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ABSTRACT

AN EXPERIMENTAL STUDY ON WGS CATALYSTS:
RELATING PERFORMANCE UNDER REALISTIC FEED WITH
OXYGEN HOLDING CAPACITY

The present work is a part of an ongoing study aiming to design and develop high
performance, steam tolerant, non-pyrophoric WGS catalyst(s) to be used in a demo-scale
fuel processor (DFP) producing PEM grade hydrogen for PEM fuel cells. The current work
mainly focuses on developing a reliable methodology for determination of oxygen storage
capacity (OSC) of the catalysts through the use of operando IGA-MS analysis; and
establishing a relation between WGS activity and OSC. In this context, Pt-Re-V/CeO:
catalysts were prepared, characterized and tested in WGS performance tests for two realistic
feed compositions at 300, 350, 400 and 450 °C for fixed GHSV at 120,000 ml gear h™t. The
freshly reduced and spent samples were characterized by SEM, XPS, Raman spectroscopy
and CO Chemisorption. The results of the catalytic tests indicated that 1Pt-1Re-1V sample
having superior performance may be a great candidate to be used in a fuel processor with its
high activity, selectivity and stability. The OSC values of the samples were determined
through a novel operando IGA-MS methodology under two realistic feed compositions at
350 °C by fixed GHSV as 40,000 ml geat h™. Additional OSC tests were also conducted at
400 and 450 °C over the sample having superior performance. The combined evaluation of
WGS performance and operando OSC results point out that; there are two types of OSCs,
structural (S-OSC) and effective (E-OSC), having prominent effect on WGS performance;
increasing reaction temperature was found to have a negative effect on E-OSC; and the
surface groups determined in S-OSC measurements have significant roles, especially at the
time when reactive mixture first contacts the catalyst, in water activation, while, after surface
concentrations and redox mechanism reach steady state, E-OSC becomes the primary factor
affecting WGS activity.
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OZET

WGS KATALIZORLERI UZERINE DENEYSEL BIR CALISMA:
GERCEKCI BESLEME KOSULLARINDA ELDE EDILEN
PERFORMANS iLE OKSIJEN DEPOLAMA KAPASITESININ
ILISKILENDIRILMESI

Yirtitiilen ¢aligma, halihazirda devam eden bir ¢aligmanin parcasi olup PEM yakit
pilleri icin Hy tiretimi gergeklestiren demo 6lgekli yakit islemcilerinde kullanilmak tizere
yiiksek performansli, buhar toleransina sahip ve parlayict olmayan su-gaz degisimi
reaksiyonu (WGS) katalizorleri dizayn etmeyi ve gelistirmeyi amaglamaktadir. Bu ¢alisma,
IGA-MS analizi ile katalizorlerin oksijen depolama kapasitelerinin (OSC) saptanmast i¢in
giivenilir bir metot gelistirilmesi iizerine odaklanmis ve katalizorlerin WGS aktiviteleri ile
OSC’leri arasinda bir baglanti kurmayi amaglamistir. Bu baglamda, Pt-Re-V/CeO:
katalizorleri hazirlanmis, karakterize edilmis ve iki farkli gercekei besleme kosulunda ve
300, 350, 400 ve 450 °C sicakliklarda besleme hizinin katalizér miktarina orani 120,000 ml
geat th™? olarak sabit tutularak test edilmistir. Taze indirgenmis ve kullanilmis katalizorler
SEM, XPS, Raman Spectroscopy ve CO Chemisorption karakterizasyon metotlari
kullanilarak incelenmistir. Katalitik testlerin sonuglar1 gostermektedir ki 1Pt-1Re-1V
katalizorii digerlerine gore daha iyi aktivite, kararlilik ve segicilik gostermesi nedeniyle yakit
islemcilerinde kullanilma potansiyeli yiiksektir. Katalizorlerin OSC degerleri, IGA-MS
tizerinden gelistirilen yeni metot ile iki gerceke¢i besleme kosulu ve 350 °C altinda besleme
hizinin katalizér miktarina oran1 40,000 ml gear*h™t olarak sabit tutularak bulunmustur. En
1yl aktivite gosteren katalizor icin 400 ve 450 °C’de ek testler gerceklestirilmistir. WGS
performans testleri sonuglari ile OSC dlgiimleri birlikte degerlendirildiginde goriilmektedir
ki WGS performansi iizerinde belirleyici etkisi olan iki tip OSC degeri mevcuttur, yapisal
OSC (S-0OSC) ve efektif OSC (E-OSC). S-OSC olglimlerinde saptanan yiizey gruplarinin,
ozellikle de reaktif karisim katalizor ile ilk temas ettiginde, su aktivasyonu i¢in 6nemli bir
roli oldugu gozlemlenmistir. Fakat yiizey konsantrasyonlari ve redoks mekanizmasi stabil

bir hal aldiginda, E-OSC, WGS aktivitesini etkileyen birincil etken konumuna gelmistir.
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1. INTRODUCTION

It is getting more and more difficult to satisfy the global energy demand in presence
of increase in both human population and in their living standards. Fossil fuels, including
coal, oil and natural gas, are the primary sources used in satisfying world’s energy demand
as they provide convenient, storable, transportable and energy-dense form of chemical
energy. However, as the emission of greenhouse gases (GHG), such as carbon dioxide,
methane and nitrous oxide during conventional fossil fuel based energy production to the
atmosphere has been proven responsible for anthropogenic climate change, the fast
transformation of conventional energy production routes becomes crucial, and studying
alternative energy production technologies has become an important research topic (Sathre,
2014; Hook et al., 2013).

Hydrogen has been regarded as the fuel of future owing to its clean and high energy
carrier nature. Water splitting and biogas reforming are some renewable technologies to
produce hydrogen however both are not economically feasible to be applied in large scale
operations (Gonzales-Castano et al., 2015; LeValley et al., 2014). Considering the technical
hurdles and cost of storing and transporting hydrogen; fuel processors, that produce
hydrogen on site from hydrocarbons, like metane/bio-methane, can be integrated with fuel
cell technology to generate electricity at small scale. The use of fuel cells is a viable option
in clean energy production, and the prominent fuel cell type in small scale stationary
applications is proton exchange membrane fuel cell (PEMFC), which has many advantages
over others such as low operating temperature, low weight, compactness, fast start-up and

suitability to discontinuous operation (Ghenciu, 2005).

In FPs suitable to be used in FP-PEMFC systems, there are mainly three catalytic
reactions taking place in series: (i) reforming of hydrocarbons; (ii) water-gas shift (WGS)
reaction which decreases carbon monoxide while increasing hydrogen concentration, i.e.
enriching the reformer outlet; and (iii) preferential carbon monoxide oxidation (PROX) for

complete elimination of CO. In the reformer, the hydrocarbon(s) are converted into a Ho-



rich mixture containing Hz, H20, CO and CO; via steam reforming (SR), partial oxidation
(POX) or oxidative steam reforming (OSR). In case of OSR, steam and oxygen are both
present in the feed. In the following WGS unit, which conventionally includes two, high-
and low-temperature shift, reactors, CO concentration of the reformer outlet is decreased
down to 1-1.5 % range, and the following PROX reactor is used to reduce CO concentration
further down to 10-50 ppm, the level that guarantees stable operation of PEMFCs (Caglayan
et al., 2008; Onsan, 2007).

Water-gas shift reaction, first reported in 1888, is one of the oldest catalytic processes
employed in chemical industry which became well-known along with being used in Haber
ammonia synthesis. WGS reaction is a reversible and moderately exothermic reaction in
which CO reacts with H20O to generate CO> and H> (Mond and Langer, 1888; Saeidi et al.,
2016). Since WGS is a slightly exothermic reaction, it is kinetically favored at high
temperatures while thermodynamically favored at low temperatures. Due to equilibrium
constraints, WGS is conventionally conducted in two consecutive reactors called high
temperature shift (HTS) and low temperature shift (LTS) reactor. High temperature shift
reactor operates at 623-643 K, and the reaction is conventionally conducted over
iron/chromium based catalysts. The operation temperature of low temperature shift reactor
is 473-493 K, and the use of copper/zinc based catalysts is preferred for catalyzing the
reaction (Perez et al., 2014). However, this conventional WGS technology imposing the use
of two WGS reactors is hard to be downsized and effectively incorporated to small scale FPs
due to the requirement of large reactor volume(s) due to low activity, pyrophoric nature and
incompatibility to transient state operation. Instead of conventional two stage WGS units,
using a single stage WGS unit operating in HTS-LTS transition temperature in FPs is worth
to investigate (Zhu et al., 2011; Xu et al., 2012).

The design and development of efficient WGS catalysts for FP applications and
establishing structure-activity relation for WGS catalytic systems have become crucial for
proliferated use and success of the FP-PEMFC technology. Hence, many researchers have
focused on the design and development of active, stable and non-pyrophoric catalysts with

improved redox and reducibility properties (Caglayan and Aksoylu, 2009). Thus, noble
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metal, especially Pt and Au-based, catalysts on reducible oxides has gained great attention
due to their non-pyrophoric behavior and high activity (Lee et al., 2007). Moreover, there
have been very comprehensive studies on the design and development of catalysts with noble
metals on supports having high reducibility and enhanced redox properties which are in a
close relation with WGS activity (Kugai et al., 2011).

The present work is a part of an ongoing study aiming to design and develop high
performance, steam tolerant, non-pyrophoric WGS catalyst(s) to be used in a demo-scale
fuel processor (DFP) producing PEM grade hydrogen for FP-PEMFC applications. The
current work mainly focuses on developing a reliable methodology for determination of
oxygen storage capacity (OSC) of the catalysts through the use of operando IGA-MS
analysis; and establishing a relation between WGS activity and OSC. In that context, selected
Pt-Re-V systems prepared on CeO. were tested by their WGS performance for realistic
conditions, an operando methodology for the determination of their oxygen storage
capacities under the same conditions was proposed, the OSC values of the samples were
determined, and -through a comparative analysis- a relation between WGS performance and
OSCs was established.

Chapter 2 includes a detailed literature survey about fuel processors and fuel cell
technology, WGS reaction and the catalysts used in this reaction, followed by the oxygen
holding capacity concept and its relationship with WGS activity. In Chapter 3 the
experimental work is explained in detail. The results of conducted tests are presented and
discussed in Chapter 4. Finally, the conclusions from the current study and the

recommendations for the future work are given in Chapter 5.



2. LITERATURE SURVEY

2.1. Fuel Cell and Fuel Processor Technology

In course of time, growing concerns about environmental problems such as climate
change, ozone layer depletion and acidic rains, has motivated the studies on fuel cells owing
to their clean and efficient mechanism for energy conversion. Fuel cells are the
electrochemical devices that provide one-step conversion of chemical energy into electrical
energy which ensures no harmful emission; produces only water in case of fueled by
hydrogen. Since the overall efficiency in a system decreases by increasing the number of
energy conversion steps involved, conversion of chemical energy directly into electrical

energy in fuel cells makes them having high efficiency (Zharaf and Orhan, 2014).

Fuel cells are categorized according to the electrolyte used and proton exchange
membrane fuel cells have been recognized one of the most promising types for small scale
applications due to their easy scale-up, low operating temperature, fast start up and high

power density features (Wang et al., 2010).

The most favorable fuel for PEMFCs appears to be hydrogen which is ionized at the
anode of the cell. However, technological obstacles still exist to overcome the hydrogen
transportation and storage problems which have led fuel processors in which hydrocarbon
fuel is converted into hydrogen on board to be used in combined with fuel cells. PEMFCs
have platinum-catalyzed electrodes making them intolerant to impurities, especially carbon
monoxide which will poison the catalysts in the cell when the level of it above about 1-100
ppm. Therefore, fuel processors must be designed accordingly to meet these CO level

requirements (Trimm and Onsan, 2011).

In a fuel processor (FP), there are three catalytic units in series: reformer unit, in which
hydrocarbons are converted to hydrogen, water-gas shift reaction (WGS) to reduce the CO

amount while enriching the hydrogen concentration, and preferential carbon monoxide
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oxidation (PROX) for further elimination of CO amounts to trace levels necessary for stable
operation of PEMFCs (Caglayan et al., 2005).

Reformer unit, the initial catalytic unit of fuel processors, converts hydrocarbon fuels
to hydrogen containing mixture which also includes CO, CO; and H20 (lulianelli et al.,
2014). Reforming unit can utilize a broad array of fuels such as methane, ethane, methanol,
ethanol, acetone and higher hydrocarbons etc. as feed stocks. Apart from all these, the
leading source of hydrogen is reforming of gaseous fuels and lately methane steam reforming
(SR) has drawn considerable interest owing to giving highest quantity of hydrogen and
preferable byproduct formation taking other feeds into account. The general equation of SR

reaction is shown below in Equation 2.1:

m
CaHin +nH,0 > nCO + (n + 7) H, 2.1)

Steam reforming is an extremely endothermic reaction being performed at high
temperatures between 750 °C and 1450 °C which can be regarded as a disadvantage since it
needs high amount of heat to shift the equilibrium to the right in order to produce H» and
CO. Since it is cheap and quite active, nickel is most widely used metal in steam reforming
catalysts. Still Ni-based catalysts have some drawbacks as tendency to sulfur poisoning,
carbon formation on surface and sintering due to conditions required for SR (LeValley et
al., 2014; Nahar et al., 2017). Although the highest hydrogen amount is obtained by steam
reforming, the necessities of high heat, large amount of catalyst loadings and large reactors

make this reaction not suitable for on-board FP-FC systems (Avci et al., 2004).

Partial oxidation (POX) (Equation 2.2) is other reforming reaction to generate H>
which has exothermic nature and by this reaction using oxygen or air as oxygen source,
hydrocarbon fuels are converted to H, and CO. In case of total oxidation (TOX) (Equation
2.3) on the other hand, the final products are H>O and CO> (Nahar et al., 2017):

n m
CaHim +50, = nCO +—H, (2.2)



m m
CoHp + (n+ Z) 0, - nCO + 5H20 (2.3)

Integration of SR and POX processes energetically to reduce the high external energy
requirement of endothermic steam reforming reaction by supplying energy from exothermic
partial oxidation reaction, called auto-thermal reforming (ATR), has been achieved leading
to low energy need due to combination of SR and POX, high gas space velocity and fixed
H2/CO ratio (Escritori et al., 2009; Freni et al., 2000).

In the second unit of a fuel processor fed by the effluent stream of reformer, water-gas
shift reaction occurs which is convenient process for further purification capable of not only

enriching hydrogen content also reduces CO amount in exit stream (Chen et al., 2017):
CO+H,0 & CO, +H, AH,9g = —41.2 kJ/mol (2.4)

WGS reaction is exothermic and reversible reaction and at the end of WGS unit, the
CO concentration is reduced to 0.5-1 mole %. Water-gas shift reaction is kinetically favored
at high temperatures while the reaction equilibrium shifts to the right and enables the
formation of products H, and CO- at lower temperatures. Thus, the reaction is conducted in
two reactors: high-temperature shift (HTS) reactor which converts 90% of CO to H:
operating at temperature of 623-643 K and low temperature shift (LTS) reactor in which
90% of the remaining CO is converted. The most prevalent catalysts used in industrial
applications for HTS and LTS reactions are Fe2O3/Cr.Oz and Cu/ZnO/Al,O3, respectively
(Haryanto et al., 2005).

