution to this quest with its high gravimetric
energy density and potential for carbon-free production and usage. However, the
technical and economic challenges encountered in the purification, pressurization,

storage and transportation of Hz hinder its widespread adoption.

When H> is used as an energy carrier in fuel cells, only water is released as a by-
product. In this regard, Hz is seen as a key player in reducing emissions and achieving
global climate targets, especially in sectors that are hard to decarbonize, such as
transportation and heavy industry. In order for Hz to be used in fuel cells, it must be of
high purity. In addition, the transportation of H> via existing natural gas pipelines has
recently emerged as an alternative solution in the storage and transportation rings of
the H> value chain and an important step in the transition to a sustainable energy
economy. In this scenario, H> will need to be separated from natural gas at the point

of use.

Currently, separate systems are used to purify and pressurize H», and these systems
have high energy consumption or offer low H> purity. Offering one-step H:
purification and compression, high Hz purity, high efficiency, low maintenance and
quiet operation, ECHP systems are a powerful alternative to existing technologies. One
of the most critical problems that may cause performance loss in ECHP systems is the
poisoning of the catalyst layer by impurities such as CO and CO; in the feed gas.

Therefore, the development of catalysts with high impurity tolerance, high

1



electrochemical activity and low cost is crucial to improve the efficiency of ECHP
systems and to obtain high purity H>. Additionally, high operating temperatures in the
range of 120-200 °C significantly increase the contaminant tolerance of ECHP
systems. There are not many studies in the literature on the catalyst development for
HT-ECHP systems. Developing highly efficient catalysts is important for this
innovative technology to be competitive with existing systems.

1.2. Aim of the Thesis

The aims of the thesis are listed below:

e To develop high-efficient catalysts for HT-ECHP cells. It is aimed to prepare
GNP-supported Pt and bimetallic PtRu catalysts with high electrochemical
activity and high CO tolerance by microwave-assisted synthesis method.

e To examine the physical and electrochemical properties of the prepared
catalysts by several characterization analyses.

e To separate high-purity H> from a gas mixture of H2:C02:CO-75:22:3 at
different temperatures using the HT-ECHP cell prepared with the synthesized
catalysts.

e To investigate the effect of operating temperature varying between 140-180 °C

on the Hy purification performance of the prepared catalysts.

1.3. Thesis Outline

In the second chapter, the properties of Hz, Hz production and purification methods are

explained.

In the third section, the ECHP technology is expressed in detail. The working principle
of ECHP, cell components, effect of the high operating temperature on ECHP

performance is explained. A literature review on ECHP is also given in this section.

The fourth chapter describes the experimental studies conducted. In this section, the
materials used in experimental studies, catalyst and MEA preparation procedures,
catalyst characterization analyses, and HT-ECHP test station structure are described

in detalil.



In the fifth chapter, the results of catalyst characterization analyzes and HT-ECHP

performance tests are discussed.

In the sixth chapter, a comprehensive summary of the outputs obtained in the thesis

study is presented.



CHAPTER 2

2. HYDROGEN ENERGY

2.1. The Hydrogen Energy

Currently, most of the global energy demand is met by fossil fuels, which are
unsustainable sources with limited stocks and serious negative impacts on the
environment. There is a strong urge to use renewable energy sources to replace fossil
fuels to meet future energy needs. Hydrogen (Hz), the most abundant and lightest
element on the universe, comes to the forefront as an alternative fuel since it can be
produced from domestic sources and used with emission-free energy and as high
energy density and clean burning characteristics [1].

H> is used as a feedstock in different industries such as refineries, ammonia production
for fertilizers, the methanol sector, and the direct reduced iron process for steel
production [2]. It is a coolant in turbine generators since it has a tremendous specific
heat capacity and thermal conductivity [3]. Also, H2 provides seasonal energy storage
for renewable energy sources such as wind and solar power that fluctuate and vary [4].
H> can be used as a clean fuel instead of hydrocarbon-based fuels in the transportation,

power generation and manufacturing sectors, reducing the reliance on fossil fuels [5].

H. is an energy carrier, not an energy source as a secondary form of energy. Using H>
as a clean fuel in fuel cell electric vehicles (FCEVs) and combustion engines reduces
foreign oil dependency and decreases transportation sector emissions [6]. H> has
unique combustion properties, such as comprehensive air flammability, limited
ignition energy, and a high flame propagation rate that enables prompt ignition [7].
The properties of H> compared to compressed natural gas (CNG), gasoline and diesel

are given in Table 2.1.



Table 2.1 The properties of hydrogen in comparison with compressed natural gas
(CNG), gasoline and diesel [8]

Property H2 CNG Gasoline Diesel
Molecular weight 2.016 16.043 ~110 ~170
Carbon content (mass%) 0 75 84 86
Lower heating value (MJ/kg) 119.7 45.8 44.8 42.5
Density @1bar, 273K (kg/m?) 0.089 0.72 730-780 830
Energy content @1bar, 273K (MJ/m®)  10.7 33.0 33x10®  35x10°
Boiling point (K) 20 111 298-488  453-633
Auto-ignition temperature (K) 858 813 ~623 ~523
Minimum ignition energy in air (mJ)  0.02 0.29 0.24 0.24
Stoichiometric air/fuel mass ratio 34.5 17.2 14.7 14.5
Stoichiometric vol. fraction in air (%) 29.53 9.48 ~2 -
Quenching distance (mm) 0.64 2.1 ~2 -
Laminar flame speed in air (m/s) 1.85 0.38 0.37- 0.37-
0.43 0.43
Diffusion coefficient in air (m?/s) 8.5x10° 1.9x10°% - -
Flammability limits in air (vol. %) 4-76 5.3-15 1-7.6 0.6-5.5
Adiabatic flame temperature (K) 2480 2214 2580 ~2300

The report published by the Hydrogen Council [9] envisaged that hydrogen could meet
18% of the total final energy demand in 2050.

2.2. Hydrogen Production

Global Hz production is primarily based on fossil sources; 76% of the H> is produced
from natural gas through steam methane reforming (SMR), 22% via coal gasification
and only 2% by electrolysis [10]. Although water electrolysis is a carbon-free method
that provides high-purity Ho, its share in global hydrogen production is relatively low
because of its high cost [11].

Ho is classified under different colors in the literature according to the primary source

and the process used in its production. Although the coloring may differ among the
5



sources, Ha is primarily expressed as black, brown, grey, blue, turquoise, and green.
Figure 2.1 shows the Hz production methods according to color.

H> is coded with black or brown color when it is produced by gasification process
using black coal or brown coal (lignite), respectively [12]. Black and brown H> are the
most environmentally harmful forms due to high greenhouse gas emissions during the
production process [13]. On the other hand, coal gasification is a technologically

mature, efficient, large-scale, and economical Hz production method [14].

Grey Ha refers to Hz produced by SMR without carbon capture, utilization and storage
(CCUS) technology and accounts for the majority of Hz produced [15]. SMR is the
most widely used technology for large-scale Hz production and provides H. extraction
from natural gas with 74-85% conversion efficiency [16]. The SMR process involves
the production of syngas containing CO and H> by a reaction between methane and
steam over a nickel-based catalyst at 850-900 °C (Eg. (1)) [16], [17]. Then, water-gas
shift (WGS) reaction (Eq. (2)) is conducted as a second step to increase the H product
amount by converting CO to CO and H2[10], [17].

CH, + H,0 - CO + 3H, 1)

CO + H,0 - CO, + H, )

While about 6% of the natural gas produced worldwide is used for H> production, most
of the current H> production is carried out by SMR due to the relatively low capital

cost of the plant and the ease with which the chemical reaction can be controlled [18].

Blue Ha, which is produced from natural gas similar to grey H> but whose production
process includes CCUS, is considered as a potential solution in the decarbonization of
sectors such as industry and transportation [19]. Captured CO. can be stored
underground, but there is still a risk of leakage, and uncertainty regarding the
influences of long-term storage [20]. Also, the total cost of blue H> could be
substantially higher than grey H,, as underground storage may require high capital
costs [17]. Furthermore, the overall efficiency of the SMR process may decrease by 5-
14% with the integration of CCUS [21]. Another issue to consider in blue H:
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production is water consumption. Large amount of water, even more than in
electrolysis in some cases, consumes for blue H> production [22]. Although CO>
emissions for blue Hy are 9-12% lower than those for grey Ho, it has higher fugitive
methane emissions due to the increased utilization of natural gas for carbon capture
[23].

Green Hz is an environmentally friendly form of H», produced with zero greenhouse
gas emissions through the electrolysis of water using renewable energy sources like
wind or solar [24]. Producing green H> using renewable energy sources, that vary
according to daily and seasonal cycles, enables the energy to be stored as gas form and
then converted back into electricity by scalable fuel cell systems. In this respect, green
H> offers the advantages of storing renewable energy, ensuring stability in the grid,
and increasing utilization of renewable energy sources [25]. Green H, emits no
greenhouse gases during its production, making it a key player for reaching global
climate targets and decarbonizing hard-to-abate sectors such as transportation and
heavy industry. It also reduces dependence on fossil resources, reducing foreign
dependency on energy and ensuring energy security [26]. The cost of H> production is
highly dependent on the type of electrolyser and energy source [14]. There are four
types of electrolyser which are alkaline (ALK), polymer electrolyte membrane (PEM),
anion exchange membrane (AEM) and solid oxide electrolysers. Among them, the
most mature technologies are PEM and alkaline electrolysers. The cost of PEM
electrolysers is 50-60% higher compared to alkaline [27]. Currently, green Hy is the
most expensive option, it will become cost competitive with advanced electrolysis

technology, lower renewable energy costs, and improved economies of scale [28].

Turquoise Hz is produced by pyrolysis of methane, where methane is split into CO»-
free Hz and solid carbon [29]. Turquoise Hz is much less energy intensive than SMR
and water electrolysis, and it offers the advantage of utilizing existing natural gas
infrastructure [30]. Also, the by-product solid carbon can be stored long-term and it

can be used as electrode material, or as an additive in concrete, rubber, or asphalt [31].

In addition, Hz produced through electrolysis process powered by nuclear energy is

called pink [32] or purple [33] H2 by some authors.



ink/Purple
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with Nuclear
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Renewable
Energy
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Methane Coal
Pyrolysis Gasification

Figure 2.1 H2 production methods

The Hz produced by SMR, the most economical and standard method, contains
impurities such as carbon monoxide (CO), carbon dioxide (COz), methane (CHa),
water vapor (H20) and nitrogen (N2). Hence, a purification step is required to remove

these impurities from the H» [34].

2.3. Hydrogen Purification Methods

H> must be of a certain purity to be used as a feedstock in chemical processes or as an
energy carrier in fuel cells, so effective purification of H> from contaminants is
essential [35]. The lifetime of the fuel cell can be significantly affected by hydrogen
purity, and even traces of impurities may cause degradation of the catalyst layer of the
fuel cell [36]. The Hz quality requirements for fuel cells have been determined by the
ISO 14687:2019 standard published by the International Organization for
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Standardization (ISO) in November 2019 and followed by this standard the SAE
J2719-202003 standard issued by the Society of Automobile Engineers (SAE) in
March 2020. According to these standards, the H, purity requirement is 99.97%, and
the allowable CO, and CO content is limited to 2 ppm and 0.2 ppm, respectively [37].
The H> fuel quality requirements according to 1ISO 14687:2019 and SAE J2719-
202003 standards are in Table 2.2.

Besides, blending hydrogen into existing natural gas pipelines is an attention-grabbing
option that enables the economical transportation of Hz [38]. Blending H into existing
pipelines provides large-scale and long-distance Hy transmission and distribution,
saves construction time and investment costs for dedicated H> pipelines, and opens all
links of the hydrogen value chain [39]. Moreover, there are also other advantages, such
as reducing greenhouse gas emissions by mixing renewable H> with natural gas,
encouraging the use of systems that require pure Hz in end-use by starting from a
mixture and reducing storage costs by blending H: into natural gas pipelines instead
of dedicated H> storage systems [40]. In this case, for applications requiring pure H>
or deficient amounts of Ho, the hydrogen mixed with natural gas must be separated
near or at the end-use point [41]. The hydrogen purification methods are pressure
swing adsorption (PSA), cryogenic separation, membrane separation, metal hydrides

and electrochemical hydrogen purification [42].