Last catalytic unit of the fuel processor is the preferential oxidation unit that is
necessary for further purification of hydrogen to feed the stream to the PEMFC as fuel which
should not have levels of CO above 50 ppm for stable operation since carbon oxide is toxic
to Pt-based electrode. One of the challenges for PROX unit is finding a catalyst which is

selective for carbon monoxide oxidation (Equation 2.5) since hydrogen oxidation (Equation
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2.6) competes with carbon monoxide oxidation as an undesired phenomenon (Marino et al.,
2004; Mohammed et al., 2016).

co+1/,0, - co, AHjqq = —283 kJ/mol (2.5)
H, +1/, 0, > H, AHjo5 = —242 k] /mol (2.6)

The oxidation of carbon monoxide is usually conducted at lower temperatures while
the oxidation of hydrogen needs higher temperatures. Therefore, the temperature should be
selected carefully, 100-130°C range is ideal, to suppress the undesirable hydrogen oxidation
reaction which brings about a decrease in hydrogen amount. The most focused catalysts are
Pt-based ones which are the most resistant toward catalyst deactivation (Caglayan et al.,
2011; Romero-Sarria et al., 2016).

2.2. Water Gas Shift Reaction

The water gas shift reaction, -moderately exothermic, reversible and equilibrium-
controlled reaction- is of crucial importance since it leads to hydrogen concentration rise

while reducing the CO amount in the reformate:
CO+H,0 & CO,+H, AH,9g = —41.2 kJ/mol (2.4)

WGS was first reported in 1881; however, it became popular with being used in Haber
process as source of hydrogen. It has wide usage area in the industry for the production of
ethanol, ammonia, hydrogen to be utilized for hydrogenation reactions in the petrochemical
industry and hydrocarbons (by Fischer-Tropsch process) (Ratnasamy and Wagner, 2009).

WGS reaction is limited thermodynamically at high temperatures and it is kinetically
controlled at low temperatures. In order to handle these thermodynamic and Kinetic
limitations, WGS is performed in two reactors in series called high temperature shift reactor
(HTS) and low temperature shift reactor (LTS) in industrial scale operations, respectively.

The high temperature shift reaction is carried out over FeCr-based catalysts at operating



temperatures of 350-500 °C (Jha et al., 2017). The addition of chromium to the iron enhances
the stability of catalyst and helps to mitigate of sintering. On the other hand, low temperature
shift reaction is conducted over Cu/oxide-based catalysts at 180-250 °C. These catalysts have
been recognized as highly selective for WGS reaction and consequently, giving high
conversion. But they are not resistant to sulphur, sensitive to temperature and highly
pyrophoric in presence of air (LeValley et al.,, 2014). Conventional Cu based and
ferrochrome catalysts are not appropriate for small scale applications owing to their long
start-up times, requiring large volume and weight, pyrophoric nature and sensitivity to
poison (Miao et al., 2017). Accordingly, there has been progressively increasing interest on
developing active, water tolerant, poison resistant, non-pyrophoric, stable and selective to
WGS reaction which should not lead to methanation reaction that consumes H, (Equation
2.7) catalysts to be used in PEMFC-FP technology (Caglayan and Aksoylu, 2011):

CO +3H, & CH, +H,0 AH,e5 = —205.81 kJ/mol (2.7)

2.2.1. Conventional Fe- and Cu-based Catalysts of WGS Reaction

As WGS is of crucial importance for fuel processors since it increases hydrogen yield
while decreasing CO content, many studies have been conducted on Fe-based for HTS and

Cu-based catalysts for LTS investigating the effects of different parameters on activity.

First step of the WGS unit is the HTS reaction which has been performed generally
over Fe-Cr catalysts in which iron acts as the active phase and chromium oxide is the
stabilizer at 310-450°C. Chromium oxide has effect to prevent sintering by blocking the
thermal agglomeration of FesO4 particles and provides prolonging activity. Fe304/Cr203
catalyst was first used in 1914 by BASF scientists Bosh and Wild who studied different
catalysts for HTS reaction and decided Fe-Cr is the best one (Reddy and Smirniotis, 2015).
Investigations focusing effect of different parameters on HTS catalysts are clarified in detail

at below.
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Edwards and co-workers studied the microstructure of an iron oxide based WGS
catalysts by different analysis devices. The precursors Fes04/Cr.03 and CuO/Fez04/Cr203
were prepared by co-precipitation method. The results showed that the catalysts surface is
enriched by Cr ions which are more stable than Fe-rich core and this lessened sintering and
diffusion of ions and adding Cu dopant promoted the activity of catalysts (Edwards et al.,
2002).

In recent years, the investigations about FeCr and CuO-FeCr catalysts have proceeded
and the research driven by Xhu et al. (2016) also addressed Cr,O3-Fe20O3 and CuO- Cr,03-
Fe>Os catalysts. At the end, they came into the point that Cr promoter did not engaged in as
chemical promoter rather it acted as stabilizer. On the other hand, Cu promoter worked as
chemical promoter by enabling high active sites.

Another study stressing on the enhancing effect of Cr on iron oxide catalysts is
performed by Natesakhawat et al. (2006). The oxidation of Cr* to Cr®* may allow for better
oxidation-reduction cycle leading to promote WGS activity. Accordingly, Cr not only a
stabilizer, it has also promoting feature by improving redox function of Fe?* to Fe®*. In this
study, aluminum and copper were also suggested as promoter and found that aluminum and
copper are promising promoters despite Cu becoming prone to sintering with increasing

temperature.

Co-precipitation method has been mostly used while preparing HTS catalysts in which
iron oxide is reduced exothermically which can cause undesirable reactions to occur.
Therefore, another method -pyrolysis method- was examined by Meshkani and Rezaei
(2014). Their results presented that this method provided obtaining the catalysts in the active

phase and incorporation of copper and Cu facilitated the activity and stability of the catalysts.

The effect of precursors on the activity of high temperature water gas shift catalysts
was investigated by Dofour et al. (2013). They prepared FeCr, FeCrCo, FeCrCu and
FeCrCuCo by oxidation-precipitation method, utilizing chloride and sulfate metal
precursors. The catalysts prepared by using sulfate precursor showed higher activity owing
to the decrease of surface basicity which enhanced the reducibility and influenced the CO
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chemisorption and hydrogen adsorption. In this study, the effect of Cu or Co presence was
observed. Although for the ones prepared by chloride, addition of copper and cobalt
increased the CO conversion, for rest prepared by sulfate, did not improve the activity. They

claimed that sulfur may poison the copper particles which lead catalyst deactivation.

Increasing concerns about toxicity and safety of chromium has led researchers to study
on environmentally friendly Cr-free Fe-based catalysts. Araujo and Rangel (2000) are the
ones who have reported Fe-Al-Cu catalysts for the first time. They synthesized Fe-Cu, Fe-
Al and Fe-Al-Cu materials by co-precipitation method. They brought about that Cr can be
replaced with Al since the Fe-Al-Cu catalyst presented higher activity than the copper- and

chromium-doped catalysts.

Zhang et al. (2008) maintained a study on Fe-Al-Cu catalysts by changing preparation
method from co-precipitation to sol-gel method. The results demonstrated that the catalysts
prepared by sol-gel method yielded higher activity than the ones synthesized by one-step
and two-step co-precipitation methods. This may be resulted in that this method formed
oxygen vacancies in the structure making it a promising Fe-based catalyst preparation

method.

In another research conducted by Martos et al. (2009), molybdenum was introduced
instead of chromium for magnetite based catalysts. The results exhibited that adding
molybdenum improved the stability of magnetite active phase and it provided avoiding
formation of metallic iron which may cause side reactions such as undesired methanation

reaction.

Lin et al. (2014) investigated the influence of precipitants used while preparing Cu
ferrite-based catalysts. They chose precipitants as KOH, K>CO3, Na,CO3z, NaOH and
NaHCO3z and they concluded that copper ferrite catalysts prepared by using KOH has higher
activity and better stability among other which can be due to higher Cu dispersion, strong

interaction between iron oxides and Cu and weak basicity.
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The second step of WGS unit is LTS reaction which has been conducted mostly over
Cu/ZnO/Al>03 catalyst operating at 150-200 °C and LTS decreases the CO content less than
0.5 % (Reddy and Smirniotis, 2015). First Cu-Zn catalysts were used in 1963 (Moe, 1963).
Since then many studies have been conducted on Cu-based LTS catalysts examining the

influences of various parameters on activity and some are reviewed briefly at below.

Fue et al. (2011) carried out a study analyzing the effect of the Al content in the
Cu/ZnO/Al03 catalysts. They synthesized the sample with Cu/Zn ratio of 1 and Al with 4-
24 mole % by co-precipitation method. At the end, they concluded that as the Al amount
increases in the catalyst, it results in an increase of activity and also stability due to presence

of aurichalcite and hydrotalcite phases ascribed to activity and stability, respectively.

The impact of preparation conditions on catalyst activity was explored by Budiman et
al. (2013). They altered the conventional co-precipitation method by changing synthesis
conditions as solvent, pH and precipitation temperature. They obtained catalysts with higher

Cu surface area than prepared by the conventional method yielding higher catalytic activity.

Figueriedo and his co-workers (2011) made a research on the effect of alkali cations;
Li, K, Rb and Cs, doped on the Cu/ZnO/Al.Oz catalyst. The samples were prepared by ions
impregnation to ternary Cu/ZnO/Al2Os catalyst and they were tested at temperature of 177-
227 °C. They reached that K ion including catalyst showed the highest CO conversion and
they suggested also that adding alkali promoters to ternary catalyst preclude methanol

production which allows having higher H; selectivity.

Jeong and collaborators (2014) focused on the Cu-CeOQ: catalysts synthesized by co-
precipitation method. They have tried to see the effect of Cu loading over this catalyst. They
found that 80 wt. % Cu-CeO> presented highest activity and stability and they attributed this

to the strong support and metal synergy which provides to avoid Cu sintering.

In recent years, the investigations on Cu-based catalysts have been maintained
extensively. One of them was performed last year by Santos et al. (2017). They have tried

to improve the activity of Cu/ZnO/Al>O3 catalyst by adding gold nanoparticles and they
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obtained full conversion of CO. They explained this result with collaboration of Au and Cu
and the synergy between them was very promising to accomplish the Ha purification aims.

In addition, they proved the stability of the system for both cyclic and long term operations.

One of the most challenging problems of Cu-based catalysts is that they are not
appropriate for portable devices and Price et al. (2017) conducted a study on this issue. They
developed multicomponent Cu-ZnO catalysts to be able to employ in systems having high
space velocities, also means to tackle with residence time limitations. They used different
supports and among them CeO»-Al>03 was remarkable with its activity and stability values.

Despite the fact that Fe-based and Cu-based HTS and LTS catalysts have been well
developed and been attained a place in industry, the hassles as requiring particular reduction
procedures and concerns about pyrophoric nature of them make these catalysts not viable
for PEMFC systems which needs non-pyrophoric, resistant to daily start/stop operations and
feasible for small scale application catalysts to be managed in. Hence, lately many search
efforts have been spending on designing catalysts noble-metal based; also called Platinum-
group metal (PGM) based catalysts, supported on reducible oxides to be able to conduct in
single stage WGS reactor (Reddy and Smirniotis, 2015).

2.2.2. Noble Metal-based Catalysts used in WGS Reaction for PEMFC

Many researches have been conducted on noble metal-based catalysts, also called
Platinum Group Metals (PGM) in order to overcome the thermodynamic and kinetic
limitations owing to the fact that conventional Fe- and Cu-based catalysts are not favorable
for single-stage WGS operations. Pt, Au, Ru, Rh and Pd based catalysts supported on oxides
like TiO2, CeO», ZrO2 and mixed oxides have particularly gained importance due to their
high activity in WGS reaction. Among these, Pt and Au have been considered as the

promising candidates (Reddy and Smirniotis, 2015).

Panagiotopoulou et al. (2006) conducted a research on the influence of the support on

which noble metals deposited. They compared the catalytic activity of Pt, Rh, Ru and Pd
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based catalysts which are supported on either “reducible” (La20s, TiO2, yttria-stabilized
zirconia and CeQy) or “irreducible” (Al.O3, SiO2 and MgO) oxides and they concluded that
Pt catalysts showed higher activity than other metal catalysts especially when supported on
reducible oxides. Following year, same group proceeded by extending their study to use of
platinum catalysts deposited on composite supports; MOx/Al0z and MO/TiO2 (M= Cr, Ti,
Fe, V, Co, Mn, Nd, Sm, Gd, Ho etc.). The catalysts were tested with realistic feed
composition including 3% CO, 10% H20, 20% H and 6% CO> at 150-500 °C temperature
range and were resulted with improved WGS activity. Hence, they proposed that support
was playing directly active role in reaction mechanism and therefore it affected the
performance of the catalysts (Panagiotopoulou and Kondarides, 2007).

It is hard to compare the noble metal based catalysts deposited on different supports
as they designed and prepared by various groups and tested at different conditions.
Accordingly, 20 catalysts have been analyzed for their performance in a commercial reactor
using realistic feed composition at 250 °C, 300 °C and 350 °C. Au, Rh, Ru, Cu, Pd and Pt
were the metals used and ceria, zirconia, titania, alumina and iron oxide were chosen as
supports. Through metals, Pt catalysts was found to be the most promising metal at
temperature around 250-350 °C while Au was more active at 150-250 °C (Thinon, 2008).

Santos et al. (2017) stated remarkable catalysts in their work. They prepared Au
promoted Cu/ZnO/Al,O3 catalysts synthesized from hydrotalcite precursors and reached full
CO conversion at temperature around 180 °C. Au-Cu synergy accounted for the superior
catalytic performance of catalyst samples. Using this type of precursor modified
microstructures of samples and improved metal oxide synergy. This group tested all catalysts
they prepared also for stability during start/stop cycles. Among all, they pointed the catalyst
having Cu/Zn ratio of 2.8 as the most robust one that acceptably resists start-up/shut-down

cycles.

The effect of synthesis method on catalytic performance and stability of Au/Fe;O3
catalysts was investigated by Soria et al. (2014). In this work, deposition-precipitation (DP),
double impregnation and liquid phase reductive deposition (LPRD) methods were utilized

to prepare catalysts with different amount of Au deposited on. The experiments were
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performed in a fixed-bed reactor by feeding stream with composition of standard reformer
outlet. According to the obtained results, the catalysts synthesized by DP method had highest
activity. TPR-Hz analysis revealed that gold enhanced the redox properties of support which

directly affect activity.