Table 2.2 The H: fuel quality requirements according to 1SO 14687:2019 and SAE
J2719-202003 standards [37]

Component Concentration
H2 purity 99.97 %
Total non-hydrogen gases 300 ppm
H20 5 ppm
Non-methane hydrocarbon (by C1) 2 ppm
Methane 100 ppm
O 5 ppm

He 300 ppm
N2 300 ppm
Ar 300 ppm
CO2 2 ppm

CO 0.2 ppm
Total sulfide (by H.S) 0.004 ppm
HCHO 0.2 ppm
HCOOH 0.2 ppm
NH3 0.1 ppm
Total halide (by halide ion) 0.05 ppm
The concentration of max particulate matter 1 mg/kg

2.3.1. Pressure Swing Adsorption (PSA)

Pressure swing adsorption (PSA) is the commonly used method worldwide for H>
purification, which provides 98-99.999 mol% H: purity with 70-90% H> recovery at
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the feed gas pressure from a gas mixture containing 60-90 mol% H.. In the PSA
process, the refinery off-gas from varied sources and the SMR off-gas processed in a
water-gas shift reactor are generally used as feed gas [43]. The working concept of the
PSA process is as follows: When the feed gas containing H, comes into contact with
the solid in a packed column of the adsorbent, the impurities in the feed gas are
selectively adsorbed at a relatively high pressure on the microporous and mesoporous
solid adsorbent. Then, the adsorbed contaminants are desorbed from the solid to
recharge the adsorbent. Desorption can be achieved by purging by flowing some
purified Hx gas over the adsorbent at a lower pressure or depressurization by reducing
the column pressure [44]. Alternatingly, temperature swing adsorption (TSA), in
which desorption is achieved by increasing the adsorbent temperature, can be used to
remove small amounts of contaminants. Different PSA process designs are used from
single column up to 16 large multiple parallel columns, with flows between 30-
400,000 Nm?®/h. [45]. The PSA process generally has a multi-column system design
operating under a cyclic steady state. It includes adsorption, desorption, and multiple
complementary steps designed to enhance the Hx purity and recovery and achieve
optimum separation performance [46]. Activated carbons, zeolites, activated aluminas
and silica gels are commonly used adsorbents. Activated carbons are favorable in
removing hydrocarbons and CO: due to their low adsorption enthalpies and high
capacities. At the same time, they are not very effective in removing N2 and CO
because of their large pore diameter and non-polar structure. On the other hand,
zeolites show high selectivity to polar adsorbates. Still, their regeneration after CO>
adsorption is challenging due to the strong interaction strength between the charged
zeolite pore surface and the CO2 molecules. Therefore, the adsorption columns often
comprise two or more adsorbent layers, each targeting certain impurities to improve
separation efficiency [47]. Fuderer and Rudelstorfer, in the U.S. Patent 3,986,849 [48]
disclosed the Polybed process design, which contains ten adsorbent beds, each
involving activated carbon at the feed end and calcium zeolite A molecular sieve at the
product discharge end. They reported that 99.999% H. purity could be obtained with
86% recovery from the feed gas containing in mol basis 77.1% Ha, 22.5% CO>, 0.35%
CO and 0.013% CHa. Majlan and colleagues [49] stated that 99.999% H. purity is

obtained and the concentrations of CO» and CO in the H2/CO2/CO mixture are reduced
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from 5% to 7.0 ppm and 4000 ppm to 1.4 ppm, respectively, using the compact PSA
system comprise four adsorption beds contains activated carbon as the adsorbent.
Moreover, recently, metal-organic frameworks (MOFs) have been considered as an
alternative to traditional adsorbents for the PSA process [50], [51], [52]. In the PSA
systems, the energy consumption is high and the H» purity is inversely scaled to the
gas recovery. While it is an ideal method for large-scale industrial plants, it is not
optimal for small units, such as in the hydrogen refueling stations required for the
FCEVs [53].

2.3.2. Membrane-Based Separation

The membrane is a selective barrier allowing certain compounds in the feed stream to
pass while retaining others. Hydrogen separation membranes provide purification by
allowing only Ha to pass to the other side of the membrane from the H»-containing
feed gas mixture containing side [54]. The driving force in the membrane-based
separation is the gradient in pressure, concentration, electrical potential, or temperature
between the two sides of the membrane [55]. Various transport mechanisms exist for
membrane-based separation, which are prevalent examples of Knudsen diffusion,
Poiseuille flow, capillary condensation, molecular sieving, solution diffusion, surface
diffusion and facilitated transport. The dominant mechanisms for hydrogen
purification membranes are solution diffusion and molecular sieving [56].
Permeability and selectivity are the main parameters that are performance indicators
of a membrane. Permeability expresses the tendency of compound flux to pass through
the membrane and using materials with higher permeability results in improved
productivity. "Selectivity" refers to the ability of a membrane to separate gases.
Higher-purity hydrogen can be produced with higher selectivity materials, which may
result in lower productivity. Temperature, humidity, gas compositions, pressure and
other factors affect the permeability and selectivity [57]. Hz separation membranes can
be classified into four as porous, polymeric, dense-metal and proton-conducting
membranes [58]. The H> separation membranes classification scheme is given in

Figure 2.2.
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Figure 2.2 The H> separation membranes classification scheme [58]

In contrast with PSA systems, membrane separation is a suitable method for small-
scale applications. In addition, this technology is the preferable option for vibrating,
shock-exposed and mobile applications where PSA adsorbent beds may be damaged.
The membrane-based separation process is easily controllable [59]. Furthermore,
membrane-based separation consumes less energy than continuous operation [60]. On
the other hand, this method has a lower feed flow rate, produces medium purity Hz in
the range of 90-95%, and a lower recovery rate of 85-90% [61].

2.3.3. Cryogenic Distillation

In the cryogenic distillation method, which is a very energy-intensive process since it
takes place at low temperatures, separation is based on the varying boiling points of
the constituents in the feed gas mixture. Since Hz has the lowest boiling point of -252.9
°C, it remains in the gas phase, while the contaminant gases in the feed mixture
condense to create a liquid phase [62]. Refineries and petrochemicals by-products are
used as feed gas sources in cryogenic distillation. The purity of the obtained H: is
limited to 90-98%, with a 96% recovery rate [63]. The H purity depends on the feed
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gas composition, the applied temperature and pressure [64]. In this method, no
chemicals are used and any secondary pollutants are not released. Hence it is
environmentally clean [65]. Cryogenic distillation provides the opportunity for the
liquid storage of Hy; on the other hand, it has the disadvantages of requiring pre-
treatment of the feed gas and high cooling costs [66]. As with PSA, this technology is
an adequate solution for large-scale industrial applications. However, it is not a

suitable method to purify small amounts of H; at refueling stations for FCEVs [64].

2.3.4. Metal Hydrides

Metal hydrides, extensively used for storage, can also be utilized for Hz purification
from gas mixtures. Presently, metal hydrides for H: purification are predominantly
employed within the automotive sector with severe operational restrictions. This
technology offers merits, including ease and safe operation, low energy consumption,
and fast H. extraction rate [64]. This technique relies on the ability of the metal
hydrides to absorb H. selectively. The Ho-containing gas mixture is introduced into a
metal hydride reactor, and the metal hydride is formed by selective absorption of H>
by the alloy bed. The heat released during this reaction is transferred to the coolant
liquid. After the H. breakthrough, the absorption is terminated, and then the extraction
of purified H2 can be conducted by desorption. The outlet Hz pressure can be arranged
by heating the circulating liquid [67]. While pressurization or cooling is required for
the metal hydride formation reaction, desorption occurs under decompression or
heating. This technique has a limited Hz recovery ratio of 75-95%, and the feed gas
content and impurities' composition primarily affect the resulting H.. When the H»
content in the feed gas surpasses 50-60%, the metal hydride method can produce high-
purity H.. Even when the H, content exceeds 15%, H. separation through metal
hydride remains viable [68]. Metal hydride exhibits sensitivity to certain reactive
gases, notably CO, and contains sulfur (S) elements. Even a minor presence of
impurities can significantly diminish the reversible Hz adsorption and desorption
ability after just a few cycles [69]. Some contaminants like CO and HS have a
poisoning impact; CO2 may pollute the metal hydrides, while inert gases such as N2
cause the slowing down of the H sorption reaction [70]. Metal hydride reactor design

is crucial in practice for the effective purification and recovery of H.. Unlike batch
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reactors employed for Ha storage, flowthrough reactors are favored for H purification
and recovery since they offer brief impurity residence time and low working pressure
[69]. The heat and mass transfer requirements should be carefully considered when
designing a metal hydride reactor. H» separation relies on numerous factors, such as
the pressure and temperature of the hydride bed, reaction kinetics, cycle time, and
enthalpy. To address the challenge of reaction kinetics, introducing amorphous Ni-Li-

B catalysts enhances the reaction kinetics of aluminum-based alloys [65].

2.3.5. Electrochemical Hydrogen Purification (ECHP)

The electrochemical Hz purification method is a novel and promising approach for H»

purification [42]. The ECHP technology is explained in detail in Chapter 3.
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CHAPTER 3

3. ELECTROCHEMICAL HYDROGEN PURIFICATION (ECHP)

Fishel et al. [71] stated that the approach of utilizing electrochemical reactions in
combination with polymer-based proton exchange membranes for the purification,
separation, and compression of H. emerged as an unexpected consequence of
endeavors to develop solutions for power generation for spacecraft and satellites in the
USA in the 1950s. The development of membrane-based fuel cell technology by
General Electric in the 1960s and 1970s led to applications in Hz and other alkali ion-
intensive processes like water electrolysis, chlor-alkali membrane process, oxygen

concentrators, and electrochemical H2 pumping.

A single ECHP cell, which has a pretty similar structure to the proton exchange
membrane fuel cell (PEMFC), consists of a proton conductive membrane in the middle
and catalyst layers, gas diffusion layers (GDLs), bipolar plates, current distribution
plates and end plates on both sides, respectively [72].

ECHP presents advantages of elevated Ho purity and recovery rate, fewer maintenance
demands, low energy cost, and operation at low temperatures compared to traditional
H> purification techniques. Foremost, H> compression, besides purification, can be
achieved in one step in a single system [53]. ECHP systems can be scaled up to more
considerable demands even though they are more suited for small-scale applications,
and their integration into existing processes is easier since they have less footprint [73].

3.1. Working Principle of ECHP

The working principle of ECHP is illustrated in Figure 3.1. The Hz-containing gas
mixture is fed from the anode side of the ECHP cell. When H: in the gas mixture comes
into contact with the anode catalyst layer, the H> oxidation reaction (Eq. (3)) takes

place and H> is split into protons and electrons. An external DC power source is
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connected to the cell by current distribution plates for the H. oxidation reaction. While
protons transport to the cathode side through the membrane, electrons pass to the
cathode via the external circuit. Here, protons and electrons are recombined by H>
evolution reaction (Eq. (4)), and purified H> is obtained. On the other hand, the
selectively permeable membrane acts as a barrier against impurity gases in the gas
mixture, and these impurities remaining on the anode side are removed from the cell
via the anode outlet. The electrochemical reactions that occur during ECHP operation

are given below:

Anode: H, (LP) —» 2H* + 2e~ (H, oxidation reaction, HOR) 3)
Cathode: 2H* + 2e~ - H, (HP) (H, evolution reaction, HER) (4)
Overall cell reaction: H, (LP) —» H, (HP) (5)

H,, CO,,
co
HZ
H+
H+
@
>
/ VI
]
co,, CO 3
) & P
Bipolar GDL Membrane GDL Bipolar
Plate Plate

Figure 3.1 Working principle of the electrochemical Hz purification
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The rate of H, separation can be controlled by varying the current supplied to the cell
[74]. As the provided current increases, the rate of transition of protons from the anode
to the cathode side increases, and it can be explained by Faraday's law (Eg. (6)) [75].
dan 1

e (6)

where n is the inlet Hz flow (mol), I is the current (A), and F is the Faraday’s constant
(9.648 x 10* C/mol).

Besides purification, simultaneous H> compression can also be performed with an
ECHP cell without an extra system. The purified H> in the cathode side can be
compressed by regulating the cathode outlet with a back pressure valve [76]. The
required theoretical cell voltage is specified by the Nernst equation (Eq. (7)) [77].