Caglayan et al. (2011) observed in her work the influence of Re addition to Au/ceria
catalysts. Au-Re/ceria, Re/ceria and Aul/ceria catalysts were synthesized, and performance
tests were performed at temperature of 200-450 °C. The results showed that Au addition by
deposition precipitation technique on impregnated Re/ceria catalysts resulted in high CO
conversion while impregnation of Re on Au/ceria catalysts exhibited lower activity in

consequence of blockage of active sites.

Comparison of Au and Pt catalysts which both show remarkable catalytic activity in
WGS reaction was made by Castafio et al. (2014). Pt and Au catalysts dispersed on ceria or
mixed CeFe oxide were prepared by aqueous impregnation and direct ionic exchange
method, respectively. The performance tests were performed in the temperature range 180-
350 °C. At the end, the results indicated that Pt-based catalysts had higher activity at
temperatures around 250 °C while Au-based catalysts were more active at 180 °C. In addition
to these, Pt-based samples were more endurable to changes in feed stream and have higher
TOF.

2.3. Platinum-based PGM Catalysts in WGS Reaction

Recently, Pt-based catalysts supported on reducible oxides have been under intense
improvement based upon being highly active and stabile in WGS reaction. The researches
have mostly focused on CeO», ZrO2, TiO2 and Al>O3 supports owing to their enhanced redox

properties which are particularly significant for WGS mechanism.
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2.3.1. Mono and Multi Metallic Platinum-based Catalysts

Hwang et al. (2013) investigated the effect of Ti addition to the Pt/ZrO- catalysts to
improve the activity for single-stage WGS reaction. Results presented that Ti impregnated
catalysts have rather superior activity since addition of Ti facilitated Pt dispersion and
surface area of support leading increase in 3 times higher CO conversion levels compared to
Pt/ZrO- catalysts.

A comparative study among Pt/CeO», Pt/ZrO. and Pt/Cen-xZrx0O2, by changing
Ce02/ZrO- ratio to optimize catalysts was conducted by Jeong et al. (2013). Among them
Pt/CeO. yield the highest TOF and lowest activation energy in addition to good stability.
They have also been found that cubic Pt/Ceu-xZrxO2 brought about higher TOF than

tetragonal Pt/Ce(1-xZrx)O2 on occasion of easily reducible nature of cubic supports.

lida et al. (2006) studied the impact of precursor type on WGS activity by preparing
Pt catalysts with different precursors which are HoPtCls, Pt(CsH702)2, [Pt(NH3)4]Clo,
[Pt(NH3)4](NO3). and cis-[Pt(NO2)2(NHs3)2] using impregnation method. The performance
tests were performed in a fixed bed flow reactor with H.O/CO ratio of 1.5. Catalytic activity
was obtained highest for the catalysts synthesized from H2PtCle and they suggested a linear
relation between Pt dispersion and activity but altering type of Pt precursors did not incline

a big change on performance of the catalysts.

The bimetallic Pt-Ni/Al,O3 catalyst was studied by Caglayan et al. (2009). The
catalytic activity was tested at temperature range 250-400 °C and being fed with ideal feed
composition in a fixed bed micro-reactor. The experimental parameters were H,O/CO ratio
and Ni content in the catalyst samples. Accordingly, increasing H.O/CO ratio and Ni content
enable CO conversion- temperature curve to be shifted to the lower temperatures and Pt-
Ni/Al2O3 catalysts were stated as one of the promising catalysts due to their highly active

and selective behavior.

Lee et al. (2007) viewed Ce, Co or Ni deposited Pt/ZrO; catalysts to see the effect of
second metal on WGS activity. The results exhibited that Pt-Ce/ZrO- catalyst yielded the
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highest activity and stability. Furthermore, a Pt-Ce/ ZrO- catalyst was prepared by sequential
impregnation of Pt and Ce on ZrO> support to compare the effect of synthesis method. The
results pointed out that the co-impregnated Pt-Ce/ZrO> catalyst had superior performance

than sequential impregnated Pt-Ce/ZrO, catalyst.

The influence of alkali metals on WGS activity was examined by Pazmifio et al.
(2012). They doped Na, Li and K metals on Pt/Al,O3 and Pt/TiO2 by incipient wetness
impregnation method and catalytic tests were carried out in plug flow reactors at low
temperature range, 200-250 °C. Na addition promoted the CO conversion by changing the

properties of support and facilitating formation of new active sites.

2.3.2. Ceria Supported Pt-based WGS Catalysts

Cerium oxide catalysts have been extensively used in catalytic processes, especially in
order to purify automobile exhaust gases in three-way catalysts which have been compelled
to be used with environmental legislations since late 1980s (Kaspar et al., 1999). Cerium
oxide has been proven for being very appropriate support for precious metals by making
them well dispersed. CeO> has been mostly focused for its easily reducible nature
(Ce3*/Ce*) which eases conversion of CO and hydrocarbons through oxygen stored in. The
surface defects, also known as oxygen vacancies, which are introduced to have prime
importance being the most active sites on catalysts have close relationship with oxygen
storage capacity (OSC) (Vindigni et al., 2011). There has been deep literature data on cerium
oxide and its use as support with noble metals, in particular with Pt explained briefly at

below.

Ivanov et al. (2013) reported an investigation on Pt/CeO. catalysts by using low cost
extractive-pyrolytic method to prepare samples. Three catalyst samples with Pt loading of
1.2, 2.4 and 4.8 wt. % were synthesized and reaction temperature, space velocity and
H>O/CO ratio were constituted as experimental parameters. The results revealed that the
highest activity was obtained with 1.2Pt/CeQO: catalyst not with the one having highest Pt

amount causing cover of Pt particles within the support.
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Preparation method of CeO. which is another parameter affecting the catalytic activity
was analyzed by Roh et al. (2012). In this study a simultaneous precipitation/digestion
method was used for precipitation of cerium (I1l) carbonate (Ce2(C0O3)3.8H20). 1 wt. %
Pt/CeO: catalysts were synthesized by incipient to wetness impregnation method and then
samples were tested in fixed-bed micro reactor at temperatures around 200-320 °C. 82% CO
conversion and 100% selectivity were obtained with 1 wt. % Pt/CeO, catalyst at the end of

experiments.

A comparative study about the influence of different ceria supports on activity was
carried out by Jain et al. (2015). Three different ceria which are the ones prepared by sol-gel
and combustion chemical vapor deposition method and bought commercially were used in
this study to see the role of modifying surface area and porosities. The 5 wt. % Pt catalysts
supported on different ceria were compared at temperature range of 150-450 °C and figured
out that the one prepared by sol-gel method gave the highest CO conversion followed by the
ones prepared by combustion chemical vapor deposition method and bought commercially.
The catalysts of which support synthesized by sol-gel method had promoted activity, and
this was explained by small crystallite size leading surface defects and thereby lower energy

boundary.

Cavusoglu et al. (2015) performed a work on Pt and Rh based ceria supported catalysts
synthesized by flame spray pyrolysis method and tested in a membrane reactor at
atmospheric pressure and 200-450 °C temperature range. Also incipient to wetness
impregnation method was used to prepare Pt/CeQO; catalyst in order to make comparison.
Both catalysts prepared by spray pyrolysis method showed high stability, however, catalytic
results presented that Pt-based catalysts were more active than Rh-based samples. Moreover,
in Rh-based catalysts’ experiments, methanation reaction took place which was not the case

for Pt-based catalysts making Pt/CeO; catalysts outstanding candidates for WGS reactions.
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2.3.3. Rhenium and/or Vanadium Promoted Pt-based WGS Catalysts

The bimetallic Pt-Re catalysts have been used successively since being introduced for
the sulfur-free naphtha reforming in 1960s (Kluksdahl, 1968). Recently Pt-Re systems have
been affirmed to yield remarkably better activity and stability for WGS reaction; however,
the reasons behind this superior performance have not been clarified enough, therefore much

research effort has been devoted to highlight these causes.

Choung and her co-workers (2006) studied on the addition of Re to Pt/Ceg.46Zr05402
and Pt/Ceos Zro.4O> catalysts. The mixed oxide supports were prepared by co-precipitation
process followed by Pt and Re impregnation on them by incipient wetness method. Pt
dispersion was analyzed by CO chemisorption. Ultimately, doping Re to Pt Ceo.46Zr05402
revealed higher reaction rate than obtained with Pt Ceo.46Zro5402. According to the CO
chemisorption results, enhanced Pt dispersion was observed in Pt-Re systems. Still there

may be else reasons to have higher activity with Pt-Re system other than better Pt dispersion.

Radhakrishnan et al. (2006) focused on ceria-zirconia oxides supported Pt/Re
catalysts. The mixed support was prepared by co-precipitation while Pt and Re were added
by ion-exchange. The experimental parameters were chosen as Pt-Re ratio and Re source.
The measurements clarified that Re had promotion effect for WGS activity and optimum
Pt/Re was decided as 2:1. In addition, the optimum source for Re was rhenium carbonyl
Re2(CO)x1o.

Pt-Re/TiO2 and Pd-Re/TiO> catalysts were examined in study carried out by Sato et
al. (2005). The samples were prepared by incipient wetness process and the activity tests
were performed in fixed-bed reactor with feed composition stimulating reformer outlet. The
enhanced activity was provided by Re addition to both system, on the other hand, Re had

very remarkable effect on Pd/TiO2 while the impact was not so explicit in case of Pt/TiO..

As stated before, there has been much debate in literature to understand the reasons Re

added Pt-based catalysts providing higher activity. One of these researches was carried on
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by lida et al. (2006). Pt-Re/TiO2 (Rutile) and Pt-Re/ZrO, catalysts were prepared
conventional impregnation method. TEM analysis demonstrated that by addition of Re to
Pt/TiO2, the Pt dispersion was improved and XPS spectra presented that the stronger
interaction between Pt-Re in TiO2 supported catalysts than ZrO supported ones was
observed. Re had anchor role for Pt particles which it was strong interaction with and
provided Pt particles well dispersed. On the other hand, in case of Pt-Re/ZrO; catalysts, the
strong interaction was obtained between Re and ZrO.. Besides the Re redox reaction
(Re**/Re™) took place during reaction conditions which was attributed to the reason of

increase in catalytic activity.

Azzam et al. (2013) investigated the role of preparation pathways, the ratio of Pt/Re
and contents of metals. Sequential impregnation and co-impregnation techniques were
implemented to see the effect of preparation pathways and different amounts of Re and Pt
were dispersed on support by employing different Pt/Re molar ratios. In conclusion, they
pointed that impregnation of Re before the impregnation of Pt gave better results. Moreover,
the optimum molar ratio of Pt/Re was obtained as 1 with 0.5 wt. % Pt content. According to
the results acquired from H>-TPR and in situ FTIR spectroscopy analysis, the idea that
oxidation of Re by water leading new OH groups changed the reaction pathway which

accelerated activation of water and resulted in high activity and stability.

Lately, the studies on Pt-Re catalysts have been extensively maintained. Duke and her
colleagues (2017) performed a research to understand the active sites of Pt-Re/TiO:
catalysts. The bimetallic clusters were synthesized by the sequential impregnation either Pt
on Re and Re on Pt. Both samples showed superior activity rather pure Pt clusters. The DFT
and IRAS results represented that CO poisoning was reduced with Re addition since CO

attaches Pt more strongly than Pt-Re systems.

A comparative study was performed by Palma et al. (2017) about Pt-based bimetallic
catalysts where the second metals were La, Re and Rh to achieve single stage WGS reaction.
The catalysts were prepared by consecutive wet impregnations. The activity tests were
carried on fixed-bed tubular stainless-steel reactor at temperature range of 150-400 °C being
fed with ideal feed composition. The results indicated that 1Pt/1Re/CeZrO4 produced better
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results either with hydrogen selectivity and CO conversion. Furthermore, the impregnation
sequence was also tested and come up with the result that loading Re first introduced higher

activity values.

There has not been enough data about the vanadium use in WGS catalysts on literature
although it has extensively been participated in oxidation reactions and when partially
reduced, it reveals high oxygen mobility owing to the structural defects formed. Therefore,
it may be a promising candidate to achieve high activity in WGS reaction (Farias et al.,
2008).

Silva et al. (2007) conducted a research on hydrogen production from ethanol with
partial oxidation integrated WGS reaction system. For purification part, Pt/CeO, and V-
modified Pt/CeO> catalysts were prepared and tested in fixed-bed tubular reactor. The higher
activity was attained over Pt/V-CeO> catalysts and the result was attributed to the redox

properties of V20s,

The vanadium structures formed on Pt/CeO and their effect on changing or acting as
active sites were investigated by Farias et al. (2008). Four different supports were prepared
by altered V loading in the range 1-18 wt. % and then Pt was added to supports by incipient
wetness impregnation with constant 1 wt. % Pt amount. The catalytic activity was carried
out in fixed-bed U-shaped reactor with feed composition stimulating ethanol reformer outlet
at 200-350 °C temperature range. The highest activity was accomplished over Pt/6VCeO..
In this study, the results exhibited that vanadium affected the surface carbonates’ structure
and the enhancement in WGS activity was correlated with VV-O-Ce bonds.

Nguyen-Thanh et al. (2008) reported a work on vanadia promoted Pt/ZrO; catalysts
for WGS reaction. Different amount of VV-containing supports (1-13 wt. % V) were prepared
and 1 wt. % Pt was impregnated over the samples by incipient wetness impregnation method.
In all cases vanadia provided an improvement in activity and the highest results was
observed with 3 wt. % V which resulted in the rate about double that of Pt/ZrO,. The

improvement role of monovanadate in WGS was associated with V-O-Zr bonds which were
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believed to provide enhanced reducibility making V worth to consider since redox

mechanism plays crucial role in WGS reaction.
2.4. Oxygen Storage Capacity

Ceria has been of paramount importance owing to its key roles in several catalytic
processes since it improves the WGS activity and stabilizes the alumina support, but most
importantly provides oxygen storage capacity (OSC). This term, OSC, has been introduced
to define the maximum amount of oxygen “stored” in the oxygen-rich region and released
in the oxygen-lean region in order to convert hydrocarbons and CO to CO». The ability of
cerium to shift between Ce** and Ce** oxidation states is intimately connected to surface
defects, i.e. oxygen vacancies. The following redox reactions occur under oxidizing
conditions (Hilarie et al., 2000; Khossusi et al., 2003):

Cez03 +50, - 2Ce0; (2.8)

2Ce0, + CO - Ce,05 + CO, (2.9)

It has been widely established that catalytic activity is mostly determined by
reducibility of solid and its capability of reproducing itself with molecular oxygen in gas
phase (Perdomo et al., 2016). Ceria not only fully meets these expectations also it promotes
WGS activity by lowering the barriers of water dissociation step in WGS mechanism and
prevents thermal sintering of noble metals. Hence CeO- containing materials and measuring
their OSCs supplied primarily by cerium itself has been the focus of very intense research
(Vindigni et al., 2011; Swanson et al., 2008). Three methods, TPR, chemisorption and pulse
injection method have been offered by Yao et al. (1983) for OSC measurements. First
method was TPR which primes us about the highest amount of transferable oxygen on
catalysts surface. The second method was chemisorption, in which oxygen uptake which
may enlighten the available sites on catalyst surface was examined by obtaining total and
reversible adsorption isotherms of oxygen. Mining the literature, one can see that the most
conventional route to detect OSC has been introduced as third method, pulse injection. In

this method, the catalyst was exposed to O, pulses followed by CO pulses in order to
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stimulate the oxidation/reduction phenomena from which CO or Oz uptake and/or the
amount of CO2 produced were calculated and defined as oxygen storage capacity, OSC. Two
measurements were established to explain oxygen storage capacity. First one, the amount of
oxidized CO after CO pulses following by O- pulse was called as Oxygen Storage Capacity,
Complete (OSCC) while OSC was proposed to identify the amount of oxidized CO after one
CO pulse again following Oz pulse (Yao et al., 1983).