RT, .PcH2
Enernst = Eo + EIH(PZHZ) (7)

where Eo is the standard cell potential, which is assumed as 0 for electrochemical
compression, R is the universal gas constant (8.314 J/molK), T is the temperature in
Kelvin, and P,z and P."2 are H, partial pressures at the anode and cathode sides,

respectively.

When the ECHP cell is operated just for purification purposes without compression,
the anode and cathode total pressure are equal, while the H> partial pressure on the
cathode side, P;™'2, is greater than the H, partial pressure at the anode, P,"2. When
compression is performed, the total pressure at the cathode side is more significant
than at the anode side [78].

In practical applications, the operating voltage of the cell is higher than the theoretical
value due to voltage losses, which are ohmic overpotential due to the conductivity of
the membrane, activation overpotential associated with the catalyst activity and mass-
transfer overpotential [77]. The ohmic overpotential can be determined by Eq. (8).

, . tm
AEonmic = tRonmic = l? (8)
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where i is the current density (A/cm? ), Ronmic is the ohmic resistance of the cell that
includes membrane resistance, electrode resistance, resistance of the cell hardware
[71] and contact resistance between the components [79], tm is the thickness of the
membrane (cm), and ¢ is the ionic conductivity of the cell (S/cm). It is seen from Eq.
(8) that the membrane thickness and the ionic conductivity have a direct influence on
the ohmic losses.

Activation polarization is the overpotential that must be overcome for an
electrochemical reaction. The activation overpotentials for the anode and cathode
electrodes can be described by the Tafel equation (Eq.(9)-Eq.(10)) [80].

RT i
EActivation,Anode = 2a.F ln(a) (9)
RT i
EActivation,Cathode = In(—) (10)
2a.F lo,c
AEActivation = EActivation,Anode + EActivation,Cathode (11)

where a denotes the charge transfer coefficient and is accepted as equal to 0.5 for both
the anode and cathode electrodes [80], io,a and ioc are the exchange current density
(A/cm?) at the anode and cathode, respectively. While HOR at the anode is dominated
by the Volmer-Tafel mechanism, HER at the cathode is dominated by the VVolmer-
Heyrovsky mechanism. Since the HER rate is slower than the HOR rate, the
overpotential caused by HER on the cathode side is higher than the anode overpotential
[76], but in general, the reaction kinetics of H» electrodes are fast [80] and the

activation overpotentials are relatively small [81].

Mass transport limitations, which are more dominant at higher flows, caused by
decreasing H> mole fraction obstruct the transportation of the reactant gas to the anode
catalyst through GDL, causing voltage increase [82]. Mass transfer overvoltages can
be estimated by assessing each species' concentration at the reaction sites by Fick's
Law of diffusion, and after that, using the Nernst equation to define the diffusion
overvoltage at the anode and cathode electrodes (Eq.(12)-Eq.(13)) [83]:
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_RT, Cq4
EMass Transport,Anode — S In Cao (12)

_RT, C.
EMass Transport,Cathode — E n

= (13)
where C; and C. are the concentration of Hz in mol/m?, Capand Cc are "0" conditions
that is reference working conditions in mol/m® for the anode and cathode sides,

respectively.

Suppose the ECHP cell is used for compression. In that case, pressure on the cathode
side increases while the anode side remains at atmospheric pressure, and the resulting
pressure difference between the two sides may cause the back diffusion of Hz through
the membrane to the anode [84]. The cell voltage must be greater than the Nernst

voltage to overcome all these irreversibilities (Eq. (14)):

ECell = ENernst + AEOhmic + AEActivation + AEMass Transport + AEBack Dif fusion (14)

3.2. Components of an ECHP Cell

Similar to the PEMFC structure, a single ECHP cell consists of a proton conductive
membrane in the middle and catalyst layers, gas diffusion layers, gaskets, bipolar
plates, current distribution plates and end plates on both sides, respectively. Catalyst
layers promote the electrochemical reaction kinetics, while GDLs support the catalyst
particles and uniformly ensure reactant distribution into the active area. Bipolar plates
provide mechanical support to the cell and ensure uniform transport and distribution
of reactants to the electrode surface through gas flow channels. Gas leakage is
prevented by using gaskets, end plates hold the cell components together by providing
mechanical strength [77], [85]. The ideal operating performance of the ECHP cell is
only possible by optimizing its core components, membrane, and catalysts [86].
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Figure 3.2 Components of the ECHP cell [42]

3.2.1. ECHP Membranes

A proton exchange membrane should exhibit high proton conductivity, low
permeability to gas, electrical insulation, high mechanical strength both in dry and
humidified conditions, limited water transport through electro-osmosis and diffusion,
cost-effectiveness, and the ability to be fabricated into membrane electrode assemblies
(MEAS) [87]. The most commonly used membranes for low-temperature applications
below 100 °C are perfluorosulfonic acid (PFSA) membranes i.e., Nafion™ while acid-
loaded polybenzimidazole (PBI) membranes are used for high-temperature operation
[85]. In an ECHP cell, the purity of the produced H> depends on membrane

permeability, gas feed, and membrane integrity [88].

3.2.1.1. Low-Temperature ECHP Membranes

The most common example of PFSA membranes used in low-temperature applications
is Nafion™ developed by DuPont, which has a perfluorinated structure in which ether-
linked side chains terminate the sulfonate cation exchange site and terminal sulfonic
acid end groups [3]. Typical operating temperatures of these types of membranes are

in the range of 50-80 °C. Since the proton conductivity of PFSA membranes is highly
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dependent on the water content of the membrane, the feed gas must be humidified and
the working temperature must be kept below 100 °C to prevent the membrane from
drying out [89]. Insufficient water content causes decreased membrane conductivity
and, thus, increased ohmic losses. Also, the physical degradation of the membrane is
facilitated when the water content is insufficient. On the other hand, excessive water
content blocks the diffusion pores, resulting in mass transfer losses [90]. Anantaraman
et al. [91] experimentally measured the conductivity of the Nafion™ 117 membrane
as a function of relative humidity and reported that the proton conductivity decreases
from 6.61x102 S.cm™ to 1.40x10* S.cm™ when the relative humidity reduced from
100% to 34%.

Lee et al. [92] investigated the electrochemical Hz separation using the Nafion™ 115
membrane at low temperatures. They stated that the current efficiency is improved
with working pressure and temperature since the reactivity of proton transfer in the
Nafion™ membrane, H dissociation and Hz partial pressure increases as the pressure
and temperature. Casati et al. [93] studied the H2 separation performance of an ECHP
cell with Nafion™ 117 membrane in galvanostatic and tensiostatic operation mod.
They remarked that under the tensiostatic operating condition, the reaction kinetics are
self-controlled based on the hydration degree of the membrane. In contrast, in the
galvanostatic mode, where the process Kkinetics are fixed, the cell shows unstable
behavior since the membrane water content is uncontrollable. They also reported that
the MEA resistance is decisive on the surface area of the membrane, and the crossover
and the Ha purity cause Ha losses. Nordio et al. [94] analyzed the electrochemical H>
separation using Nafion™ 212 membrane and indicated that temperature positively
impacts Hx separation by enhancing membrane conductivity and reducing ohmic

resistance.

Although Nafion™ is extensively used due to its high proton conductivity, good
chemical stability, and mechanical strength, it has a limited operating temperature
range and high cost [95]. Sulfonated poly ether ether ketone (SPEEK), a polyaromatic
hydrocarbon membrane with low permeability and robust chemical and thermal
stability, is emerging as a cost-effective substitute for Nafion™. The SPEEK

membrane's proton conductivity depends on the sulfonation degree. An elevated
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sulfonation degree can enhance the proton conductivity, while excessive sulfonation
significantly diminishes membrane stability [96]. Both Nafion™ and SPEEK
membranes contain hydrophilic regions dispersed within a hydrophobic continuous
matrix, and the proton conduction in these membranes occurs through hydrophilic
domains arising from sulfonic acid groups. Hydrophilic domains swell and bind with
water absorption, forming the percolation paths necessary for proton conduction.
Nafion™ has better proton conductivity for lower sulfonation degree and increasing
the sulfonation degree of SPEEK membrane to achieve competitive proton
conductivity with Nafion™ causes its mechanical strength to decrease and become
water-soluble [97].

Studies have been carried out on improving the membrane properties by additional
components and developing Nafion™ or SPEEK-based hybrid/composite membranes.
Wau et al. [98] evaluated the H, separation from the H2/CO, mixture with the semi-
interpenetrating polymer network (sIPN) membrane prepared by incorporating the
cross-linked poly(styrene sulfonic acid) (CrPSSA) into SPEEK. They reported that the
SPEEK/CrPSSA sIPN membrane has better proton conductivity compared to the
pristine SPEEK and that the energy efficiency of the SPEEK/CrPSSA membrane-
based cell is 30%, slightly below that of the Nafion™ -based cell, which has 40%.
Rico-Zavala et al. [99] observed that the proton conductivity of the SPEEK-based
membranes modified with Halloysite nanotubes and phosphotungstic acid-
impregnated Halloysite nanotubes enhanced by 42% and 88%, respectively, compared

to unmodified one.

The water required to ensure proton conduction in these membranes can cause flooding
by blocking the flow channels and electrodes, resulting in decreased performance.
Thus, precise water management is essential for low-temperature cells. Another
challenge faced by low-temperature cells is the low tolerance of electrodes to
contaminants such as CO, which can cause severe degradation. Membranes designed
to operate at elevated temperatures can be employed to overcome these challenges
[71].
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3.2.1.2. High-Temperature ECHP Membranes

Operating at high temperatures allows simpler system design by eliminating water
management, offering enhanced catalyst tolerance to impurities and improving
reaction kinetics. The critical element in electrochemical cells that enable operation at

higher temperatures is membrane [100].

One of the approaches for developing proton-conducting membranes for high-
temperature applications is acid-base complexation. Polymers bearing primary groups
such as alcohol, ether, imine, imide, or amide function as a proton acceptor and react
with strong acids [101]. Polymers have been studied in the literature include
polyethyleneimine (PEI) [102], polyethylene oxide (PEO) [103], polyacrylamide
(PAAM) [104] and polybenzimidazole (PBI) [105]. PBI offers easy fabricability with
its strong chemical resistance and exceptional textile fiber characteristics. It has a high
glass-transition temperature and remains mechanically stable under high temperatures
[106].

Figure 3.3 Chemical structure of PBI

Several inorganic acids including HsPO4 (Phosphoric acid, PA), H2SO4 (Sulfuric acid),
HCIO4 (Perchloric acid), HNOs (Nitric acid), HCl (Hydrogen chloride), HBr
(Hydrogen bromide) and organic acids such as C2HsSOzH (Methyl Methane sulfonate)
and CH3SOsH (Methane sulphonic acid) have been researched to be doped in PBI
membranes. Among them, amphoteric acids, such as HzPOs, act as proton donors and
acceptors and thus provide proton transfer alongside the anionic chain. HzPOa, which
stands out with its high proton conductivity and excellent thermal stability even at

elevated temperatures, strongly interacts with PBI [107]. The pioneering study on the
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use of HsPO4-doped PBI as a polymer electrolyte membrane was done by Wainright
et al. [108]. Some authors have claimed that the only membrane that matches the U.S.
Department of Energy (DOE)'s high-temperature membrane criteria is HsPO4-doped
PBI [100]. Proton conductivity of HsPOs-doped PBI membranes is directly related to
the acid doping level and increasing HsPO. doping leads to the formation of more
dynamic H2 bond networks that promote proton transfer, while high levels of doping
cause diminished interaction among PBI chains, resulting in weakening of mechanical

properties [109].

Using an acid-doped PBI membrane-based high-temperature electrochemical cell for
H> purification is proposed in the U.S. patent application 2003/0196893A1 [110].
Perry et al. [88] used an H3POs-doped PBI membrane for high-temperature
electrochemical hydrogen separation at 160 °C. They stated that the membrane
exhibits long-term durability of up to 4000 h, which can be attributed to the ability of
PBI membranes to retain adequate amounts of phosphoric acid under both humidified
and non-humidified operating conditions over prolonged durations. Huang et al. [111]
prepared three different phosphoric acid-doped PBI membranes, which are para-PBI,
m/p-PBI, and meta-PBI, with the poly (phosphoric acid) (PPA) sol-gel process to
investigate the high-temperature electrochemical Hz separation performances and also
included the conventionally impregnated meta-PBI membrane in their study for
comparison. The team reported that the rank of proton conductivity of these
membranes from high to low is as para-PBI, m/p-PBI, meta-PBI, and conventional
meta-PBI.

Polymer blend membranes and organic-inorganic composite membranes are the other
membrane types studied for high-temperature applications [112]. Polymer-blend
membranes researched in the literature include PBI/polyether blend [113],
Nafion™/poly(1-vinyl-1,2,4-triazole)  blend  [114], PPO/poly  (styrene-b-
vinylbenzylphosphonic acid) blend [115], while Nafion™/Teflon/Zr(HPOa4)2
composite [116], sulfonated poly(ether sulfone) (SPES)/boron phosphate (BPOa)
composite [117], Nafion™/TiO, composite [118] are the organic-inorganic composite

membrane examples.
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Ceramic proton conducting membranes with typically high operating temperatures of
800-900 °C can also be used as solid electrolytes for ECHP. Ceramic membranes for
H> separation should have high chemical stability in reducing and hydrothermal
environments and a combination of protonic and electronic conductivity [119]. Sakai
et al. [120] confirmed using Lao.9Bao1YbOs.« (LBYb-91) that LBYb-91 exhibits high
chemical resistance to H,O and CO.. They reported a cell voltage of 0.7 V at 40
mA/cm?, 800 °C, and concluded that the membrane is a promising material for

electrochemical Hz separation.

PBI membranes find extensive application owing to their excellent resistance to high
temperatures, elevated proton conductivity, zero electron osmotic draw, minimal gas
permeability and lower cost, while the phosphoric acid doping enhances proton
conductivity and improves thermal and mechanical stability [121].

3.2.2. Catalyst Layer (CL)

The competitiveness of ECHP cells, which are power-consuming systems, with
current technologies is only possible if they operate with low cell voltage at high
current densities and achieving such performance necessitates the optimization of the
core components of the cell, membrane and electrocatalysts [86]. The catalyst layer
activity significantly impacts the efficiency of the ECHP [122]. Given that the H.-
containing gas mixture is fed to the system from the anode side, it is crucial for the
anode catalyst layer, in particular, to exhibit a high tolerance to impurities and promote
a rapid HOR to attain the desired performance in ECHP. Due to the structural
similarities between ECHP and PEMFC, impurities in the reformate gas cause similar
impacts in both systems. Pt, a frequently employed catalyst for HOR in the literature,
exhibits limited tolerance to CO, a commonly found component in reformate gases.
CO molecules adsorb strongly onto Pt, blocking the active catalytic sites and resulting
in diminished cell performance, even a trace amount of CO can lead to catalyst
poisoning [123]. Gardner et al. [124] studied ECHP using H2/CO, and H2/CO,/CO
feed gases. They observed significant catalyst poisoning and a 300 mV rise in the
anode potential in the presence of 1000 ppm CO in the feed gas. The team suggested
that increasing the anode potential to approximately 700 mV vs. RHE enables the
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removal of absorbed CO on the active catalyst sites through its oxidation to CO2 by
reacting with hydroxyl species formed on the Pt surface. Kim et al. [125] synthesized
the Ir/C catalyst and examined the performance of separating H> from the H2/CO-
mixture, stating that Ir/C has higher CO: tolerance and better catalytic activity for
hydrogen oxidation than the conventional Pt/C catalyst. They reported a lower cell
voltage of 0.18 V at 0.8 A/cm? for Ir/C while the required cell voltage is 0.20 V at the
same current density for Pt/C. Wu et al. [126] compared the ECHP performances of
Nafion™-115-based catalyst-coated membranes (CCM) prepared with Pt/C and Pd/C
catalysts using CO2/H: reformate gas mixtures. They stated that MEA prepared with
Pd/C catalyst showed higher resistance due to the stronger adsorption of CO: into the
Pd compared to Pt. Kim et al. [127] investigated how the amount of Pt loading
influences the high-temperature ECHP performance. Their experiments, conducted at
160 °C with the gas mixture of 20% H2/80% CO2 without humidification, revealed a
72% increase in cell voltage when the Pt loading of the anode side was reduced from
1.1 mg/cm? to 0.2 mg/cm?. They concluded that while the HOR in the anode is a
determinant in cell performance, the Pt loading at the cathode does not have a

significant effect.

3.2.2.1. Bimetallic Catalysts

Besides CO and CO», reformate gas may contain some gases that can have serious
effects on the catalyst such as hydrogen sulphide (H2S) and ammonia (NH3), as well
as inert gases such as CHs4 and N2, which acts as H. diluents without causing
irreversible damage on the catalyst [128]. The catalyst materials must be tailored to
tolerate these impurities to ensure high efficiency in ECHP operation. The
electrocatalytic activity and CO tolerance can be improved by modifying the
morphology and structure of the catalyst [86]. The use of a second metal such as
Ruthenium (Ru), Cobalt (Co), Palladium (Pd), and Iron (Fe) along with Pt as an anode
catalyst for HOR has been recognized as a promising approach not only to achieve
improved performance and improved CO tolerance but also for cost reduction in
PEMFC [129]. The second metal enables the formation of hydroxyl species (M-OH),
which needed for the oxidation of adsorbed CO to CO., at lower potentials than pure

Pt, thus regenerating active Pt sites and enabling H> oxidation reaction [130]. Among
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the various bimetallic catalysts, PtRu stands out as the most promising candidate for
improved CO tolerance [131], [132]. The high activity of PtRu catalyst towards CO
oxidation can be attributed to that Ru is a Pt-group metal that has similar properties;
adsorbs CO and has quasi-reversible OHags States for CO oxidation in the low potential
region. In addition, Pt d-band electron vacancies increase in the Ru presence, and the
bonds between Pt and CO weaken as the electron density available for the Pt-CO bond
formation reduces [129]. While numerous researchers in the literature have explored
the performance of various bimetallic catalysts in PEMFC, few studies have focused
on using bimetallic catalysts for ECHP. Ibeh et al. [133], as a result of their research
on electrochemical H: separation using Pt and PtRu as the anode catalysts with various
concentrations of H2/CHa4 mixtures in the temperature range of 20-70 °C, reported that
methane has an inert gas effect under these operating conditions and does not cause
degradation of the anode catalyst. Tokarev et al. [134] conducted a modeling study of
CO adsorption on different bimetallic PtRu surfaces for the electrochemical H>
separation and compression. Jackson and colleagues [135] used H2/20 ppm CO feed
gas to compare the CO tolerance of Pt/C, PtRu/C and PtNi/C catalysts and observed
that the PtNi/C exhibits the lowest tolerance to CO while the best performance is
obtained with PtRu/C. Aykut et al. [136] synthesized Pt/C, Pd/C, and PtPd/C catalysts
to assess their applicability for electrochemical H: purification and compression and
stated that the PtPd/C bimetallic catalyst exhibited better catalytic activity. Vermaak
et al. [137], studied the high-temperature electrochemical H» separation from various
gas mixtures using bimetallic PtCo/C as the anode catalyst, reported that the presence
of COz in the feed gas seriously affects the catalyst even at high temperatures, causing
catalyst deactivation and thus a decrease in cell performance.

3.2.2.2. Catalyst Support Materials

Support materials play a crucial role in improving catalyst utilization and reducing the
amount of metal loading through enabling even distribution of metal nanoparticles, as
well as contribute to promoting durability and prolonging the cell's lifespan by
mitigating catalyst poisoning. The support material effectively determines the
performance, lifetime and cost of the catalyst layer and the complete cell [138].
Properties such as high electrical conductivity, broad surface area, a porous structure

to optimize triple-phase boundaries (TPB) and good interaction with the catalyst metal
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are taken into account when selecting the support material. Corrosion of the catalyst
support, a common problem in PEM fuel cells and electrolyzers, is disregarded for the
ECHP cell since the required voltage for the oxidation and reduction reactions is zero
by definition and caused only by minimal overvoltages [77]. Many materials such as
carbon black, carbon nanotubes (CNTSs), carbon nanofibers (CNFs), carbides and
conductive or semiconductive oxides are used as support materials [139]. Another
support material that has garnered attention is graphene nanoplatelet (GNP), which is
composed of multiple layers of graphene sheets and stand out with its exceptional
mechanical, thermal and electrical characteristics. GNP exhibits the favored properties
of both single-layer graphene and graphitic carbon has a large surface area, good
mechanical strength, excellent conductivity, and high stability. Moreover, since it can
be derived directly from graphite, it offers a lower cost than other carbon-based
nanomaterials [140]. Xia et al. [141] reported that the Pt/GNP catalyst displayed
superior durability, catalytic activity, and CO tolerance compared to commercial Pt/C.
Gonzalez-Hernandez et al. [142] examined the performance of PtRu/N-GNP,
PtRuMo/N-GNP, and PtRu/C as the anode catalysts in PEMFC. Their findings
indicated that N-GNP-supported catalysts demonstrated decreased metal loss,
enhanced stability and better CO tolerance compared to PtRu/C.

3.2.3. Gas Diffusion Layer (GDL)

Gas diffusion layers are porous structures placed between the catalyst layer and bipolar
plate in both the anode and cathode compartments and are critically important to the
ECHP performance. The preferable characteristics for a GDL include efficient gas
diffusion coupled with optimal bending stiffness, suitable surface contact angle,
appropriate porosity, air permeability, electrical conductivity, water vapor diffusion, a
surface morphology free of cracks, robust mechanical integrity, improved resistance
to oxidation and high durability across diverse working conditions [143]. The function
of GDL in an electrochemical cell is to supply reactant gases to the CL, support the
CL, provide the electron and heat conduction within the cell and facilitate water
management [144]. Carbon-based products such as carbon paper, carbon cloth and
carbon felt are extensively used as GDL because of their stability in acidic

environments, high reactant gas permeability, good electronic conductivity, and

29



elasticity under compression, while metallic GDLs like metal mesh and metal foam
have also been studied due to their high mechanical strength and good stability across
a broad potential range [145]. Electrodes are formed by applying a catalyst layer on
GDL, and polytetrafluoroethylene (PTFE) is widely used to bind the catalyst particles
and enhance the hydrophobicity of the electrodes to prevent water flooding [146].
Toghyani et al. [147] investigated the effect of GDL porosity and thickness on the H»
compression performance of an electrochemical cell. They noticed that GDL porosity
does not seriously affect the polarization curve, while increasing GDL thickness from
0.2 to 0.5 mm causes more overall voltage and thus reduces cell performance. Lee and
Huang [148] applied a hydrophobic coating made of Nafion™ and oxidized carbon
nanotubes (O-CNT) mixture to the porous GDL to examine its effect on anode
flooding in an electrochemical cell used for H> compression. They reported that the
coating enhances water management performance by making GDL hydrophobic. The
team applied silver particles as a binding and roughening agent and heptadecafluoro-
1-decanethiol (HDFT) as a hydrophobic surface modifier on porous metallic GDL in
another study [149], indicated that the coated metallic GDL renders very hydrophobic

and shows significantly improved water management performance.
3.2.4. Sealing Gaskets

Leakage during operation is a critical concern. It reduces the electrochemical
performance and lifespan of the cell and poses a severe safety risk. Sealing gaskets
ensure that the reactant and coolant stay in designated areas and play a vital role in
ensuring stability and durability [150]. The sealing materials must have excellent
chemical and heat resistance, high mechanical strength and bear a high level of
compression [151]. The stack is sealed by compressing the gaskets during assembly.
The contact stress significantly affects the sealing performance. Rubbers, with their
notable elastic properties, are considered hopeful sealing materials [152]. Silicone
rubber, ethylene propylene diene terpolymer (EPDM) and fluoroelastomer copolymer
(FKM) are commonly used for sealing [151]. Kapton, a polyimide film produced by
DuPont, can also be used as a gasket. It has outstanding electrical, physical, and
mechanical characteristics across various temperatures [153]. It is relatively cheap and

easily shaped, so it is used in various fields, from electrical insulation to vacuum
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experiments [154]. Perry et al. [88] used Kapton framed electrodes hot pressed onto
PBI films in their electrochemical H2 pumping study.