Measuring OSC has been receiving a great deal of attention recently and pulse
injection method has become the most widely used process to achieve it. Therefore, much
literature data is available about oxygen storage capacities of samples. Bedrane et al. (2002)
performed a study on the oxygen storage process of catalysts supported on ceria and ceria-
zirconia. Ten noble metals (Pt, Rh, Pd, Ru and Ir) were impregnated on ceria and ceria-
zirconia supports obtained commercially. Oxygen storage capacities were determined by
subsequent 2 min pulse injection of CO and Oz and micromoles of CO> produced per gram
of catalyst was used for characterization of OSC. In this study, the roles of temperature and
metal adding on OSC was also probed and the results clearly indicated that OSC was
improved in the presence of metals, especially iridium and ruthenium showed remarkable
enhancement in OSC. For temperature change, common trend was observed for all samples.

OSC seemed to increase with rise in temperature.

Khossusi et al. (2003) studied on determination of oxygen storage capacities for three-
way automotive catalysts. Commercial Pt/Rh monolith TWC was used in this research being
exposed 1% CO and Oz in N2 step changes. The dependence of OSC on temperature was the
second part of the investigation resulted in nearly no OSC at low temperatures than 300 °C

and the maximum was achieved with 450 °C temperature.

OSC analysis of nanostructured Au-ceria was accomplished by Fu et al. (2003) by
preparing catalysts with different methods which are deposition-precipitation (DP), co-
precipitation (CP) and gelation. OSC measurements were conducted in a flow reactor system
having configuration which provides switching valve rapidly to manage step changes of 10
% CO/He, He and 10% O2/He for 3 min, 6 min and 3 min, respectively for three temperature
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values of 100, 200 and 350 °C. The partial pressures were integrated over time to obtain the
amount of CO> formed. Accordingly, addition of gold promoted the OSC of ceria by easing

the interaction between CO and surface oxygen.

Li et al. (2013) reported a paper on the effect of support on OSC. For this purpose,
supports chosen as CeO2 ZrO2 and Ceo.6Zr0.402 were prepared by co-precipitation procedure
while Pt was deposited on them by incipient to wetness impregnation method. OSCs were
obtained by imposing step changes of 5 % CO/He and 5 % Oz/He at 350 °C. The peak area
of Pt/Ceo.6Zro402 was two times higher than that of Pt/CeO2, which showed more active
oxygen species on surface and better coke resistance and this may be the reason behind the

notable activity of Pt/Ceo6Zr0.40- catalysts.

Establishing a correlation between OSC of the catalysts and their activities was the
objective of research conducted by Perez et al. (2015). This study also included the
improvement in OSC of ceria when dispersed on carbon. The OSCC analysis was achieved
by 10 pulse injection of O, and CO, successively and the amount of CO, produced referred
as OSCC. After 10 min flow of He, the samples were subjected to series of pulses (CO-O:-
CO-0,- CO-02- CO-0) at three different temperatures, 150, 250 and 350 °C and the amount
of CO» produced per pulse was attributed to OSC by assuming CO2 was coming from the
interaction between CO and lattice oxygen of catalysts. The results showed that better OSC
was introduced with CeO>/C rather bulk CeO. which was attained to carbon being ideal
media for CeO2 by enabling high surface area though it was not included in chemical
processes. The temperature increase was directly correlated with improved OSC and metal-
support contact; in this case metal was Ni, facilitated reducibility and presented higher OSC.

Reina et al. (2015) made his research on oxygen storage capacities of Au/CeQ2/Al;03
and transition metal doped catalysts by preparing supports by co-precipitation method while
Au was dispersed by direct anionic exchange process. The catalytic activities were tested at
140-350 °C temperature range with ideal feed composition. OSC was obtained by ten O-
pulses followed by series of CO-O> pulses and the average amount of CO2 per pulse was
ascribed to OSC. According to the results, outstanding WGS activity stemmed from doping

Fe since it led improvement in not only structural also redox properties of catalyst.
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Same group (Reina et al., 2016) performed a study on following year about
multicomponent Au/Ce1xCuxO2/Al03 catalysts and investigated CeO2-CuO interaction
which may be a key parameter in catalytic performance. Same OSC measurement procedure,
pulse injection method, was employed with previous year study. For all samples, the general
trend was obtained in which OSC increased with temperature rise. Ce-Cu mixed system
showed higher OSC than Ce/Al and Cu/Al samples having similar values which was
explained by Ce-Cu synergy. Furthermore, deposition of Au on samples provided an
improvement in OSC at all temperatures and this might arise from changing reducibility

features of catalysts by Au addition.

A great majority of data obtained for OSC in literature was based on pulse injection
method. Reddy et al. (2005) had tried a different method to evaluate the OSC of CeO», CeO»-
SiO2, CeO2-TiO2 and Ce0,-ZrO, samples. Thermogravimetric analysis was completed to
examine OSC. The samples were heated to 800 °C in N2 and cooled to 150 °C in dry air and
again heated to 800 °C in N2 by ramp of 5 K/min. The weight change of sample was used to

attain oxygen storage capacities.
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The chemicals used for catalyst preparation are all research grade and are listed in

Table 3.1.
Table 3.1. Chemicals used for catalyst preparation.
Chemical Formula Specification Source | MW (g/mole)
Ammonium Riedel-de
NH4VO3 99% 116.98
meta-vanadate Haén
Ammonium Sigma-
NHsReO4 99.999% _ 268.24
perrhenate Aldrich
Cerium (I11) nitrate Sigma-
Ce(NO3)3.6H.0 99.99% _ 434.23
hexahydrate Aldrich
Oxalic acid dihydrate | C2H204.2H20 98% Alfa Aesar 126.07
Sodium carbonate Na2CO3 99.9+% Merck 105.99
Tetraammineplatinum Sigma-
) Pt(NH3)4(NO3)2 99.995% _ 387.22
(1) nitrate Aldrich
Water H20 Deionized - 18.02

3.1.2. Gases and Liquids

The specifications and applications of the gases and liquids applied in this research are

presented in Table 3.2 and 3.3, respectively.
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Table 3.2. Specification and application of the liquid used.

Liquid | Specification Application

Water | Deionized (DI) | Aqueous solutions, Reactant

Table 3.3. Specifications and applications of the gases used.

Gas/Standard | Formula | Specification Supplier Application
Inert, Reducing
Argon Ar 99.995% Linde agent, GC Carrier
Gas
Helyum He 99.999% Linde Inert
Carbon ) Reactant, GC
o CO2 99.995% BOS-Linde o
dioxide calibration
Carbon Reactant, GC
_ CO 99.999% BOS o
monoxide calibration
] ] GC 6-way
Dry air - 99.998% Linde )
pneumatic valve
) Reactant, GC
Hydrogen H2 99.995% BOS-Linde o
calibration

3.2. Experimental Systems
The experimental system used in this research consists of five main groups:
e Catalyst Preparation Systems: These systems involve equipment in order to prepare

the support and to achieve incipient-to-wetness impregnation steps of catalyst

preparation.
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e Catalyst Characterization Systems: These systems are used to detect the structural and
surface chemical properties of catalyst samples and to view the changes which catalyst
samples may undergo during reaction.

e Catalytic Reaction System: This system is used to determine the catalytic activity,
selectivity and stability. It is composed of a feed section including mass flow
controllers for gases, HPLC pump for water and a mixing zone; a reaction section
involving a continuous flow fixed-bed micro reactor embed in a temperature-
controlled furnace.

e Product Analysis System: The analysis of the product and reactant streams is
performed by using an on-line connected gas chromatograph to micro reactor flow
system.

e Gravimetric Gas Sorption Analysis System: This group including a gravimetric
sorption analyzer and a mass spectrometer is used to examine the Oz adsorption

properties of catalyst samples.
3.2.1. Catalyst Preparation System
The system used for catalyst preparation by incipient-to-wetness impregnation

technique (Figure 3.1) involves a Retsch UR1 ultrasonic mixer, a KNF Neuberger vacuum

pump, a Biichner flask and a MasterFlex peristaltic pump.

Figure 3.1. Schematic diagram of the impregnation system: 1. Ultrasonic mixer,
2. Blchner flask, 3. Vacuum pump, 4. Peristaltic pump, 5. Precursor solution beaker,
6. Silicone tubing (Basar, 2016).
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The system used for support preparation by homogeneous deposition precipitation
method including a Julabo ED-13 water bath, the support material beaker, a Heidolph RZR
2021 impeller and a Mettler Toledo FE20 pH-meter is demonstrated in Figure 3.2.

Figure 3.2. Schematic diagram of the deposition precipitation system:
1. Water bath, 2. Beaker, 3. Overhead stirrer, 4. pH meter (Basar, 2016).

3.2.2. Catalyst Characterization Systems

3.2.2.1. Raman Spectroscopy. The possible coke formation on the spent catalysts and extent

of V-O-Ce bond formation on samples were analyzed with Raman spectroscopy. A
Renishaw in via Raman microscope was used to obtain Raman spectra of the freshly reduced
and spent catalysts with 514 nm 20 mW Ar" laser as the excitation source, 2 mW laser
intensity, 10 s acquisition time and a total of 5 accumulation per spectrum. The analyses
were performed at the Advanced Technologies Research and Development Center of

Bogazigi University.

3.2.2.2. X-ray Photoelectron Spectroscopy (XPS). The electronic interactions between the

species on the surface and degree of oxidation of metals on freshly reduced and used samples
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were examined by X-ray photoelectron spectroscopy (XPS). The analyses were conducted

at the Advanced Technologies Research and Development Center of Bogazigi University.

3.2.2.3. Scanning Electron Microscopy. To analyze the metal dispersion, microstructure and

morphology of the freshly reduced and used samples, micrographs were obtained using
Philips XL 30 ESEM-FEG system having a maximum resolution of 2 nm. The tests were
conducted at the Advanced Technologies Research and Development Center of Bogazici

University.

3.2.2.4. CO Chemisorption. Pt dispersion was measured with CO Pulse Chemisorption to

quantify the total amount of metal available for reaction using Hiden Analytical CATLAB.
The samples were reduced in situ prior to CO uptake measurements. The CO uptake analyses
were performed at room temperature with 60 ml/min He flow via injecting 0.1 ml pulses
involving 5 % CO over the catalyst samples. The amount of CO adsorbed was measured by

assuming the ratio of CO to Pt as 1 and metal dispersions were calculated.

3.2.3. Catalytic Reaction System

The catalytic reaction system (Figure 3.3) used in this study was designed and
constructed in the Catalysis and Reaction Engineering Laboratory of Chemical Engineering
Department, Bogazi¢i University. This system comprises of three sections: feed, reaction

and product analysis.

The feed section is composed of an Agilent Technologies 1200 series HPLC pump for
water feed and the Brook Instrument 0254 series mass flow controllers (MFCs) to adjust the
flow rate of the inlet gases via the Brooks Instrument 0254 series control box, 1/4°, 1/8”’
and 1/16” Swagelok stainless steel (SS) tubes, valves and fittings for feeding water and
gaseous species, i.e. argon, carbon dioxide, carbon monoxide and hydrogen. The gases
involved in this system were procured by pressurized cylinders by passing pressure
regulators at the pressure of 2.5 bar. On-off valves were placed right before the mass flow
controllers to avoid any possible back-pressure fluctuations. Each gas was fed from an
independent line in order to control flow rate of the gases separately.
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Figure 3.3. Schematic representation of the microreactor flow system:

1. Mass flow controller, 2. On-off valve, 3. Three-way valve (Demirhan, 2015).
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The water was sent to the system using an Agilent 1200 series high pressure liquid
chromatography pump providing the constant flow rates. The 1/16°’ stainless steel tubing
was kept at 140 °C with the help of a 104 W Cole-Parmer heating tape to ensure that water
turns into steam completely. The temperature measurement of the mixing line was achieved
by a K-type jacketed thermocouple and was controlled by a Eurotherm 3216 PID
temperature controller. In order to avoid heat losses from the heating tape, ceramic wool
isolations were implemented through the line where reactants were mixed before entering

the reaction section.

The reaction section involved a 71 c¢cm long 1/4’> OD stainless steel fixed bed
microreactor placed in a50 cm x 20 cm x 20 cm furnace, and a K-type jacketed thermocouple
and a Shimaden FP23 programmable temperature controller. The catalyst bed was fixed in
the middle of the reactor by using silane treated glass wool. Ceramic wool insulation was
placed at top and bottom ends of the reactor furnace to avoid heat loss. The reactor was
followed by a cold trap including two condensers situated in an ice-water bath to remove

steam from the reactant mixture since it causes damages in gas chromatograph column.

3.2.4. Product Analysis System

An Agilent Technologies 6850 gas chromatograph equipped with a HayeSep D
column and a Thermal Conductivity Detector (TCD) was used for quantitative determination
of dry product and feed streams. The hourly time-on-stream (TOS) data was recorded to
evaluate the performance of catalysts. Analysis conditions of the GC are given in Table 3.4

below.

Table 3.4. Product and reactant gas analysis conditions for WGS system.

GC Specifications Agilent Technologies 6850
Carrier gas Argon
Carrier gas flow rate, ml/min 15
Column temperature (°C) 40
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Table 3.4. Product and reactant gas analysis conditions for WGS system (cont.).

GC Specifications Agilent Technologies 6850
Column tubing material Stainless steel
Column length & Inner diameter 3mx3mm
Column packing material Hayesep D
Detector type TCD
Detector temperature (°C) 150
Inlet tempertature (°C) 100
Sample loop (ml) 1

The gas chromatograph was calibrated before starting to the experiments. Calibration
was carried out by injecting the known amount of gases under the terms given in Table 3.4.
The volume percent versus peak area curves were obtained for each gas and calibration

factors were attained by linear regression.