3.2.5. Bipolar Plates

The functions of bipolar plates in an electrochemical cell are to supply gases to the
electrodes through flow channels, provide heat and water management, separate the
individual cells that compose the stack, connect the cathode side of one cell to the
anode side of the adjacent cell, provide mechanical support to the MEA. The bipolar
plate should have excellent electrical conductivity, high mechanical strength, good gas
impermeability and low cost to provide these functions [155]. The criteria a material
must meet to be used in bipolar plate manufacturing are determined by the DOE and
are given in Table 3.1 [156].

Bipolar plates greatly influence the stack volume, weight (80% of the total weight),
and cost (45% of the stack cost); hence, they must be lightweight, cheap, and easily
fabricated. Non-porous graphite, non-coated and coated metals and polymer
composites are bipolar plate materials [157]. Graphite is the most commonly used
bipolar plate material due to its high conductivity and corrosion resistance. However,
it requires machining to form flow channels and its thickness cannot be reduced due
to its brittleness and poor mechanical strength, which leads to thicker plates with
bulkiness [158]. Metals are considered alternative plate materials because of their high
electrical conductivity, good mechanical strength, and low gas permeability. In
addition, metals stand out with the advantages of being easily manufactured at low
cost and flow channels can be readily formed on thin metals by pressing method [159].
Stainless steel, aluminum, nickel, and titanium are the metals studied as bipolar plate
materials. Metal plates have low corrosion resistance, to prevent this, they can be
coated with protective layers [157]. Another bipolar plate material is polymer
composites, a lighter and lower-cost option than graphite and metallic plates. Bipolar
plates containing flow channels can be manufactured by injection or compression

molding, reducing machining costs [160].
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Table 3.1 Technical requirements for bipolar plate materials [156]

Property Value
Tensile strength (MPa) >41
Flexural strength (MPa) >59
Electrical conductivity (S cm™ >100
Corrosion rate (LA cm™) <1l
Contact resistance (mQ cm?) <20
Hydrogen permeability (cm® (cm? s)?) <2.10°
Mass (kg/kW) <1
Density (g cm™) <5
Thermal conductivity (W (m K)™) >10
Impact resistance (J m™) >40,5

Flow channels are machined onto the bipolar plate surface to provide even gas
distribution across the MEA active area. The design of the flow channels must ensure
both appropriate rib thickness to maintain electrical conductivity and sufficient
channel width for gas flow, along with effective water management. Serpentine,
parallel, parallel serpentine, interdigitated, spiral and porous mesh flow channel
geometries are commonly used [161], as shown in Figure 3.4. Casati et al. [93]
compared two different flow channel designs, one with 21 parallel channels and the
other with a single zigzag channel and reported that the flow channel geometry has no

impact on the H> purification and compression performance.
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Figure 3.4 Bipolar plate flow channel geometries a) serpentine, b) parallel, c) parallel
serpentine, d) interdigitated, e) spiral, and f) porous mesh [161]

3.2.6. Current Distribution Plates

Current distribution plates, located between the bipolar plate and end plate on both
sides of the cell, transfer the current from the external circuit to the cell. The external
DC power source is connected to the cell via the tabs of the current distribution plates.
They are generally made of copper and titanium, which have good electrical
conductivity. Tabbed end plates can also be used as current distribution plates in

specific performances.

3.2.7. End Plates

End plates are clamping parts placed at either end of the cell, holding the individual
components together and providing mechanical support. The cell assembly is fastened
with bolts inserted through holes drilled in the edges of the end plates. The main

functions of the end plates are to assemble other components (MEA, GDL, gasket,
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bipolar plate and current distribution plate) into cell/stack, provide pathways for gases
and coolant, and maintain effective sealing at various interfaces [162]. Ensuring proper
and uniform pressure distribution is critical to cell performance during assembly.
Optimum assembly pressure should decrease the contact resistance between the cell
components and minimize the ohmic losses. Insufficient or uneven assembly pressure
can lead to leakage and excessive contact resistance. Conversely, overpressure can
damage the porous structure and block the gas diffusion channels [163]. Also, the
geometry of the end plate and, the number of bolts used for tightening and their
location on the plate significantly affect the contact pressure and its distribution [164].
End plate materials should have low density and high Young's modulus. Aluminum,

steel, and various composite materials are used as end plates [165].

3.3. Effect of High Operating Temperature on ECHP Performance

Operating at elevated temperatures within the range of 120-200 °C is one of the most
effective methods for enhancing ECHP cells' resistance against impurities found in
reformate gas. Working at such high temperatures offers substantially increased
catalyst tolerance to impurities, as well as faster reaction kinetics [111]. At low
temperatures ranging from 20 to 80 °C, CO content in reformate gas as low as 20 ppm
causes poisoning in the catalyst and performance degradation, while CO tolerance
level can exceed 3% when operating at high temperatures [166]. In addition, in low-
temperature cells, the Nafion™ membrane must be hydrated to maintain high proton
conductivity, and advanced water management must be provided in these systems to
ensure proper humidification [167]. If water management is not adequately
maintained, flooding can occur, and the active area decreases and reduces the cell
performance due to the collection of water in the gas flow channels and electrodes.
Working at high temperatures eliminates this precise water management requirement,
simplifying operation. PBI membranes are used in high-temperature cells since their
improved thermal stability and chemical resistance [71]. Chen et al. [168] examined
the effects of the various reformate gases containing Hz, N> and CO on the PA-doped
PBI membrane-based high-temperature PEMFC. They reported that raised operating
temperature suppressed the Pt-CO bonding reaction, increasing CO tolerance. Perry et
al. [88] studied high-temperature ECHP at 160 °C and stated that the cell exhibited
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high efficiency and low power demand by achieving almost Faradic flows and that the
PBI membrane demonstrated prolonged durability under these operating conditions.
Vermaak et al. [137] studied the high temperature-ECHP performance in the range of
100-160 °C with various gas mixtures. They reported that the overall cell performance
enhanced with improving mass transfer rate and decreasing ohmic resistance with
increasing temperature. Huang et al. [111] studied the high temperature-ECHP
performance of four different PA-doped PBI membranes using two different reformate
gases. They observed that temperature increase had a positive effect on the CO
tolerance of the catalyst due to the accelerated CO desorption rate with increasing
operating temperature and reported that all membranes showed improved performance
as temperature raised from 160 to 200 °C. Maxwell et al. [169] conducted a high-
temperature electrochemical H, separation experiment with a humidified 4:1 CO2/H>
gas mixture and indicated that the reaction kinetics slowed with increasing temperature
from 120 °C to 180 °C. They attributed this to the fact that as a result of the feed relative
humidity being fixed during the study, the scaled relative humidity essentially

decreased with increasing temperature, resulting in a decrease in proton conductivity.

3.4. Literature Review on ECHP

The ECHP cell concept, to the best of the author's knowledge, was first mentioned in
the patent application numbered US3489670A by Maget in 1964 [170]. The patent
describes a method of employing a fuel cell apparatus for gas purification by supplying
electrical energy to the electrodes, resulting in gas dissociation near one electrode.
Using an ion exchange membrane, the ionic product is directed across the electrolyte
to the opposite electrode, where it recombines into a molecular product. This process
allows the regeneration of a pure gas at the second electrode when an impure gas is
supplied to the first electrode. It has been stated that H> and O. mixed with other gases
can be purified with this technique. Sedlak et al. [171] studied H2 purification and
compression with a cell with 46.6 cm? active area and <4 mg/cm? Pt catalyst loading
using Hz2/N2 gas mixture at 25 °C. They indicated that N> can be effectively removed
from H; using the ECHP system with high efficiency and low cell voltage. Lee et al.
[92] examined the effects of operating temperature and feed pressure on ECHP

performance. As a result of their experiments performed within the 30-70 °C and 1-3
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atm feed pressure range, they stated that increasing temperature enhances the H»
purity, whereas an increase in feed gas pressure improves the produced H> yield but
leads to decreasing Hz purity due to an increase in the permeation flux of contaminants
like N2 and CO>. They reported that 99.76% H> purity was achieved from Hz/N2/CO;
gas mixture containing 30% H in a two-stage process at 900 mA/cm? under 70 °C and
1 atm feed pressure working conditions. Onda et al. [78] conducted electrochemical
H> separation and compression tests and then analyzed the test results with the
simulation model they developed. The team reported that the test data were in good
agreement with the simulation results and stated that in the separation studies carried
out with H> feed concentration as low as 1% under atmospheric pressure and
compression studies up to 1 MPa cathode pressure, the open circuit voltage closely
matched the Nernst potential and H, can be separated and pressurized with almost
100% current efficiency. Perry et al. [88] investigated the high-temperature
electrochemical H> separation at 160 °C with the non-humidified premixed natural gas
containing 35.8% Ho, 11.9% CO», 1906 ppm CO and N balance. They reported that
the CO and CO, compositions are reduced to 11 ppm and 0.37% at 0.4 A/cm? current
density and 13 ppm and 0.19% at 0.8 A/cm?, respectively. Doucet et al. [172] studied
electrochemical Hz separation from hydrogen/ethylene mixtures using a cell with an
active area of 25 cm? and Pt loading of 1 mg/cm? at both electrodes. They stated that
experimental and mathematical modeling results show that most of the H> reacts with
ethylene on the Pt catalyst to form ethane and that using alternative catalysts or streams
containing small amounts of alkenes may lead to improved process efficiency. Onda
et al. [173] reported that H2 can be separated and recovered at almost 100% due to
their experiments with gases containing N2 or CO with Hz concentrations ranging
from 1-99.99%. Thomassen et al. [174] investigated the performance of a PBI
membrane-based high-temperature ECHP cell at 160 °C using 40% Haz in N2, 44%
H2/21% CO./100 ppm CO/N: balance and 74.7% Ha/ 23.5% CO2/1.36% C0/0.36%
CHjs reformate gases. The team found that reformate gas containing 100ppm CO had
a similar effect with N2 containing 40% H, indicating that at low level CO only acts
as a diluent. On the other hand, they reported that when a reformate gas with 1.36%
CO was fed, a significant rise in cell voltage occurred at high current densities and that

increasing the CO concentration in the feed had a detrimental effect on cell
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performance. Nguyen et al. [122] investigated the electrode activity and cell
conductivity of 7 cm? ECHP cell MEA prepared with Nafion™-117 membrane, 0.7
mg/cm? Pt loaded anode electrode and 1.0 mg/cm? Pt loaded cathode electrode using
electrochemical impedance spectroscopy (EIS). They reported that the catalyst activity
improved while the membrane resistance decreased as the temperature increased. The
optimum performance was obtained when the feed gas humidifier and cell temperature
were close to each other and around 70 °C. Bouwman [175] stated that almost pure H>
containing only 188 ppm CO and 14 ppm CO from a gas mixture containing 70.05%
H2, 19.97% CO3, 7.48% CO, and 2.50% CHa4 with the ECHP method. Huang et al.
[176] observed that the energy efficiency of non-fluorinated sulfonated poly
(phthalazinone ether sulfone ketone) (SPPESK) membrane-based ECHP was
approximately 20% lower compared to Nafion/PTFE-based ECHP. Ru et al. [177]
examined the effects of electric current, feed flow rate, and temperature on the ECHP
performance to determine the optimum operating conditions. They reported that as the
applied current was increased in the range of 0-2.5 A at the same temperature, both the
H> recovery rate, since the number of protons passing through the membrane was
directly proportional to the applied current, and the Hz purity increased. Moreover,
when they compared the H> purity against the applied current at 25 °C and 50 °C
operating temperatures, they observed that the H. purity increased with temperature.
On the other hand, as a result of tests performed with flow rates varying between 90—
300 mL/min, they stated that higher feed flow rates caused an increase in CO>
concentration and lower H> purity, attributed to insufficient electrical power supply.
Nordio et al. [94] investigated the performance of ECHP through both experimental
and modeling approaches. They reported that they achieved high purity of Hz from
H2/N2 and H2/CHs mixtures and more than 98% H; purity from He/Hz mixtures.
Additionally, comparing the energy consumption of the ECHP system with the PSA
unit, it was noted that the PSA method is more appropriate for high H> concentrations
and large-scale processes. In contrast, ECHP is more suitable for small-scale
operations and lower H; concentrations. Huang et al. [111] examined the ECHP
performances of four different types of PBI membranes in the temperature range of
160-200 °C with a gas mixture containing 30% Ha, 67% N2, and 3% CO. Their results
showed that high H purity ranging from 99.6% to 99.96% with below 0.4% N and
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CO at ppm levels with all types of PBI membranes, depending on the applied current.
They further noted that higher current densities led to increased H: flux on the cathode,
diluting the contaminants and producing better H, purity. Additionally, the study found
no significant correlation between the PBI membrane type and the achieved H> purity.
Vermaak et al. [137] studied high-temperature ECHP within th100-160 °C temperature
using Ho/CH4, H2/CO-, and H2/NH3 mixtures. They obtained >99.9% H. purity from
mixtures, 98-99.5% H: purity from 10% H2/CO2 mixture and 96-99.5% H_ purity from
50% H2/CO, mixture. Durmus et al. [178] studied high-temperature ECHP within 140-
160 °C with various gas mixtures containing Hz2, CO2 and CO and announced that they
purified the reformate gas mixture containing 72% Hz, 26% CO2 and 2% CO to
99.999% H; at 160 °C. Venugopalan et al. [179] presented that they achieved Ha purity
0f 99.36%-99.78% at a current density of 0.25 A/cm? and 99.65%-99.85% at a current
density of 1 A/cm? through high-temperature ECHP at 200 °C using various gas
mixtures containing Hz, CO;, CO, CH4, and N2. Some of the studies on ECHP

presented in the literature are summarized in Table 3.2.
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Table 3.2 Summary of some ECHP studies from the literature

Membrane Catalyst Operating Anode Gas Hz Purity Ref.
Temperatur Composition (%)
e (°C)
Nafion™ 115 Pt 30-70 H2/N2/CO2 99.76 [92]
. H./CO, &
Nafion™ 115 Pt-Ru 20 Hy/COL/CO N/A [124]
Nafion™ 117 Pt 25-70 H2/N2 N/A [93]
PA-doped PBI Pt 120-160 H2/CO2/CO/N2 N/A [88]
Nafion™ 115 Pt/C 25 Ha/ethylene N/A [172]
H2/N2 &
PBI N/A 160-200 H2/CO,/CO/N; & N/A [174]
H2/ CO2/CO/CH4
Nafion™ 117 Pt/C N/A H2/N2 N/A [180]
. Pt /Vulcan
Nafion™ 117 XC-72 23-70 H2/N2 N/A [122]
PA-doped PBI Pt/C 160 H2/CO> N/A [127]
SPEEK/
CrPSSA sIPN Pt/C 80 H2/CO» N/A [98]
TPS®-based H2/CO2 & 99.44-99.6 &
PEM Frogy | Te Ha/CO; 99.29-99.39 | 3]
PA-doped PBI Pt/C 160 H./CO./CO 99.999 [178]
QPPSf- PBI
HsPOy Pt/C 200 H2/CO/N2 99.85 [179]
N/A Pt 25 H2/N2 99.8-99.99 [171]
Pt &
N/A PL-RU 20-70 H2/CH4 N/A [133]
para-PBl &
m/p-PBI & Pt 160-200 H2/N2/CO 99.6-99.96 [111]
meta-PBI
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CHAPTER 4

4. EXPERIMENTAL STUDIES

While GNP-supported Pt and PtRu catalysts show promise for PEMFCs, their
electrochemical H> separation performance under high-temperature ECHP conditions
remains mostly unexplored. Furthermore, despite the widespread use of acid-loaded
PBI membranes in high-temperature PEMFC applications, there is limited research on
their application in HT-ECHP. To the best of the author's knowledge, there is no
existing study in the literature in which PA-doped PBI membrane and GNP-supported
Pt and PtRu catalysts are used together for HT-ECHP purpose, and it has been
investigated for the first time within the scope of this thesis study. Pt/GNP and
PtRU/GNP catalysts were prepared by microwave-assisted synthesis method, and their
physical characterizations were carried out by XRD, TGA, XPS and TEM analyses,
confirming successful synthesis. The electro-catalytic properties of the catalysts were
examined by CV analysis and HT-ECHP experiments with the reformate gas mixture
containing 75% Ha, 22% CO> and 3% CO within the temperature range of 140-180
°C.

4.1. Materials

The metal precursors chloroplatinic acid hexahydrate (H2PtCle.6H>O) and ruthenium
(1) chloride (RuCls.xH20) were purchased from Sigma-Aldrich (USA). Graphene
Nanoplatelet (GNP) support material was supplied from Nanografi (Turkiye).
Ethylene glycol (99%, EG, HOCH.CH:OH), isopropyl alcohol (IPA,
CH3CH(OH)CHz3), sodium hydroxide (NaOH), nitric acid (HNOs, 65%), perchloric
acid (HCIOg4, 70-72%), phosphoric acid (HzPOa4, 85%) and acetone (C3HsO) were also
purchased from Sigma-Aldrich. The commercial 40 wt% Pt on carbon support
(Tanaka, Japan) was utilized as the cathode catalyst. Polytetrafluoroethylene solution
(PTFE, 60 wt% dispersion in H2O, Sigma-Aldrich) and gas diffusion layer (GDL,
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Freudenberg, Germany) were used in the electrode preparation. HsPO4-doped PBI
membranes, prepared during another study conducted by our research group [178],
were used to prepare MEA. Hz, CO., CO and N2 gases were supplied from Linde
(Trkiye).

4.2. Catalyst Preparation

Selecting the proper method for catalyst synthesis is crucial to achieving the desired
stability and performance by controlling the metal nanoparticle size and distribution
[181]. In this study, anode catalysts Pt/GNP and PtRu/GNP were prepared using
microwave-assisted rapid and facile synthesis by the previously described procedure
[182]. Microwave irradiation offers shorter crystallization times and more even
nucleation by providing more uniform heat transfer than conventional heating in which
temperature gradients occur [183]. Firstly, 100 mg GNP was dispersed in 48 ml EG
and 12 ml IPA mixture with an ultrasonic bath for 60 min. EG is a reducing agent that
converts metal ions into metal or alloy nanoparticles, a capping agent, and a solvent.
Glycolate anions are generated, which function as stabilizers for metal nanoparticles,
during the oxidation of EG [184]. Moreover, EG also serves as a microwave additive
due to its high dielectric constant, and it heats up rapidly under microwave irradiation
[185]. Then, an adequate amount of H2PtCls.6H20 and RuCls.xH20 metal salts were
added into the solution to achieve 30% metal loading and ultrasonically mixed for 10
min. For the PtRu/GNP catalyst, the atomic ratio between Pt and Ru is 0.5:0.5. The
pH of the solution was then increased above 12 by adding 1 M NaOH in the EG
solution. After that, the resultant mixture was placed into the household microwave
oven (Samsung, 800 W) and synthesis was carried out at 600 W for 1 min. The solution
waited for cooling after the synthesis step and the pH was adjusted to around 2 by
adding 0.2 M HNO:s. The final solution was centrifuged, washed with acetone and DI
water to remove impurities, and dry in an oven at 100 °C overnight. The catalyst

preparation process is illustrated in Figure 4.1.
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Figure 4.1 Catalyst synthesis steps

4.3. Catalyst Characterization

Thermogravimetric analysis (TGA) was performed to observe the catalysts' thermal
behavior and determine the metal loading on the GNP support material. TGA analyses
were executed using Perkin Elmer Pyris 1 Thermal Analyser in the 25-900 °C
temperature range at a heating rate of 10 °C/min in an air atmosphere. X-ray diffraction
(XRD) examined the catalysts' crystalline structures. Measurements were executed on
a Rigaku Ultima-1V diffractometer using Cu K, (A= 1.5406 A) radiation source in the
range of 10° < 20 < 90°. X-ray photoelectron spectroscopy (XPS) was carried out to
examine the chemical states of Pt and Ru. The distribution of the metal nanoparticles
on the GNP support material was investigated by the JEOL 2100 JEM high-resolution
transmission electron microscopy (HR-TEM). The average particle size of the
catalysts was determined from the TEM images using the ImageJ software program.
Electrochemical characterization was performed using a three-electrode system
(Wonatech ZIVE SP2 electrochemical workstation). A glassy carbon (GC) disk
electrode (3 mm diameter) was used as the working electrode, Ag/AgCl filled with
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saturated KCI solution as the reference electrode and Pt wire as the counter electrode.
The catalyst ink prepared using a certain amount of catalyst, IPA, DI water and
ionomer solution was mixed ultrasonically, and then dropped onto the carefully
polished GC electrode, and dried at room temperature overnight. CV tests were
performed in 0.1 M HCIO;4 electrolyte solution for 1000 cycles at 25 °C with a scan
rate of 100 mV/s between -0.25 V and 1.2 V. Before the tests, the electrolyte solution

was purged with N2 for 30 min to remove any contaminant.

4.4. Membrane Preparation

H3PO4-doped PBI membranes were prepared by the solution casting method as
reported previously [178]. First, PBI polymer (5 wt.%) was dissolved in DMACc
solution at atmospheric pressure, and the homogeneous solution was cast onto the glass
surface. The cast glass' surface was dried at 80 °C in a ventilated oven for 12 hours.
Then, PBI membranes were kept in H3PO4 for acid doping. After 1 week, the
membranes were taken from the acid solution, excess acid was removed with blotting
paper from the surface, and the membranes were kept in an airtight container until the
tests. The acid doping level of the PBI membranes was determine as 12 using the Eq.
(15):

. . w MW of PBI repeat unit
Acid doping = —24
Wary MW of H3PO,

(15)

where Wha is the weight of the HsPO4-doped membrane, Wary is the weight of the dry
membrane, and MW indicates molecular weight in g/mol [111].

Proton conductivity of H3POs-doped PBI membranes was examined by conductivity
tests performed in the longitudinal direction without humidification, by a four-probe
analysis with WonATech, Korea impedance analyzer. The proton conductivity was
calculated as 0.083 S/cm at 160 °C using Eq. (16):

(16)

rXwXt
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where o is the proton conductivity (S/cm), L is the space between two probes of the
conductivity cell (cm), r is the membrane resistance (Q2), w is the membrane width

(cm), and t is the membrane thickness (cm).
4.5. MEA Preparation

The gas diffusion electrodes (GDEs) with a 25 cm? active area were fabricated by
applying catalyst inks onto commercial GDLs using the spraying method. The catalyst
ink consists of a catalyst, PTFE (15% by weight, on a dry basis), and DI water: IPA
(1:7). The catalyst ink was ultrasonically mixed for 30 minutes before the coating. The
synthesized Pt/GNP and PtRu/GNP catalysts were used as the anode catalysts, while
commercial Pt/C was used as a cathode catalyst. The catalyst loading for both the

anode and cathode GDEs was 1.5 mg/cm?,

MEAs were assembled by attaching the anode and cathode GDEs to both sides of the
HsPO4-doped PBI membrane by hot pressing at 172 N/cm? and 150 °C for 15 min. The
prepared MEAs were covered with a double-layer Kapton frame to ensure sealing.
MEA preparation is illustrated in Figure 4.2.

(b)

Figure 4.2 Prepared MEAs with a) Pt/GNP catalyst and b) PtRu/GNP catalyst
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4.6. HT-ECHP Test System

The MEAs prepared were integrated into the HT-ECHP test cell to evaluate the H>
purification performance of Pt/GNP and PtRu/GNP catalysts. The HT-ECHP test cell
was constructed using graphite bipolar plates, gold current collector plates, and
stainless-steel end plates. Firstly, the cathode bipolar plate was settled on the end plate.
Then, a double layer of Kapton-framed MEA was placed on the bipolar plate. After
the anode bipolar plate was also placed on the MEA, the single-cell structure was
completed by closing it with the anode end plate. A torque wrench tightened the test
cell to ensure an even pressure distribution. HT-ECHP test cell preparation is shown

in Figure 4.3.

Figure 4.3 HT-ECHP test cell preparation
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Firstly, the HT-ECHP experiments were performed using pure Hy, followed by
H2:C02:CO-75:22:3 reformate gas at 140-180 °C. The operating temperature of the
test cell was adjusted using a heating rod on both the anode and cathode sides and
measured with connected thermocouples. The gas mixtures were adjusted with mass
flow controllers to the desired rates. Gases stored in high-pressure gas cylinders were
supplied to the test station with Teflon tubes and fed into the cell by a heated line to
raise the gas temperature to the cell operating temperature. Mass flow controllers

(MFC, Aalborg) were used to regulate the volumetric flow rates of the gas streams.