3.2.5. Gravimetric Gas Sorption Analysis System

The gravimetric gas sorption analysis system consisting of a Hiden Isochema
Intelligent Gravimetric Analyzer IGA-003 Dynamic Mixed Gas Sorption Analyzer and a
Hiden Analytical Dynamic Sampling Mass Spectrometer (DSMS) is shown in Figure 3.4.

The oxygen storage capacities of catalysts samples were determined by IGA system
while the volumes of the gases in the outlet stream were measured by DSMS system. Oxygen
storage capacity measurements were achieved at reaction conditions applied in WGS
performance tests. The calculations were based on observing the change in weight of the

sample during WGS tests while increasing temperature of sample under inert atmosphere.

IGA is designed and programmed to work in two modes; that are dynamic and static
modes. In static mode, the gases used in the experiments are supplied by pressurized
cylinders and sent directly to IGA without adjusting the flow by an MFC. On the other hand,
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in dynamic mode, the gases are passed through mass flow controllers which allow setting
the desired flow rates before entering IGA system. In the IGA experiments conducted for
this study, the dynamic mode was used.

o 3
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Figure 3.4. Schematic diagram of the gravimetric gas sorption analysis system.

The feed part of the IGA-DSMS system consists of Brooks Instrument 5850E series
mass flow controllers and a Teledyne Hastings model mass flow controller to set the desired
value for flow rates of gases used in analysis (CO, CO2, Hz and He), 1/4", 1/8" and 1/16"
Swagelok stainless steel tubing, valves and fittings. The gases supplied by pressurized
cylinders were passed through regulators that are adjusted to constant value of 5 bar for all
experiments. In order to prevent mass flow controllers from possible back pressure, on-off
valves were used between the mass flow controllers and the mixing zone where the gases
were mixed homogeneously. In order to send the system trace amount of water, NE-300
model New Era Pump Systems Inc. syringe pump was used. The system also involves
pressurizer, Parker ABP1 model back pressure regulator and Keller LEO1 digital manometer
to perform high pressure analysis, however, for this study; it was not required due to the

pressure range worked in.
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The samples were placed in IGA chamber and weighted to see the changes during
analyses. The IGA chamber has two outlets: the first one was sent to a vacuum pump to keep
the pressure inside the chamber constant at a desired value by opening automatic exhaust
valve and the second one was sent to DSMS to detect the amount of gases evolved during

experiments.

3.3. Catalyst Preparation and Pretreatment

Ceria support was synthesized by homogeneous precipitation of cerium (Il1) nitrate
hexahydrate by using sodium carbonate as precipitating material. Figure 3.2 presents the set
up for support preparation. The aqueous solutions of materials, cerium (IIl) nitrate
hexahydrate and sodium carbonate were obtained by dissolving the precursors in 100 ml of
deionized (DI) water. Afterwards, the sodium carbonate solution was slowly added to the
cerium nitrate solution until obtaining pH of 8 and the temperature of the solution was kept
at 60 °C and throughout (stirred at 200 rpm) the procedure. After the pH value was 8, the
resulting suspension was left for an hour to be mixed at the specified temperature and pH in
the water bath shown in Figure 3.2. The mixture was then filtered by Watman filter paper
and washed with DI water several times followed by drying overnight at 110 °C and

calcination in a muffle furnace at 400 °C for 4 hours (Caglayan, 2011).

The trimetallic Pt-Re-V/CeO, catalysts were synthesized by the sequential
impregnation of V, Re and Pt precursors to ceria. Accordingly, first VV addition to CeO
support was accomplished by the incipient to wetness impregnation method using aqueous
solution of ammonium metavanadate and oxalic acid dihydrate which was added in order to
solve V precursor in DI water with molar ratio of 1:1.5. The calculated amount of CeO>
support was put in a Buchner flask and kept in ultrasonic mixer for 30 minutes under
vacuum. The prepared precursor solution was impregnated over the CeO> support which is
under vacuum via Masterlex computerized-derive peristaltic pump at a rate of 0.4 ml/min.

The obtained slurry stayed in ultrasonic mixer for 1.5 hours under vacuum and then was
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dried overnight at 110 °C. Finally, it was subjected to 2 hours calcination in the muffle
furnace at 400 °C.

Re-V/CeO; catalysts were prepared by the addition of ammonium perrhenate to the V
impregnated CeO> support by incipient to wetness impregnation technique. The determined
amount ammonium perrhenate precursor was dissolved in relevant amount of DI water. The
synthesized V/CeO; catalyst was placed in a Biichner flask and mixed ultrasonically for 30
minutes under vacuum. The resulting solution was impregnated on the catalyst by the help
of Masterlex computerized-derive peristaltic pump at rate of 0.4 ml/min and left for mixing
in ultrasonic mixer for 1.5 hours under vacuum. After this step was completed, the catalyst

was dried overnight at 110 °C and calcined at 400 °C for 2 hours in the muffle furnace.

Lastly, Pt metal was added to V-Re/CeO> catalysts again by following incipient to
wetness impregnation method. Accordingly, aqueous solution of tetraammineplatinum (11)
nitrate precursor was deposited on V-Re/CeO: catalysts which were put in Blichner flask
and mixed ultrasonically for 30 minutes under vacuum. After the deposition was achieved
by using Masterlex computerized-derive peristaltic pump at rate of 0.4 ml/min, it was
dwelled in ultrasonic mixer for 1.5 hours and dried overnight at 110 °C followed by

calcination at 400 °C for 4 hours in the muffle furnace.

The catalysts prepared to be tested in this study are demonstrated in Table 3.5. Before
conducting the reaction tests, the samples were were reduced in situ by heating from room
temperature to the reduction temperature of 375 °C at a rate of 8.75 °C/min under 15 % Ho/Ar

flow with total flow rate of 100 ml/min and were kept at 375 °C for 2 hours.

Table 3.5. List of Pt-Re-V/CeO, WGS catalysts.

Catalyst Name Ptwt.% | Rewt.% | V wt.%
0.5Pt-1Re-1V/CeO> 0.5 1 1
1Pt-1Re-1V/CeO> 1 1 1
0.5Pt-0.5Re-0.5V/CeO2 0.5 0.5 0.5
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3.4. WGS Performance Tests and Oxygen Storage Capacity Measurements

3.4.1. WGS Performance Tests

In the current study, the WGS perfomance tests were conducted at 300, 350, 400 and
450 °C by using the same two realistic feeds having different H.O/CO ratio, which are
presented in Table 3.6 as RF#1 and RF#2, to investigate the WGS performances of all three
catalysts presented in Table 3.5 in 300-450 °C temperature range. Note that the performances
of 0.5Pt-1Re-1V/CeO2 and 1Pt-1Re-1V/CeO; catalysts were tested previously by our group
members Kesim (2017) and Ozer (2016), respectively. By the tests performed in the current
work, the performance of those catalysts was analyzed for a wider temperature range, and
the previous performance data were confirmed as well. The tests were carried out on 75 mg
freshly reduced catalyst samples with 120,000 ml gea*h™* GHSV for 6 hour time-on-stream
(TOS). Between the end of reduction step and initiation of reaction, the feed was sent to
purge for a period of 1.5 hour aiming to obtain a homogeneous and steady state feed gas

composition. In the meantime, the catalyst was trapped in the reactor under Ar atmosphere.

Table 3.6. Realistic feed compositions performed in first part of the study.

Feed Name H20/CO Ratio Flow Composition
Realistic Feed #1 67 4.9%CO0O, 32.7%H-0, 30%Ho,
(RF#1) 10.4%COz, 22%Ar
Realistic Feed #2 162 2.1%CO0, 34.1%H-0, 23.7%Hz,
(RF#2) 12.3% CO2, 27.8%Ar

The time-on-stream performance tests was started with the first contact of reactant
gases with the freshly reduced catalyst sample, and the first product analysis data was
recorded 30 minutes later than the first contact. Three feed analyses were carried out after
taking 6 hours TOS data. All the WGS performance experiments conducted for this study
are listed in Table 3.7.



Table 3.7. List of the experiments performed for first part of the study.
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Catalyst H20/CO Temperature (°C) Experiment #
6.7 300 1
6.7 350 2
6.7 400 3
0.5Pt-1Re-1V/CeO; o7 0 ’
16.2 300 5
16.2 350 6
16.2 400 7
16.2 450 8
6.7 300 9
6.7 350 10
6.7 400 11
1Pt-1Re-1V/CeO> 6.7 450 12
16.2 300 13
16.2 350 14
16.2 400 15
16.2 450 16
6.7 300 17
6.7 350 18
6.7 400 19
0.5Pt-0.5Re-0.5V/CeO; o7 0 20
16.2 300 21
16.2 350 22
16.2 400 23
16.2 450 24
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3.4.2. Oxygen Storage Capacity (OSC) Measurements

A Hiden Isochema Intelligent Gravimetric Analyzer coupled with Hiden Analytical
Dynamic Sampling Mass Spectrometer (IGA-MS or IGA-DSMS) system was used in the
operando oxygen storage capacity (OSC) measurements. The tests were conducted on 75
mg freshly reduced catalyst with 40,000 ml gear th™t GHSV. Each catalyst was tested at 350
°C, the temperature at which the highest activity was obtained in performance tests, under
two diluted realistic feed compositions, DRF#1 and DRF#2, which are the diluted forms of
the ones used in performance tests, namely RF#1 and RF#2, respectively. DRF compositions
used in the tests were presented in Table 3.8. Additionally, 1Pt-1Re-1V/CeO2, which had
the highest performance in the first part of the study, was tested at three different
temperatures, 350, 400 and 450 °C under the flow of DRF #1 in order to clarify the
temperature effect.

Table 3.8. Realistic feed compositions performed in second part of the study.

Feed Name H20/CO Ratio Flow Composition
Diluted Realistic Feed #1 5.7 6.5% RF#1 + 93.5% He
(DRF#1) ’ (RF#1: 6.3%CO, 41.9%H,0, 38.5%H,,
13.3%CO0»)
Diluted Realistic Feed #2 5.8% RF#2+ 93.5% He
(DRF#2) 16.2 (RF#2: 2.9%CO, 47.1%H:0, 32.7%Hz,
17.3% CO)
He - 100% He

Experiments conducted with pure He flow over each catalyst at all temperature levels
were used to determine the “structural” oxygen already exist in the catalysts/their structure.
The He experiments revealed the structural oxygen capacity (S-OSC) involving the oxygen
in the surface groups and stored oxygen in the ceria lattice. However, the experiments
conducted upon diluted realistic feed flow(s) display not only the oxygen stored in lattice
and located on surface in the form of surface groups as formate, carbonate and/or carboxyl-

carboxylate like intermediates, but also the oxygen emanating from reaction; which can be
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called as “total” oxygen storage capacity (T-OSC). The oxygen stored, which is related to
the catalytic activity, involves the ones coming from reaction and some surface groups
(please see the R&D section on OSC). Table 3.9 illustrates the experiments conducted for

OSC measurements.

Table 3.9. List of the experiments performed for determination of OSCs of the catalysts.

Catalyst H20/CO Temperature (°C) Experiment #
16.2 350 1
6.7 350 2
6.7 400 3
1Pt-1Re-1V/CeO:>
6.7 450 4
He 350 5
He 400 6
He 450 7
16.2 350 8
0.5Pt-1Re-1V/CeO> 6.7 350 9
He 350 10
16.2 350 11
0.5Pt-0.5Re-0.5V/CeO> 6.7 350 12
He 350 13

The new operando methodology utilizing IGA-DSMS system was developed to
determine the various types of oxygen storage capacities of the catalyst samples. At the
beginning, 75 mg catalyst sample was placed in IGA chamber with certain amount of quartz
wool on it to prevent dusting under gas flow. Then, the sample was heated from room
temperature to 120 °C under vacuum to degas the system for eliminating gas molecules
might be adsorbed on during placement of sample and for removing N2 from air that might
be present in the chamber, which gives partial pressure signal at the same mass value with
CO in MS. During degassing, the gas within the system was vacuumed with 50 ml/min rate

until the inner pressure decreased down to 5*10° mbar. After degassing, the sample was
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reduced in-situ under the flow of 50 ml/min ‘15% H-balance He’ mixture at 375 °C. Then,
WGS reaction was initiated through feeding the system with DRF #1 or #2, and the reaction
was conducted for 2 h-TOS. During the reaction step, the oxygen molecules supplied by
H>0 as well as oxygen from some surface species participate in WGS reaction. At the end
of 2 hours, He was allowed to flow for 1 hour to sweep all of the gases remained inside the
large reactor volume. This was followed by a temperature increase to 800 °C in a controlled
manner; throughout the temperature ramp the weight change of the sample was recorded at
Hiden Isochema Intelligent Gravimetric Analyzer while partial pressures of outlet gases
were measured by Hiden Analytical Dynamic Sampling Mass Spectrometer at real-time
basis. The only difference between operando reaction tests conducted to determine T-OSC
and the He experiments through which S-OSC was measured is; instead of feeding the
system with DRFs in the reaction step, 50 mL/min pure He was introduced to the chamber
in He tests.

All calculations were based on the weight change of the catalyst sample and the
volume ratio of outlet gas mixture. Firstly, the inconsistencies in data obtained from mass
spectrometer and IGA system due to time shift were detected, and time lag was eliminated
via taking the time when WGS reaction was stopped as the basis. Then, the misleading data
led by any electrical fluctuations affecting MS signal were corrected. In the next stage, for
each of the CO2 and CO partial pressure data series, a minimum value was determined and
subtracted from the whole set; thus that minimum value is zeroed and the whole set is called
“zeroed data”. Zeroed data was then normalized via dividing the whole set by a maximum
signal value measured just before the signal began to drop following the cease of feed
mixture, which stops the reaction. Thus, the normalized data set was confined between 0 and
1. Throughout the tests SEM detector, which provides high precision data with higher
frequency, was used instead of Faraday detector. The fluctuations due to very high sensitivity
of the SEM detector were then smoothed by moving average method -the average of 20 data
before the data itself-. The areas obtained via OPUS 6.5 Software under the plots of
“smoothed data vs. time” for CO, and CO signals measured by MS and weight change by
IGA during temperature rise stage of the method were utilized to calculate T-OSC and S-

OSC, for the tests conducted under reactive and inert atmosphere, respectively. E-OSC was
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then calculated by subtracting S-OSC from T-OSC. A representative smoothed plot of CO;
at the outlet, obtained under DRF #1 flow at 350 °C, along with the enlarged plot of area
under consideration were given in Figure 3.5 a&b. In order to ensure the reliability and
sensitivity of the data obtained for OSC studies; the blank tests, during which only the quartz
wool was placed in the chamber for the same conditions/methodology mentioned above,
were conducted. The results of the blank tests verified that quartz wool was not reactive, and
confirmed the reactant gasses were completely swept from the chamber in the sweeping
stage of the procedure.
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Figure 3.5. The representative data of smoothed CO> MS signal for realistic feed #1 and

the blank test (a); and zoomed version of same data (b).
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4. RESULTS AND DISCUSSIONS

The present work is a part of an ongoing study aiming to design and develop high
performance, steam tolerant, non-pyrophoric WGS catalyst(s) to be used in a demo-scale
fuel processor (DFP) producing PEM grade hydrogen for PEM fuel cells. The current work
mainly focuses on developing a reliable methodology for determination of oxygen storage
capacity (OSC) of the catalysts through the use of operando IGA-MS analysis; and
establishing a relation between WGS activity and OSC.