Figure 4.4 Images of the HT-ECHP test station
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The test station was purged with N2 before the experiments. The pure Hz and reformate

gas mixture were fed into the cell from the anode inlet without humidification, and the

stream from the cathode outlet was fed into the gas chromatography (GC) instrument

(Shimadzu Co., Nexis GC-203) using an automated gas sample valve to monitor the

purification rate. Argon (Ar) was used as the carrier gas. Before the experiments, the

GC system's thermal conductivity detector (TCD) equipment was calibrated using gas

mixtures containing known concentrations of Hz, N2, CO2, CO, NHz, and CHa. All the

performance tests were conducted under atmospheric conditions.
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Figure 4.5 HT-ECHP test station diagram




CHAPTER 5

5. RESULTS AND DISCUSSION

5.1. Physico-chemical Characterization Results

The thermal behavior of the Pt/GNP and PtRu/GNP catalysts is depicted in Figure 5.1.
It was observed that there are three distinct weight loss regions in the TGA curve of

Pt/GNP catalyst.
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Figure 5.1 TGA curves of the Pt/GNP and PtRu/GNP catalysts

Removing the volatile content can cause the first weight loss of up to approximately

200 “C. The second weight loss region between ~200 and ~420 °C can be explained

by the initial degradation step, while the final stage from ~420 to ~650 °C can be
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attributed to the primary decomposition of the GNP support. For the PtRu/GNP
catalyst, two weight loss regions were determined. The first loss region, up to about
320 °C, can be attributed to the elimination of volatile materials, while the second one,
up to ~670 °C can be related to the thermal decomposition of the carbon-based support
material. It is also identified from the TGA results that the metal loading on the GNP
support is 22.85% and 17.11% for Pt/GNP and PtRu/GNP, respectively [182].

Figure 5.2 presents the XRD patterns of the catalysts. The diffraction peaks observed
at 20 values around 26.5° correspond to the (002) plane of the hexagonal graphitic
structure of the GNP. Peaks at approximately 54° and 78° can be indexed as C(004)
and C(110) reflections of graphite [186], [187], respectively, indicating the high
crystallinity carbon structure of the support material [188], [189].
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Figure 5.2 XRD patterns of the a) Pt/GNP and b) PtRu/GNP catalysts

In the diffractogram of the Pt/GNP, the characteristic diffraction peaks of the
crystalline Pt that appeared at 20 values of 39.2°, 67.4°, 80.7° correspond to the (111),

49



(220) and (311) planes of the face-centered cubic (fcc) lattice structure. Around
20=44°, the reflections of C(100) and Pt(200) overlapped.

The characteristic diffraction peak for Ru was not detected in the diffractogram of the
PtRU/GNP catalyst. Several groups have reported similar results for bimetallic PtRu
catalysts [190], [191], [192]. Ru and its oxides probably exist on the PtRu alloy particle
surface, even if there is no peak related to pure Ru and RuO; in the XRD spectrum of
PtRU/GNP [193]. While no peak corresponding to metallic Ru appeared, the Pt(111)
peak shifted slightly to a higher 26 value in the XRD pattern of PtRu/GNP than that of
Pt/GNP. This shift is caused by the incorporation of smaller-sized Ru atoms into the
Pt lattice structure, revealing the formation of an alloy between Pt and Ru metals [194],
[195]. Other characteristic peaks of Pt were not distinctly visible in the diffractogram
of the PtRU/GNP due to the catalyst's amorphous nature or the broadening of peaks
caused by the tiny size of the PtRu nanoparticles [196]. The average crystallite size of
the catalysts was calculated from XRD using the Scherrer equation [188] (Eq. (17)),
based on the highest diffraction peaks Pt (111) [197].

d = 0894
" B20xcos8

(17)

where d is the crystallite size (nm), A is the wavelength of X-ray used in diffraction
(0.154 nm), B26 is the full width at half maximum (FWHM) of the peak (radians), and
0 is the angle at the maximum of the peak (radians). The average crystallite sizes were
determined as 1.68 nm for Pt/GNP and 1.67 nm for PtRu/GNP [182]. It is important
to note that the calculated sizes may be inaccurate and provide only an estimation

because the Pt (111) peaks of the synthesized catalysts overlapped with others.

The XPS spectra of the Pt 4f, C 1s, and Ru 3d regions for the Pt/GNP and PtRu/GNP
catalysts are depicted in Figure 5.3. The deconvoluted Pt 4f spectra of both catalysts
show two pairs of doublets corresponding to the Pt 4fs;» and Pt 472 peaks, as given in
Figure 5.3a.
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Figure 5.3 XPS spectra of Pt/GNP and PtRu/GNP catalysts (a) Pt 4f and (b) C 1s and
Ru 3d

The doublets with the highest intensity at 74.3 eV (4fs;2) and 70.8 eV (4f7) for
Pt/GNP, and 74.4 eV (4fs;2) and 70.9 eV (4f7/2) for PtRU/GNP are attributed to metallic
Pt (Pt%). The weaker doublets at 75.2 eV (4fsr2) and 72.0 eV (4f72) for PGNP, and at
75.6 eV (4fs;2) and 72.1 eV (4f712) for PtRu/GNP could be ascribed to the Pt2* oxidation
state on PtO or Pt(OH)2 [198]. It is observed that the Pt 4fs; and Pt 4f7,2 peaks of both
catalysts shifted to lower values compared to the standard 4fs/> and 4f7,2 binding energy
(74.53 eV and 71.2 eV) for the PtO state [199]. This shift is a consequence of electron
transfer from the carbon support to the Pt nanoparticles [200]. Additionally, a slight
shift in the Pt 4f peaks of the PtRu/GNP compared to that of Pt/GNP was observed,
which may be caused by the modifications in the electronic nature of Pt induced by
adding Ru atoms. The acid-base properties of the carbon support might be influenced
by the Ru presence, leading to a strong support material-metal interaction that affects
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the electronic structure of the Pt sites [201]. The dominant species observed in the Pt
4f spectra of the catalysts appear to be the zero-valent metallic form, revealing Pt
nanoparticles are effectively reduced by the microwave synthesis method and thus will

have better electrochemical performance [202].

For PtRu/GNP, the oxidation state of Ru was analyzed from the Ru 3d spectrum
(Figure 5.3b) since the Ru 3p signals were weak, it made analysis difficult. The C 1s
peak of the carbon support obscured the Ru 3ds/, signal. The deconvoluted Ru 3ds2
signal shows two peaks at 280.5 eV and 282.7 eV, corresponding to Ru® and RuOx,
respectively. Since Ru is unstable and ready to oxidize when exposed to air, the
presence of Ru oxides is expected [203]. In the C 1s spectrum of the PtRu/GNP, the
peaks located at 284.1 eV, 286.1 eV, 287.9 eV, 289.8 eV and 290.5 eV are
corresponding to the C-C, C-O-C, C=0, O-C=0 and n-n*, respectively. Similarly, the
deconvolution of the C 1s XPS spectra of the Pt/GNP reveals peaks at 284.2 eV (C—
C), 286.1 eV (C-0-C), 287.7 eV (C=0), 289.4 eV (O-C=0), and 291.3 eV (n-n*),

corresponding to similar carbon functionalities [204].

TEM analysis was performed to examine the morphology in more detail and confirm
the particle size of the synthesized catalysts. TEM images and particle size distribution
histograms of Pt/GNP and PtRu/GNP catalysts are given in Figure 5.4. Some
nanoparticle agglomerations were identified on the support material from TEM
images, possibly due to non-uniform heating in the microwave and poor mixing of the
support material and the metal precursors [205]. TEM images of both catalysts also
show almost spherical particles. The average diameters are estimated to be 3.06 hm
and 2.62 nm for the Pt and PtRu nanoparticles, respectively. As seen in Figure 5.4a,
the selected area electron diffraction (SAED) diagram shows that the Pt particles have
an fcc structure with four rings, corresponding to (111), (200), (220), and (311) crystal
planes, likewise the XRD results. Despite that the (220) and (311) planes were not
visible in the XRD pattern of the PtRu/GNP catalyst, the four-ring fcc structure was
observed in the SAED diagram (Figure 5.4b). The SAED pattern of the PtRu/GNP

shows that well-ordered Pt-Ru nanoclusters are present on the GNP [206].
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Figure 5.4 TEM images, particle size distribution histograms and SAED patterns of
of a) Pt/GNP and b) PtRu/GNP catalysts

CV tests were conducted to investigate the electrochemical stability and the ECSA of
the Pt/GNP and PtRu/GNP catalysts. The cyclic voltammograms of the catalysts in 0.1
M HCIOQO; solution is shown in Figure 5.5. The ECSA of the catalysts were calculated
before and after degradation CV tests by Eq. (18) given below:
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where Qu is the charge of H adsorption/desorption (uC/cm?), K is the reference charge
constant value as 210 pC/cm? for Pt [207], and L is the metal loading (g/m?). ECSA
refers to the active catalytic sites where electrochemical reactions occur; hence, the
higher the ECSA, the higher the catalytic activity [208].

The specific surface area (SSA) of the Pt/GNP and PtRu/GNP catalysts was calculated
by Eqg. (19) [209], assuming the particles have a spherical shape.

6000

PPt-Ru*d

SSA =

(19)

where SSA is the specific surface area (m?/g), petru is density (g/cm?), and d is the
particle size determined from XRD (nm). The density of the PtRu was determined by
using Eq. (20) [209]:

Prt-ru = PptXpt T PruXRu (20)

where pet is the Pt density (21.4 g/cm?), pru is the Ru density (12.2 g/cm?®), Xpr and Xgry
are molar fractions of Pt and Ru in bimetallic catalyst without carbon support (Pt:Ru
atomic ratio is 0.5:0.5 for PtRu/GNP). The initial and final ECSA values, ECSA loss
percent, and SSA values of the Pt/GNP and PtRu/GNP catalysts are presented in Table
5.1.

Table 5.1 The initial and final ECSA, ECSA loss and SSA of the Pt/GNP and

PtRU/GNP catalysts
Catalyst InitialeCSA Final !ECSA ECSA Loss SSZA
(m</g) (m</g) (%) (m</g)
Pt/GNP 50.06 28.94 42.19 166.89
PtRU/GNP 20.54 5.23 74.55 213.86

The Pt/GNP catalyst has 50.06 m?/g and 28.94 m?/g initial and final ECSA,
respectively, while PtRu/GNP has 20.54 m?/g initial ECSA and 5.23 m?/g final ECSA
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[182]. It is seen that the Pt/GNP has a larger ECSA compared to PtRu/GNP as well as
lower ECSA loss after the 1000" cycle, indicating better catalyst stability. It has been
recorded in the literature that smaller particles typically exhibit higher ECSA [205].

Smaller particles have a larger ratio of surface atoms to total atoms per unit mass,
providing a more significant active catalytic site [210]. Very close values were found
when the crystal sizes of Pt/GNP and PtRu/GNP catalysts were calculated according
to XRD results. On the other hand, the mean diameters were calculated as 3.06 nm for
Pt nanoparticles and 2.62 nm for PtRu nanoparticles, based on TEM analysis results
[182]. According to these results, the PtRu/GNP with smaller crystallite size has lower
ECSA than Pt/GNP, which seems inconsistent with this statement. Although the
Pt/GNP catalyst has a higher particle size, the higher ECSA value compared to
PtRU/GNP may be related to the metal content of the catalysts. Metal loading of
Pt/GNP and PtRu/GNP catalysts was determined as 23% and 17%, respectively.
Higher catalyst loading was necessary to provide the required metal loading for ECSA
analysis because of the lower metal content of the PtRu/GNP catalyst [211].
Furthermore, the characterization of catalysts containing Ru by the H adsorption and
stripping is unfavorable since the Ru and H> oxidation currents overlap. Besides,
because of the absorption into the oxide lattice and dissolution of atomic hydrogen into
the metallic Ru, multiple monolayers of hydrogen can be formed on a Ru surface [212]
and have caused an underestimation of the ECSA of PtRu/GNP [213]. Moreover, the
diluting effect of Ru can diminish the H> adsorption activity of Pt by altering its
electronic structure through the electronic ligand effect, which can also be reflected in

the slightly smaller Pt crystallite size determined by XRD [214].
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5.2. HT-ECHP Performance Tests Results

The HT-ECHP experiments were executed using pure H> and H2:CO2:CO-75:22:3
reformate gas between 140-180 °C. All the experiments were conducted under
atmospheric pressure with a gas flow rate of 0.25 slpm. The gas flow rate was
determined considering the best results were obtained at 0.25 slpm in a previous study
[178] in our research group. The limiting voltage was kept at 1 and 1.4 V for pure H»
and reformate gas experiments. The polarization curves were recorded with a step
change of 0.1 A starting from 0 A/cm?. Firstly, pure Hz experiments were conducted
to make a comparison. The V-I curves at 140 °C, 150 °C, 160 °C, 170 °C and 180 °C
operating temperatures of the Pt/GNP and PtRu/GNP catalysts for pure H> are given
in Figure 5.6.a and b, respectively. As shown in Figure 5.6, the required cell voltage
for the same current density is lower for PtRu/GNP catalyst than for Pt/GNP at all
operating temperatures, indicating that PtRu/GNP performs better with lower power
consumption. The required cell voltages were measured as 0.489 V (140 °C), 0.530 V
(150 °C), 0.671 V (160 °C), 0.761 V (170 °C), and 0.979 V (180 °C) for Pt/GNP, while
0.354 V (140 °C), 0.382 V (150 °C), 0.464 V (160 °C), 0.518 V (170 °C), and 0.590 V
(180 °C) for PtRu/GNP catalyst for the current density of 0.2 A/cm? Also, cell
performance was decreased for both catalysts as the operating temperature was raised
from 140 °C to 180 °C. The maximum current densities of 0.416 A/cm? for Pt/GNP
and 0.564 A/cm? for PtRu/GNP were achieved at 140 °C [182]. Lobato et al. [215]
indicated that the self-dehydration of H3sPO4 to HsP207 (pyrophosphoric acid) (Eg.
(21)), which is less conductive is accelerated at high temperatures above 130-140 °C,
and elevated operating temperatures promote the catalyst particles agglomeration in

the long term, resulting in reduced ECSA.
2H;P0, —» H,P,0, + H,0 (21)

So, the reduced cell performance as the temperature increased from 140 °C to 180 °C
can be explained by the increase in membrane resistance caused by the reduced proton
conductivity in PBI due to the formation of pyrophosphoric acid [216].
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The HT-ECHP polarization curves at 140-180 °C of the Pt/GNP and PtRu/GNP
catalysts for H»:CO2:CO-75:22:3 reformate gas are shown in Figure 5.7a and b,
respectively.
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Figure 5.7 HT-ECHP polarization curves of a) Pt/GNP, b) PtRu/GNP for reformate
gas at various operating temperatures
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Unlike pure H2 experiments, the open circuit voltage (OCV) for purifying Hz from the
reformate gas is higher than zero due to the difference in H> partial pressures on the
anode and cathode sides [127]. The linear shape of the Pt/GNP catalyst's V-1 curves
indicates that ohmic losses dominate the electrochemical H. purification over the
entire current density range, and the membrane resistance plays a decisive role in cell
performance [92]. The polarization curves of PtRu/GNP catalyst also exhibited
linearity up to higher current density values, but their final portion showed a curved
shape. This suggests that mass transport losses predominate in this region, since the
reactant gas cannot rapidly arrive at the anode catalyst [84]. More Hy is extracted from
the anode as the current density increases. When the current density reaches a
sufficiently high level, i.e., the limiting current density, an almost vertical rise in the

cell voltage occurs, indicating that the H. in the anode supply is largely depleted [172].

Table 5.2 Comparison of current density values of the Pt/GNP, PtRu/GNP at 0.6 V
from 140 to 180 °C [182]

Current Density (A/cm?)
Catalyst
140 °C 150 °C 160 °C 170 °C 180 °C
Pt/GNP 0.096 0.124 0.148 0.150 0.152
PtRU/GNP 0.245 0.302 0.310 0.312 0.356

It is seen from the V-I curves that the H> purification performance of the PtRu/GNP
bimetallic catalyst is superior to that of the Pt/GNP catalyst. The obtained current
density values at 0.6 V cell voltage for both catalysts are given in Table 5.2. When the
results were compared, it was observed that higher current density values were
achieved with the PtRu/GNP bimetallic catalyst compared to Pt/GNP at an operating
voltage of 0.6 V, which refers to higher performance with lower power requirement.
The better performance of the PtRu/GNP can be explained by having more free active
sites for H adsorption in the presence of CO [217]. The improved CO tolerance of
PtRu bimetallic catalyst has been associated with two main phenomena in the
literature. The first is the "bifunctional mechanism", which describes the promoted CO

oxidation at lower potentials than for Pt through Ru-OH species. The other is the
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"ligand effect”, which refers that the existence of the second metal Ru changes the
electronic nature of Pt, leading to a weaker Pt-CO bond [218], [219], [220]. The
bifunctional mechanism is based on the fact that OH adsorption on the Pt surface
occurs at higher overpotentials, so when a second transition metal such as Ru is present
in the catalyst, OHaq will first form on the second metal. The formed Ru-OH reacts
with the CO adsorbed on Pt (Eq. (22)) and provides its removal from the surface and

increases the active sites for HOR [221].
Ru—OH+Pt—CO ->Pt+CO,+Ru+H" +e” (22)

Moreover, introducing the second element, Ru leads to a change in the electronic
structure of the surface Pt atoms, as evidenced by XPS results. This change weakens
the interaction between Pt and CO, resulting in more active sites for HOR [123]. As a
result of the electron lack in the Pt 5d-band of the PtRu catalyst caused by these
electronic modifications, the Pt-CO bond weakens and the CO surface coverage
decreases. These electronic changes can also influence the CO oxidation rate [221]. In
addition, improved CO tolerance is also attributed to the ‘detoxification mechanism’
in the literature, which is described as the formation of lower CO coverage due to the
weakening of the Pt-CO bond strength in the presence of Ru, similar to the ligand
effect. However, it has been stated that CO tolerance in the detoxification mechanism
is achieved by reducing bond strength and CO coverage, but not related to CO
oxidation [222], [223].

When the effect of operating temperature on the ECHP performances of the catalysts
was examined, it was observed that the gradually raised temperature between 140-180
°C leads to enhanced cell performance for both Pt/GNP and PtRu/GNP, as can be seen
in Figure 5.7a and b. The increased operating temperature results in an improvement
in catalyst activity and promotes electrochemical reactions [224]. Furthermore,
elevated operating temperatures offer improved CO tolerance. CO adsorption occurs
not only on the bare Pt surfaces (Eqg. (23)) but also on the Pt-H sites (Eq. (24) and (25))
generated during the dissociation phase of the HOR [225]:

CO + Pt — Pt — CO yq (23)
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H, + 2Pt > 2Pt — Hyy, (24)
2C0 + 2Pt — Hygs — 2Pt — COyys + H, (25)

Since the adsorption of CO on the Pt surface is exothermic, it takes place more strongly
at lower temperatures. Consequently, at elevated temperatures, the CO coverage is
significantly reduced [226]. On the other hand, it is observed that there is more space
between the V-I curves of two consecutive temperature values up to 160 °C, while
above 160 °C, this space began to close for both catalysts. It can be interpreted that
temperature’s effect on cell performance is more pronounced at lower temperatures
[227]. The V-1 curves of Pt/GNP at 170 °C and 180 °C have almost overlapped. Also,
for PtRu/GNP catalyst, the limiting current density at 180 °C is lower than that of 170
°C. It may arise from the CO formation by the reverse water-gas shift (RWGS) reaction
(Eq. (26)) with increasing temperature. The RWGS endothermic reactions were
favored at higher temperatures [228]. It is reported by Li et al. [229] that CO formation
could occur up to 1% as a result of RWGS reaction between 125-200 °C operating
temperature. Catalyst inhibition can occur even when no voltage is applied to the cell
due to the RWGS reaction. Moreover, CO may also be formed by the electrochemical
reduction of CO: (Eq. (27)) when voltage is applied, but its contribution is negligible
compared to the RWGS reaction [228].

CO, + 2Pt — Hyys = Pt — COq4ys + H,0 + Pt (26)
CO,+2H" +2e~ + Pt » Pt — COuqs + H,0 27)

The cathode outlet of the ECHP cell was connected to an online GC device to monitor
the purity level of product H2. The two GC analysis repetitions show the experiments'

admirable reproducibility (+0.001). The purification results are given in Table 5.3.
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Table 5.3 H; purification results of Pt/GNP and PtRu/GNP catalysts

H2 Purity (%)
Catalyst 140 °C 150 °C 160 °C 170 °C 180 °C
Pt/GNP 98.362 99.821 99.822 99.539 99.832
PtRu/GNP 99.436 99.853 99.938 99.726 99.896

Higher H> purity was achieved with PtRu/GNP bimetallic catalyst at all temperatures.
The highest Hx purity levels obtained with Pt/GNP and PtRu/GNP catalysts are
99.832% at 180 °C and 99.938% at 160 °C, respectively. As a result of the experiments,
a direct relation between operating temperature and H> purity was not determined;

similar results were reported in the literature [137].

The separation efficiency of the ECHP system was calculated according to Equation
(28) [230]:

e L (28)

where | is the current (A), F is the Faraday’s constant and n is the molar flow rate of
the H> at the anode inlet (mol/s). The separation efficiency represents the portion of
H> feeding the anode that exits through the cathode. The separation efficiency of the
Pt/GNP and PtRu/GNP were displayed in Figure 5.8a and b, respectively. It is seen
that the separation efficiency for both catalysts increases with the increasing operating
temperature. The highest separation efficiency obtained for Pt/GNP was 57% at 180
°C, while for PtRu/GNP, it was 80% at 170 °C.
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CHAPTER 6

6. CONCLUSION

Within the scope of this thesis, Hz purification studies were successfully carried out
with high-temperature ECHP single cells prepared using Pt/GNP and bimetallic
PtRU/GNP catalysts and PA-doped PBI membrane. In this study, GNP-supported Pt
and PtRu catalysts were prepared using microwave-assisted synthesis method and
physical characterisation analyses revealed that the catalysts were successfully
synthesised. The electro-catalytic properties of the Pt/GNP and PtRu/GNP catalysts
were examined firstly by CV analysis and then HT-ECHP experiments were carried
out with pure Hz and reformate gas mixture of H2:CO2:CO-75:22:3 at the temperature

range of 140-180 °C. The results obtained in this thesis study are listed below:

e Asaresult of HT-ECHP experiments with pure Hy, it was observed that PtRu/GNP
reached a certain current density with a lower voltage requirement than Pt/GNP,
indicating that PtRu/GNP has better catalytic activity. Additionally, as the operating
temperature increased from 140 °C to 180 °C, it was determined that the cell
performance decreased for both catalysts since the resistance of the PBI membrane
increased as a result of the accelerated self-dehydration of H3POs to the less
conductive H4P,Oy at elevated temperatures.

e The HT-ECHP experiments conducted with H2:CO2:CO-75:22:3 reformate gas
showed that the PtRu/GNP bimetallic catalyst demonstrated higher H purification
performance than the Pt/GNP catalyst at all temperatures. The superior performance
of the PtRu/GNP catalyst can be explained by its higher CO tolerance arising from
several factors induced by the addition of the secondary metal Ru, including
facilitated CO oxidation, weakened Pt-CO bond strength, and reduced CO surface
coverage.

e Moreover, in reformate gas experiments, the cell performance for both Pt/GNP and
PtRU/GNP enhanced with the increased operating temperature from 140 °C to 180

65



°C, since the increased reaction kinetics and improved CO tolerance as the
increasing temperature. On the other hand, it has been observed that the effect of
increasing operating temperature on cell performance diminished at temperatures
above 160 °C. It can be explained by the CO formation as a result of the RWGS
reaction, which is an endothermic process, with increasing temperature.

e From the reformate gas mixture containing 75% H», 22% CO> and 3% CO, high-
purity H2 was achieved in the range of 98.362-99.832% with Pt/GNP catalyst and
99.436-99.938% with PtRu/GNP catalyst. The highest Hz purity at all temperatures
was achieved with PtRu/GNP bimetallic catalyst.

The results obtained in this thesis study show that HT-ECHP systems, which can
provide simultaneous H> purification and compression, have no moving parts and are
scalable, are a strong alternative to traditional H> purification methods for obtaining
high-purity H.. In addition, PtRu/GNP bimetallic catalyst is a suitable candidate for
HT-ECHP cells to obtain high-purity H> with improved cell performance.
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