The results of this study are presented in three sections. In the first section, the results
of WGS performance tests conducted under realistic conditions are reported. The second
section comprises the results of the SEM, XPS and Raman Spectroscopy analyses, which
were performed to clarify the link between micro physical and (surface) chemical properties
of the catalysts and their WGS activity. In the final section, an operando methodology
proposed for measuring oxygen storage capacity (OSC) of the samples is explained and
verified; values of different types of OSC measured/calculated for the samples are presented;

then, the relation between OSC and WGS activity for the samples is scrutinized.

4.1. Water Gas Shift Performance Tests

The performances of catalysts prepared were evaluated based on their activity and
stability in WGS reaction under the experimental conditions listed in Table 3.7. Catalytic
activity was reported as CO conversion and amount of net H produced for both realistic
feed compositions. 2 h TOS data were used to make comparison between the catalytic
activities of samples (Figure 4.1 and 4.2). Blank tests were previously performed by
Caglayan to verify that stainless steel reactors, glass wool and CeO> support have no catalytic

activity (Caglayan, 2011).
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CO conversion, as the percentage of converted CO based on the CO amount sent in
feed stream, and amount of net H, produced, as the net percentage increase in Hz flow in
product stream on the basis of H, amount fed in the reactant stream, are calculated by using

Equation 4.1 and 4.2, respectively.

Fcoin — F
CO conversion (%) = l coln CO""“] 100 (4.1)
FCO,in
. l:Hz,out - FHZ,in
Net H, production (%) = e 100 (4.2)
Hz,in

The molar flow rate of each species in the feed and product streams is calculated by

using Equation 4.3:

PV,
F; (umols™1) = % (4.3)

Where P denotes the atmospheric pressure, Vigas is the volumetric flow rate of the gas,

R is the universal gas constant and T is the absolute temperature.

Equation 4.4 and Equation 4.5 are used to calculate CO conversion and the net gas (H:

and CO») production rate, respectively:

1:‘CO,in - 1:CO,out
Weat

CO conversion rate (umol g~1s71) = (4.4)

F — Foasi
Net gas production rate (umol g~1s71) = gasout _gasim

(4.5)

Weat
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The stability of catalysts is evaluated on the basis of activity loss which is defined as

the percent loss of initial activity and is calculated by Equation 4.6:

CO conversion — (CO conversion
Activity loss (%) = ( 0 C)gi“;ersgon)OSh Jon 100 (4.6)

All the TOS activity and stability data obtained from WGS performance tests are
provided in Appendix A.

4.1.1. Realistic Feed Tests

The performance tests were carried out under atmospheric pressure at four different
temperatures, 300, 350, 400 and 450 °C, over three Pt-Re-V/CeO, samples for two realistic
feed conditions, which simulate typical reformer outlet presented in Tables 3.5 and 3.6.
Throughout the tests, GHSV was kept fixed at 120,000 ml gecar* ht. There was no methane
formation at any reaction condition, proving that Pt-Re-V system suppressed secondary
methanation activity.

The role of temperature on catalytic activity and net Hz production of the trimetallic
Pt-Re-V/CeO- catalysts for the RF #1 (H.O/CO=6.7) are displayed in Figures 4.1 (a) and
(b), respectively. Figure 4.1 (a) also involves the equilibrium CO conversions for WGS
reaction evaluated by the help of HSC-Chemistry Software.

Experimental results indicate that the conversion levels for each catalyst were
relatively lower at 300 °C. On the other hand, the highest conversion values that were
achieved on 1Pt-1Re-1V/CeO; and 0.5Pt-0.5Re-0.5V/CeO; catalysts at 350 °C are 71% and
66%, respectively. Both catalysts generated ca. 10% additional H> on the basis of H> amount
already existed in the feed stream. Similar to the trend in thermodynamic equilibrium
conversion change with temperature; as the temperature increased to 400 °C, the catalytic
activities of 1Pt-1Re-1V/CeO- and 0.5Pt-0.5Re-0.5V/CeO, samples both decreased to ca.
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64% conversion level, leading to a decrease in net Hz production from 10% to 9% though
0.5Pt-1Re-1V/CeO, catalyst showed its highest catalytic activity at 400 °C with 60% CO

conversion value and 7% net Hz production.
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Figure 4.1. Temperature dependence of (a) catalytic activity and (b) net H. production for
realistic feed #1, H,O/CO = 6.7 (4.9% CO, 32.7% H-0, 30.0% H>, 10.4% CO,, 22.0% Ar).
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Further increase in temperature, to 450 °C, led to decrease in both CO conversion
levels and net H> production percentages for all catalysts. At this temperature level, the
lowest CO conversion level (42%) was attained over 0.5Pt-0.5Re-0.5V/CeO; catalyst
although for other temperature levels, 0.5Pt-1Re-1V/CeO. catalyst showed inferior
conversion values accompanied by its low net H> production amounts. Moreover, among
three catalysts and for the temperature range tested, the lowest hydrogen production rate
(2%) was obtained at 300 °C over 0.5Pt-1Re-1V/CeO> along with its 15% CO conversion,
which was also the lowest conversion level measured in this experimental set. In all cases
except for 300 °C, the CO conversion values for all samples were close to the equilibrium

conversions.

The temperature dependence of CO conversion and net H> production for the RF#2
(H20/CO= 16.2) are presented in Figures 4.2(a) and 4.2(b), respectively. Figure 4.2 (a) also
includes the equilibrium conversions for WGS reaction evaluated by HSC-Chemistry

Software.

In this part of the performance tests, the feed composition was changed from RF #1 to
RF #2, which has higher H,O/CO feed ratio. For all catalyst samples, the conversion values
obtained for both H.O/CO feed ratios at 350 °C were close to each other whereas for the
other temperature values, the difference became apparent. It should be noted that, in general,
altering feed composition from RF#1 having H.O/CO ratio of 6.7 to RF#2 having 16.2
H>O/CO ratio, caused loss in catalytic activity, i.e. resulted in lower CO conversion and net

H> production values measured.

The results of this part of the study illustrated that 0.5Pt-0.5Re-0.5V/CeO> and 0.5Pt-
1Re-1V/CeO; catalysts yielded the lowest CO conversion values and 0.5Pt-1Re-1V/CeO;
catalyst produced the lowest H> amount (0.19%) at 300 °C while 1Pt-1Re-1V/CeO, catalyst
reached relatively higher CO conversion (55%) and H> production (3%) values at this

temperature level.
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Figure 4.2. Temperature dependence of (a) catalytic activity and (b) net H. production for
realistic feed # 2, H,O/CO =16.2 (2.1% CO, 34.1% H0, 23.7% H>, 12.3% CO>, 27.8%

Ar).



48

The highest conversion (68%) was reached again over 1Pt-1Re-1V/CeO: at 350 °C
with net H. production percentage of 3.5% followed by 57% and 52% CO conversion with
4.4% and 5% net Hy production levels obtained over 0.5Pt-0.5Re-0.5V/Ce0O; and 0.5Pt-1Re-
1VICeO,, respectively. Increasing temperature led to decrease in both CO conversion and
net Hx production for all catalysts. For 1Pt-1Re-1V/CeO. catalyst sample, changing
temperature to 400 °C resulted in a decrease in CO conversion and net Hz production to ca.
53 % and to 2.5%, respectively. Further rise in temperature to 450 °C, brought further decline
in catalytic activity. At high temperatures, the CO conversion values approached not only to

each other’s but also to the equilibrium conversion levels.

The activity losses of the catalysts were evaluated through comparing 0.5 h and 6 h
TOS data. The time dependent activity results for RF #1 at 350 °C were presented in Figure
4.3. 1Pt-1Re-1V/CeO> having superior performance with respect to conversion revealed also
the most stable performance with 2.4 % activity loss among other catalyst samples under
these conditions. This highest stability level was followed by 0.5Pt-1Re-1V/CeO; catalyst
with activity loss of 5.7% even though the CO conversion values of this sample was below
that of 0.5Pt-0.5Re-0.5V/CeO; catalyst which lost 13% of its activity at the end of 6 h.
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Figure 4.3. Time dependent stability values of catalysts for realistic feed #1, H.O/CO =
6.7 at 350 °C (4.9% CO, 32.7% H-0, 30.0% H>, 10.4% CO», 22.0% Ar).
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Time dependent stability values evaluated considering 0.5 h and 6 h data for RF #1 at
400 °C are presented in Figure 4.4. The catalytic activities of both 1Pt-1Re-1V/CeO> and
0.5Pt-0.5Re-0.5V/CeO: catalysts decreased with temperature rise. On the other hand, the
activity of 0.5Pt-1Re-1V/CeO; showed the exact opposite relationship with temperature; as
temperature was raised to 400 °C, its activity was enhanced both in terms of CO conversion
and net Ha production. At this temperature, 1Pt-1Re-1V/CeO; and 0.5Pt-0.5Re-0.5V/Ce0>
catalysts had the highest stability with activity losses of 2.9% and 8.8%, respectively. Even
though it had higher activity compared to that of obtained at 350 °C, 0.5Pt-1Re-1V/CeO:
catalyst showed activity loss of 14% at 400 °C.
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Figure 4.4. Time dependent stability values of catalysts for realistic feed #1, H,O/CO =
6.7 at 400 °C (4.9% CO, 32.7% H-0, 30.0% H2, 10.4% CO., 22.0% Ar).

The results of the study revealed that the experiments conducted with RF #1 resulted
in higher net H> production rate and CO conversion values. Actually, RF #1 differs from RF
#2 with its CO concentration; it contains nearly two times the CO amount of RF #2. Since
H-0O, H2 and CO> concentrations were almost the same in both feed compositions, lower net
H> production levels obtained with RF #2 may have been resulted from the limitation in the

CO amount.
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Besides to catalytic activity and stability, selectivity is another parameter in evaluating
the performances of the catalyts studied. WGS catalysts should not only reduce CO
concentration, but also produce additional Hz and therefore they should not have a tendency
to form methane through methanation reaction causing H2 consumption. Throughout the
reaction tests, there was no methane formation and all the tests gave positive net H»
production rates, though for some cases the values are rather low. Figures 4.5 and 4.6
demonstrate the selectivities of three catalysts on the basis of the Hz and CO2 poduction rates
obtained at 6 h TOS at four different temperature levels under the flow of RF #1 and #2,

respectively.
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Figure 4.5. The net H2 and CO2 production rates and the effect of the catalyst type on the
CO conversion for realistic feed #1 (H.O/CO = 6.7) at the end of 6 h TOS.
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Figure 4.6. The net H2 and CO> production rates and the effect of the catalyst type on the
CO conversion for realistic feed #2 (H20/CO = 16.2) at the end of 6 h TOS.

The comparative analysis of the results indicated that catalyst composition and

reaction conditions have significant effect on WGS performance. The catalysts reached their

highest performances at 350 and 400 °C; the highest net H> production values were obtained
under feed flow having low H,O/CO ratio, RF#1, over 1Pt-1Re-1V and 0.5Pt-0.5Re-0.5V

catalysts at 350 and 400 °C, respectively. The differences between catalysts’ performances

become apparent under RF #1 with low H>O/CO ratio while under RF #2 flow, no

pronounced differences were observed.

In general, the results revealed that 1Pt-1Re-1V/CeO; and 0.5Pt-0.5Re-0.5V/Ce0O>
have great potential to be used in a fuel processor as WGS catalysts owing to their high

activity, stability and selectivity. Another important point is that those catalysts can make

the use of a single stage WGS unit in an FP possible instead of conventional two stage (HTS
and LTS) WGS unit.
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4.2. Catalyst Characterization

In this section, the characterization results of Pt-Re-V catalyst samples used in this
study are presented. For the characterization of samples; SEM was used to detect the
microstructural properties, XPS was used to identify the oxidation levels of CeOx support
and metallic components, and Raman Spectroscopy was used to analyze the V-O-V and V-
O-Ce bonds, and the changes that these bonds undergo in response to changes in Pt:Re:V
loadings.

4.2.1. SEM

The microstructural properties of the freshly reduced catalysts were analyzed by using
scanning electron microscopy (SEM). All the samples characterized by SEM presented a
very porous, blossom-like morphology. The SEM micrographs of all freshly reduced
catalysts; 0.5Pt-0.5Re-0.5V/Ce0O,, 0.5Pt-1Re-1V/CeO> and 1Pt-1Re-1V/CeO, at 100,000x
magnification are given Figures 4.7 (a), (b) and (c), respectively. Figure 4.7 indicates that

all three catalysts have similar microstructural properties.

AccV  SpotMagn AccV SpotMagn Det WD |—— 500nm
200KV 3.0 100000x 8 200KV 30 100000xMIX 7.8

(a) (b)
Figure 4.7. SEM micrographs of freshly reduced catalysts (100,000x) for
(a) 0.5Pt-0.5Re-0.5V/CeOy, (b) 0.5Pt-1Re-1V/CeO- and (c) 1Pt-1Re-1V/CeOo.
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Figure 4.7. SEM micrographs of freshly reduced catalysts (100,000x) for
(@) 0.5Pt-0.5Re-0.5V/CeOy, (b) 0.5Pt-1Re-1V/CeO- and (c) 1Pt-1Re-1V/CeO: (cont.).

SEM micrograph for 1Pt-1Re-1V/CeO, sample taken at 100,000x magnification is
presented in Figure 4.8. The bright areas shown in red circles mainly consist of platinum
particles dispersed over CeOx support, which has blossom-like stucture with 30-50 nm width

and primarily determines the micro-physical structure of the catalyst.
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Figure 4.8. SEM micrograph of 1Pt-1Re-1V/CeO: catalyst from taken at 100,000x.
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Since the number of backscattered electrons (BSE) reaching the BSE detector is
proportional to the mean atomic number of the element, V and Ce elements which have close
atomic numbers, have nearly the same brightness; hence it is hard to distinguish the V atoms
on surface from Ce in BSE images. This is the reason why V atoms are not seen in SEM
micrographs. The SEM images of 0.5Pt-0.5Re-0.5V/CeO; and 0.5Pt-1Re-1V/CeO2 samples

are shown in Figures 4.9 (a) and (b), respectively.
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Figure 4.9. SEM micrographs of (a) 0.5Pt-0.5Re-0.5V/CeO; and (b) 0.5Pt-1Re-1V/CeO..

4.2.2. XPS

The elemental composition of the catalysts’ surface and the oxidation states of the
metallic species present on it were analyzed by X-ray photoelectron spectroscopy (XPS).
XPS is a meaningful method to analyze both the surface of a freshly reduced sample and that
of a spent catalyst subjected to modification(s) during reaction. XP spectra of samples
presented the characteristic oxidation states of Ce, Pt, Re, V and O atoms.

The XP spectra for Ce 3d region of freshly reduced catalyst samples including the
principal spin-orbit state peaks of Ce3ds. and Ce3ds» corresponding to Ce** and Ce**
oxidation states, labeled as v and u, respectively, are illustrated in Figure 4.10. The spectra

of Ce 3d region displayed total of 10 peaks compatible with the literature (Caglayan and
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Aksoylu, 2011; Jardim et al., 2015). The shift observed in XP spectra has resulted from the
incorporation of metals into ceria lattice (Caglayan and Aksoylu, 2011) and the change in

catalysts’ composition.
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Figure 4.10. XP spectra for Ce 3d region of freshly reduced catalyst samples
(v: Ce®, u: Ce*).

Figures 4.11 presents the XP spectra of Ce 3d region of freshly reduced and spent
catalysts used during performance tests conducted. The spent catalysts were subjected to
WGS tests through 6 h TOS at 350 °C under feed flows having H.O/CO ratio of 6.7 and
16.2, i.e. RF #1 and #2, respectively. The resulting spectra show that the peaks attributed to

Ce3" and Ce** oxidation states were still detected, however with different intensities.
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Figure 4.11. XP spectra for Ce 3d region of freshly reduced and spent catalysts at 350 °C
under RF #1 and #2.

Deconvolution of the peaks was achieved by using the Avantage software, and the
amount of Ce®* was calculated for reduced and spent catalysts considering the given formula
below (Jardim et al., 2015; Caglayan and Aksoylu 2011):

[Ce3t] =1—Ce3t/(1—Ce3t +1— Ce*t)

where, | — Ce®* and | — Ce** represent the sum of the intensities of two doublets resulting
from Ce203 and three doublets resulting from CeO», respectively.
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The Ce®*" amounts of the catalysts studied in this work were determined for both freshly
reduced and spent forms and presented in Table 4.1. The catalyst reached the highest WGS
activity, 1Pt-1Re-1V/CeO>, was found out to contain relatively higher Ce3* content in its
freshly reduced form compared to other samples’ proving the crucial role of Ce** content in
enhancing electron transfer ability from the support to metallic sites (Caglayan and Aksoylu,
2011; Tabakova et al., 2003; Andreeva et al., 2007).

Table 4.1. The Ce** contents (%) of freshly reduced and spent (under realistic feed #1, RF
#1 and realistic feed #2, RF #2) catalyst samples.

Ce3* (%)
Catalyst
Freshly reduced | Spent (RF#1) | Spent (RF#2)
1Pt-1Re-1V/CeO> 20.6 14.3 15.9
0.5Pt-1Re-1V/CeO> 19.0 16.1 16.8
0.5Pt-0.5Re-0.5V/Ce0- 18.5 16.0 16.8

In order to establish a relation between the WGS activity and Ce* percentage change
upon reaction, the Ce®* amounts of the spent catalyst samples were evaluated. As expected,
the amount of Ce3* declined during reaction for all samples. Additionally, the spectra
belonging to spent samples indicated that Ce®*" and Ce** peaks shifted to higher or lower
binding energies. In the literature, it is stated that due to the excess electron generated from
the removal of an oxygen atom from CeOy, Ce®* ions are very reactive to reactants (Campbell
and Peden, 2005) and the ability of electron transfer from support material to metallic sites
provides high surface concentration and thus high WGS activity (Caglayan and Aksoylu,
2011). The Ce®* content is expected to decrease owing to the electron transfer during reaction
for all samples. The Ce** content on 1Pt-1Re-1V/CeO- catalyst surface which demonstrated
highest WGS activity among other samples presented 31% and 23% decrease at 350 °C
under RF #1 and #2, respectively. Moreover, the catalysts subjected to RF #1 with lower
H»0/CO feed ratio, yielded lower Ce®** content indicating the extent of the catalyst’s electron
transfer ability is directly related to the feed composition.
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The V 2p XP spectra of freshly reduced and spent catalysts are shown in Figure 4.12.
The spectra revealed a peak at 516.2 eV which was attributed to VV** oxidation state (Duarte
de Farias et al., 2008; Suchorski et al., 2005). The V*#* ions which belong to VO, compound
have been reported to enhance WGS activity (Demeter et al., 2000; Junior et al., 2005).
Accordingly, the catalysts which have superior WGS activity, 1Pt-1Re-1V/CeO> and 0.5Pt-
0.5Re-0.5V/CeO>, have higher peak areas centered at 516.2 eV indicating higher amounts
of V* ions on catalyst. No peaks appeared in the spectra around 523 eV belonging to V20s
compounds which are stated as non-active for WGS reaction owing to the presence of V-O-

V bonds (Duarte de Farias et al., 2008; Ballarini et al., 2006).
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Figure 4.12. XP spectra for V 2p region of freshly reduced and spent catalysts under
realistic feed #1 at 350 °C.

The O 1s spectra of freshly reduced and spent catalysts, which were subjected to RF
#1 having H20/CO ratio of 6.7 at 350 °C, are presented in Figure 4.13. The freshly reduced
catalysts illustrated 3 peaks centered at around 528, 530 and 533 eV, which can be attributed
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to oxygen in the CeOx lattice, chemisorbed water and hydroxyls, and weakly adsorbed water
only on the CeOx in oxidized state, respectively (Caglayan and Aksoylu, 2011). After WGS
reaction, the intensities of 528 eV peaks decreased, which indicates a decline in ceria lattice
oxygen, supporting that CeO> have an active role in the reaction. On the other hand, the
intensity of 530.5 peak increased, which suggests the step involving hydroxyls may be the
rate determining step in the reaction mechanism. In order to see the effect of feed
compositions on the type of surface oxygen species, the O 1s spectra of the spent 1Pt-1Re-
1V/CeO, catalyst tested under RF #2 at 350 °C was also obtained (not shown) and it was

observed that the spectra of both samples were alike.
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Figure 4.13. XP spectra for O 1s region of freshly reduced and spent catalysts under
realistic feed #1 at 350 °C.

Figure 4.14 demonstrates the Pt 4f region spectra of freshly reduced and spent catalyst
samples used in the reaction tests conducted with RF#1 at 350 °C. In the literature, the Pt
4f7, peak at 71.0 eV and the Pt 4fs, peak at 74.2 eV are assigned to Pt° and the peaks at 71.9
and 75.1 eV corresponds to Pt?* which is reported as active species for WGS reaction while
the peaks at 74.3 and 77.5 eV are assigned to Pt** species (Mei et al., 2015; Yu et al., 2010;
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Pierre et al., 2007). The spectra of all samples showed that the majority of Pt existed in +2
oxidation state which have active role in WGS reaction. The 1Pt-1Re-1V/CeO. and 0.5Pt-
0.5Re-0.5V/Ce0; samples had slight amounts of Pt** which was reported as having no effect
on catalyst stability. No peak belonging to Pt° species, which is known to have no effect on
WGS activity, have appeared in the spectra (Pierre et al., 2007).

Pt 1Pt-1Re-1V_Fresh
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Figure 4.14. XP spectra for Pt 4f region of freshly reduced and spent catalysts under
realistic feed #1 at 350 °C.

The spectra for Re 4f region of freshly reduced and spent catalysts (not shown) have
illustrated that Re was present in its oxidized form (ReOx) in accordance with literature
(Azzam et al., 2008; lida et al., 2006).
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4.2.3. Raman Spectroscopy

Raman spectroscopy is a method used for investigating the vibrational, rotational, and
other low frequency modes in a metal oxide system (Wu et al., 2011). Hence it is used for
the analysis of metal oxide systems present in the freshly reduced and spent forms of the

catalysts used in this work.

Figure 4.15 (a) and (b) present the Raman spectra of freshly reduced and spent Pt-Re-
V/CeO, samples; the spent catalysts were tested for WGS reaction through 6 h TOS at 350
°C under the flow of RF #1 and #2 having H.O/CO= 6.7 and 16.2, respectively. The perfect
Raman scattering nature of ceria results in overwhelming the signal from surface vanadium
species and since the samples mainly consist of CeO,, the spectra are dominated by CeO-
bands (Wu et al., 2011).

Ce0O> Fresh-1Pt1RelV
Spent-1Pt1RelV
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Figure 4.15. Raman spectra of freshly reduced and spent catalyst samples for (a) realistic
feed #1 and (b) realistic feed #2 at 350 °C.
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Figure 4.15. Raman spectra of freshly reduced and spent catalyst samples for (a) realistic
feed #1 and (b) realistic feed #2 at 350 °C (cont.).

The sharpest Raman peak at around 460 cm™, which is attributed to bulk ceria, was
detected for freshly reduced and spent forms of all catalysts. Besides the main peak, the
samples revealed bands at around 265 cm™ and 590 cm™ resulting from the oxygen vacancies
in CeO2, which are consistent with the literature values (Hwang et al., 2011; Yu et al., 2011).
It was reported that higher values of Isgo/l4s0 ratio shows the extent of oxygen vacancies
(Harshini et al., 2014). 1Pt-1Re-1V/CeO- catalyst led to a higher Iseo/l4eo ratio in its spent
form compared to those of other samples’, suggesting it has higher oxygen storage capacity
(OSC). The decrease in the intensity of the 460 cm™ band for the spent forms of 1Pt-1Re-
1V/CeO; and 0.5Pt-0.5Re-0.5V/CeO> can be attributed to their activity in WGS reaction
because no noticeable decrease was detected in the intensity of the same peak for spent form

of 0.5Pt-1Re-1V/CeO>, over which lower CO conversion values obtained in performance
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tests. It is worthwhile to mention that a slight shift of 460 cm™ band observed in Raman
spectra of the spent catalysts to lower wavenumber levels suggests active role of CeOz in

WGS reaction (Rico-Frances et al., 2016).

As the peak at 460 cm™ is very dominant, the expanded version of Figure 4.15 (a) was
given in Figure 4.16 in order to see the 550-1800 interval clearly. The characteristic peaks

at this interval are also valid for spectra of samples subjected to RF #2 (not shown).
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Figure 4.16. The expanded Raman spectra of freshly reduced and spent catalyst samples
for realistic feed #1 350 °C.

The band at around 840 cm™ was attributed to CeVO4 species (Wu et al., 2011;
Martinez-Huerta et al., 2008). Furthermore, the peaks located at around 930 cm™ and 1060
cm* belong to V-O-V and V=0 modes in polyvanadate surface species, respectively (Wu et
al., 2011; Ayandiran et al., 2016). CeVO4 can be formed since CeO> support has tendency
to react with surface V°* species to generate V°*-O-Ce®* bonds which are known as active

formations for selective oxidation and WGS reactions (Martinez-Huerta et al., 2008; Duarte
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de Farias et al., 2008). On the other hand, alteration of CeVVO4 single crystals to bulk
crystalline phase was reported to cause activity decrease due to lessening in the number of
V°*-0-Ce®" sites on the support (Martinez-Huerta et al., 2008).

It should be noted that no bulk V20Os crystals was detected corresponding to 180, 285
and 345 cm! bands implying that vanadium is highly dispersed at the surface (Al-Ghamdi
et al., 2014; Ayandiran et al., 2016). Figure 4.17 shows the Raman spectra of spent catalyst
samples under both realistic feed conditions at 350 °C. The disordered structural mode of
crystalline carbon species and graphitic carbon with high degree of symmetry are denoted
as D and G bands corresponding 1360 cm™ and 1600 cm™ modes, respectively (Paksoy et
al., 2015). Since these bands showed low intensities except for 0.5Pt-1Re-1V/CeO; catalyst
tested under realistic feed #1 giving relatively lower CO conversion levels, it can be assumed
that nearly no coke formation was formed. Additionally, no observable Pt and Re bonds were
detected in all spectra may be an indication of the incorporation of these atoms in the CeO;
lattice (Rico-Frances et al., 2016).
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Figure 4.17. Raman spectra of spent catalyst samples tested under realistic feed #1 (RF1)
and realistic feed #2 (RF2) at 350 °C.
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4.2.4. CO Chemisorption

CO Chemisorption is a method used to quantify the exposed metal amount on the
catalyst available for reaction. Pt dispersion measurement was conducted on 75 mg catalyst
sample. Each catalyst sample was reduced in situ under 15 % H with total flow of 60 ml/min
at 375 °C prior to analysis, and then cooled to room T under He flow. The CO uptake analysis
was conducted at room temperature through injection of 0.1 ml of pulses of 5% CO to the
inert carrier (He) that had 60 ml/min flow rate. The amount of CO adsorbed was obtained
and the metal dispersion values were calculated by assuming the “metal atom to adsorbed
gas” stoichiometry (CO:Pt) as 1, which is compatible with literature (Bo et al., 2018; Kugai
et al., 2015; Lenarda et al., 2018).

The measurements over CeO», V/CeO; and Re-V/CeO> performed previously by our
group showed that negligible amount of CO was adsorbed on these samples at room
temperature. This result is in accordance with the finding of Peick et al. (2005) that CO was
adsorbed only on Pt at room T. Therefore, the obtained dispersion values were attributed to

Pt metal. Table 4.2 presents the Pt dispersion values over the catalyst samples.

Table 4.2. The Pt dispersion values of catalyst samples.

Catalysts Pt Dispersion (%o)
0.5Pt-0.5Re-0.5V/CeO> 15
0.5Pt-1Re-1V/CeO> 15
1Pt-1Re-1V/CeO> 37

4.3. Oxygen Storage Capacity Measurements

The oxygen storage capacities (OSC) of the catalysts used in performance tests were
measured by following the methodology described in Section 3.4.2. In the tests, three
different types of OSC, namely total (T-OSC), structural (S-OSC) and effective (E-OSC),
were determined by using the OSC methodology (Section 3.4.2). As the methodology
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requires operando reaction over the catalyst samples, the samples were subjected to WGS
feed flows DRF#1 and DRF#2, which are the diluted forms of the realistic feeds RF#1 and
RF#2, respectively, used in the WGS peformance tests; the detailed compositions of DRF#1
and DRF#2 are presented in Table 3.8. The experimental conditions used in the operando
OSC studies were listed in Table 3.9

The OSCs were calculated based on the amounts of CO2 and CO gases leaving catalyst
surface, in no. of moles, while increasing sample temperature to 800 °C upon the application
of either reactive or inert environments, and were expressed in “mmol O/gc.t”. There are two
OSC definitions in literature; the first one is the total or thermodynamic OSC, which is
related to complete reducibility, expresses the maximum amount of oxygen that can be
extracted from the sample. The second OSC is termed as dynamic or kinetic OSC, assessing
the most reactive and readily accessible oxygen, which is associated to the amount of oxygen
renewable in the course of reaction (Porsin et al., 2016; Aneggi et al., 2006; Trovarelli et
al., 1997). Similarly, in this study, structural OSC (S-OSC) term is used to define the oxygen
storage capacity in the lattice as well as of the species on the catalyst surface, in the form of
surface groups as formate, carbonate or carboxyl-carboxylate like species, while effective
OSC (E-OSC) term is used to describe the oxygen associated with, i.e. replenished and
renewed, through reaction. At this point, it is worth to mention that all the oxygen stored in
samples; both ‘structural’ and ‘effective’, is assumed to leave surface as CO, and CO and
this assumption was verified with an experiment conducted in IGA equipment showing
when the sample temperature was increased, the desorbing gases were mainly CO; and CO.
No oxygen, methane or water desorption was detected. Blank tests were conducted to assure
that quartz reactor and quartz wool used in experiments had no catalytic activity and did not
have any oxygen storage capacity. The OSC calculations were accomplished through the
combined use of the weight change of the sample, which was obtained from IGA
measurements during the temperature increase from reaction (or inert treatment)
temperature to 800 °C, and the volume ratio of CO and CO gases leaving the surface during
that time, which was determined from MS data (see Section 3.4.2). The oxygen storage
capacities of the samples were evaluated by using equations from 4.7 to 4.12. The ideal gas

equation was used to obtain molar ratio of CO, and CO:
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P conco2 = r'1cozRTcoz 4.7)
PeoVeo = neoRTeo (4.8)

Where ngas denotes the molar flow rate of the gas, Pgas is the atmospheric pressure, Vgas
is the volume of the gas, R is the universal gas constant and Tgas is the absolute temperature.

From these equations, following relation can be obtained:

Vco, _ Nco, . nco, 4.9
Vco fico ( nco) (4.9)

The difference of the sample weight between the time when temperature is started to
be increased and at 800 °C was used to obtain the moles of CO; and CO gases desorbing

from surface according to the formula below:
Weight change = MW, * ng, + MW, * Ney, (4.10)

Where MWgas shows molecular weight of the gas and ngss is the moles of gas leaving
the sample. After calculating the number of moles of each gas, total moles of oxygen was
obtained by using Equation 4.11, and OSCs of the samples were found in mmol O/gca by
using Equation 4.12:

(4.11)
Total O mol = 1 *ng, + 2 * ng,

0SC (mmol/geq) = T0tal 0 mmol/ (4.12)

cat

where OSC indicates oxygen storage capacity (T-OSC or S-OSC depending on the

procedure) and Wea IS the weight of sample.
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4.3.1. Oxygen Storage Capacity Tests

The oxygen storage capacity tests were conducted under atmospheric pressure. In the
tests, all types of OSCs were determined for the 0.5Pt-1Re-1V/CeO. and 0.5Pt-0.5Re-
0.5V/CeO», which showed relatively lower activity in performance tests at 350 °C, upon
operando reaction and inert treatment at 350 °C, and for 1Pt-1Re-1V/CeO,, which showed
the highest activity during the performance tests, upon operando reaction and inert treatment
at three different temperatures, 350, 400 and 450 °C. The reactive environments in the OSC
tests were generated through the use of two diluted realistic feeds, DRF #1 and DRF #2,
whose detailed compositions are presented in Table 3.8, while for inert environment %100

pure helium was used. During the tests, GHSV was kept constant at 40,000 ml gear* h™.

As explained in Section 3.4.2, three types of OSCs were mesured. The OSCs obtained
upon reaction under DRF flows and upon inert treatment for specific temperature through
following the same procedure were called as total OSCs (T-OSC) and structural OSCs (S-
OSC), respectively. Effective OSC (E-OSC) was calculated as the difference between T-
OSC and S-OSC for a specific reaction temperature. Figure 4.18 (a) and (b) present T-OSC,
S-OSC and E-OSC data of samples subjected to DRF #1 and DRF #2 at 350 °C, respectively.

Figure 4.18 (a) illustrates that , T-OSCs of samples 01Pt-1Re-1V/CeO> and 0.5Pt-1Re-
1V/CeO, were found very close as 0.8693 and 0.8687 mmol O/gcat, respectively, while 0.5Pt-
0.5Re-0.5V/Ce0O; was found to have slightly higher T-OSC, ca. 0.8728 mmol O/gcat, under
DRF #1 at 350 °C. Similar results were achieved under DRF #2 (Figure 4.18 (b)): 1Pt-1Re-
1V/CeO; and 0.5Pt-1Re-1V/CeO: had close T-OSC values (0.8399 and 0.8495 mmol O/gcat,
respectively), while 0.5Pt-0.5Re-0.5V/CeO: has significantly higher T-OSC (0.8827 mmol
O/gcat) compared to others. As stated before, the experiments were also conducted under
inert (He) atmosphere at the same temperature to discriminate the effective oxygen resulting
from the reaction and the structural oxygen. The outcomes of He experiments imply that
0.5Pt-0.5Re-0.5V/CeO: catalyst has higher S-OSC (0.5394 mmol O/gcat ) comprising the
oxygen in both CeO: lattice and surface groups. The lowest S-OSC value (0.4361 mmol
O/gcat) was obtained for 1Pt-1Re-1V/CeO: catalyst which yielded the highest CO conversion
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Figure 4.18. OSCs of samples tested at 350 °C under (a) DRF #1 having H.O/C0O=6.7 and
(b) DRF #2 having H.O/CO=16.2 (see Table 3.8 for the detailed DRF compositions).
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and -in general- net H> production in performance tests. This clearly points out that the
oxygen associated with reaction is of paramount importance in defining WGS activity.
Though the effect of S-OSC on WGS activity is rather inferior, the results of He tests
yielding S-OSC were subtracted from the T-OSC results in order to isolate its effect on WGS
activity; as mentioned above, this difference is called ‘effective’ OSC (E-OSC), which
represents oxygen formed, used and renewed during the course of reaction. According to
the performance results, the activity of catalysts was roughly following the order: 1Pt-1Re-
1V/CeO, > 0.5Pt-0.5Re-0.5V/Ce0; > 0.5Pt-1Re-1V/CeO,. However, the resulting E-OSCs
of samples have the order of 1Pt-1Re-1V/CeO, > 0.5Pt-1Re-1V/CeO> > 0.5Pt-0.5Re-
0.5V/CeO:s. Figure 4.19 displays the E-OSCs and CO conversions of the trimetallic Pt-Re-
V/CeO: catalysts under diluted feed flows having H>O/CO ratio of 6.7 and 16.2 at 350 °C.
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Figure 4.19. CO conversions and effective OSCs of samples subjected to DRF #1 and
DRF #2 at 350 °C.

1Pt-1Re-1V/CeO; catalyst yielded the highest effective OSCs calculated for both feed

conditions. In the literature, oxygen storage capacities of the CeO, supported catalysts are
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reported to be stemmed from the oxygen vacancies and/or the surface groups generated
during reaction which promote redox ability between Ce®** and Ce** (Montini et al., 2016).
The oxygen vacancies created during WGS conditions have been mainly associated with
catalytic activity, owing to the fact that these defects promote water activation on sites and
facilitate initiation of the reaction (Reina et al., 2015). Consequently, it is not suprising that
the samples which had better catalytic activity have higher E-OSCs. Yet, though 0.5Pt-
0.5Re-0.5V/CeO, catalyst displayed an average catalytic performance, it brought about the
lowest E-OSCs for both feed conditions. The catalyst giving the lowest performance in
catalytic tests, 0.5Pt-1Re-1V/CeO,, provided higher effective OSC values compared to that
of 0.5Pt-0.5Re-0.5V/CeO> sample under both feed conditions. This suggests that while
deducing a link between the catalytic activity and the OSC, the oxygen coming from reaction
is not the only key parameter; the oxygen present on surface as in the form of surface groups
is also taking part in mechanism and influences activity. In the literature, much effort has
been made to investigate the rate determining step in WGS reaction mechanism; some
research groups have reported that the surface reaction of CO and O is the limiting step rather
than diffusion of oxygen ions which leads to the oxygen generation (Porsin et al., 2016; Hori
et al., 1998) while others have proposed an associative mechanisms involving the formation
of formate, carbonate or carboxyl-carboxylate like intermediates (Ribeiro et al., 2011;
Goguet et al., 2004; Chen et al., 2011). Under the light of these, the conclusion that oxygen
vacancies formation is not the rate limiting step can be drawn on the basis of the finding that
catalytic activity of 0.5Pt-0.5Re-0.5V/CeO. was superior to 0.5Pt-1Re-1V/CeO> although
the latter had higher capacity to generate oxygen vacancies expressing that it is more
reducible (Vecchietti et al., 2014).

In order to see the effect of the reaction temperature on oxygen storage capacity, OSC
experiments were performed at three different temperatures, 350 °C, 400 °C and 450 °C,
with DRF#1 for the sample yielded the highest catalytic activity; 1Pt-1Re-1V/CeQO>. The

results are shown in Figure 4.20.
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Figure 4.20. CO conversion, and T-OSC, S-OSC, E-OSC data obtained for 1Pt-1Re-
1V/CeO; catalyst under DRF #1 at different temperatures.

The results demonstrate that there is a hand-in-hand decrease with increasing reaction
temperature in both WGS activity (CO conversion) and the E-OSCs values measured under
DRF #1. When the obtained data are analyzed, it can be clearly seen that at 350 °C, which
is the temperature that superior catalytic activity (72.59 %) of 1Pt-1Re-1V/CeO, was
achieved, the highest effective OSC value (0.4332 mmol O/gcar) was obtained. Similarly, at
the temperature which inferior catalytic performance was obtained, the effective OSC
reached its lowest value (0.2005 mmol O /gecat). On the other hand, the experiments
conducted under He flow presented a different trend; as temperature was raised from 350 °C
to 400 °C, the catalyst gave lower S-OSC, and further increase to 450 °C led higher S-OSC
than that at 400 °C but the value was still lower than S-OSC calculated at 350 °C. Thus, it
was also confirmed that the relation between S-OSC and WGS activity is important but
rather limited, as discussed above for 0.5Pt-0.5Re-0.5V/CeO.
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Hence, as a general outcome; the results point out that the surface groups determined
in S-OSC measurements have significant roles in the beginning of WGS reaction, especially
in water activation at the time when reactive mixture first contacts the catalyst; however,
after the concentrations on catalyst surface and redox mechanism reach steady state, E-OSC

becomes the determining factor for WGS activity.
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5. CONCLUSION

5.1. Conclusions

The main purpose of this study is to design and develop high performance, steam
tolerant, non-pyrophoric WGS catalyst(s) to be used in a demo-scale fuel processor (DFP)
producing PEM grade hydrogen for PEM fuel cells. This work mainly focuses on developing
a reliable methodology for determination of oxygen storage capacity (OSC) of the catalysts
through the use of operando IGA-MS analysis; and establishing a relation between WGS
activity and OSC. The current work involves determination of WGS performance of selected
Pt-Re-V systems under realistic conditions at different reaction temperatures; suggesting and
confirming an operando methodology for measuring oxygen storage capacity (OSC) of the
samples, and determination of OSC values of the samples; and establishing a relation
between WGS performance and OSCs. The major conclusions of this study can be

summarized as follows:

The results of performance tests indicated that 1Pt-1Re-1V/CeO; catalyst may be a
great candidate to be used in a fuel processor due to its high activity, selectivity and stability.
The catalysts showed their highest performances at 350 and 400 °C and the highest net H>
production values were achieved over 1Pt-1Re-1V and 0.5Pt-0.5Re-0.5V catalysts at 350
and 400 °C, respectively under feed flow having low H>O/CO ratio, RF#1. No pronounced
differences were detected between the catalysts’ performances under RF #2 flow. Moreover,
all samples presented more stable performance when they were exposed to RF #1 flow
having low H20O/CO ratio.

SEM analysis showed that well dispersed Pt particles on blossom-like CeO-
formations having 30-50 nm width. XPS results revealed that Ce®* content of 1Pt-1Re-
1V/CeO, catalyst having superior WGS activity was relatively higher and decreased through
reaction for all samples. No bulk V.Os crystals was observed in analyses indicating

vanadium was highly dispersed at surface. CO Chemisorption analysis presented the Pt



75

dispersion value for 1Pt-1Re-1V/CeO; catalyst sample as 37%. For the samples having lower
Pt which are 0.5Pt-1Re-1V/CeO. and 0.5Pt-0.5Re-0.5V/Ce0O,, 15% Pt dispersion was
obtained.

The OSC values of the catalysts were decided through a novel operando IGA-MS
methodology under two realistic feed compositions at 350 °C by fixed GHSV as 40,000 ml
geat L L. The sample having superior performance was also tested at 400 and 450 °C. The
combined evaluation of WGS performance and OSC results indicates that there are two types
of OSC; structural oxygen storage capacity (S-OSC) which defines the oxygen in surface
groups and effective (E-OSC) having noticeable effect on WGS performance and increase
in reaction temperature have negative effect on it. Hence, S-OSC including surface groups
have key role in water activation at the time when reactive mixture first contacts with the
catalyst, while E-OSC becomes primary factor affecting WGS activity after the surface

concentrations reach steady state.

5.2. Recommendations

Following topics are recommended for future studies on Pt-Re-V/CeO- system:

e operando FTIR-DRIFTS studies under realistic conditions should be performed to
investigate WGS reaction mechanism(s);

e The robustness of WGS catalysts during transient fuel processor operations, especially
during testing cycles involving exposure of catalyst to air and liquid water, should be

studied in detail;

o Additional OSC tests should be performed for reference systems, like Pt/CeOg,
Re/CeO,, V/CeO,, Pt-Re/Ce0O, Pt-V/CeO, and Re-V/CeO, to form a reliable
reference basis/benchmarks in investigating the effect of adding metal or promoter on
OSC;
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e New and different catalyst preparation methodologies should be parametrically

investigated to see their effects on OSC.
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APPENDIX A: TIME-ON-STREAM ACTIVITY DATA
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Figure A.1. Temperature dependence of time-on-stream activity data of
1Pt-1Re-1V/CeO- for realistic feed #1.
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Figure A.2. Temperature dependence of time-on-stream activity data of
1Pt-1Re-1V/CeO:; for realistic feed #2.
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Figure A.3. Temperature dependence of time-on-stream activity data of
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Figure A.4. Temperature dependence of time-on-stream activity data of

0.5Pt-0.5Re-0.5V/CeO;, for realistic feed #2.
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Figure A.5. Temperature dependence of time-on-stream activity data of

100
90
80
70
60
50
40
30
20
10

0.5Pt-1Re-1V/CeO; for realistic feed #1.
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Figure A.6. Temperature dependence of time-on-stream activity data of

0.5Pt-1Re-1V/CeO;, for realistic feed #2.
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