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ABSTRACT

Monometallic nickel and bimetallic platinum-nickel nanoparticles were deposited on y-Al,O3,
Vulcan XC72R and carbon aerogel (CA) supports by supercritical carbon dioxide (scCO,)
deposition (SCD). Characterization of the samples was carried out by BET, TPD, XRD, TEM,
and EDXS. Nickel acetylacetonate (Ni(acac);) was adsorbed on the supports from scCO,
solutions. The adsorbed Ni precursor was reduced to nickel nanoparticles by heat treatment
under hydrogen. The resulting nanoparticles had an average size of 6 nm. Bimetallic Pt-Ni
nanoparticles were synthesized by a two-step procedure termed sequential deposition. First, Pt
nanoparticles were deposited on the supports by adsorption of platinum cyclooctadiene
dimethyl Pt(cod)(me), from scCO, solution followed by reduction of the adsorbed precursor
to Pt by heat treatment at 200 °C under flowing nitrogen. Subsequently, Ni(acac), was
adsorbed on Pt/support from scCO,. The adsorbed Ni precursor was then reduced to Ni by
heat treatment under hydrogen. Spherical nanoalloys of Pt-Ni nanoparticles with uniform
sizes of ~3nm were obtained over Vulcan XC 72R, and Pt-Ni nanoparticles with uniform sizes
of ~1nm were successfully synthesized over carbon aerogel. As for the alumina support,
supported Pt-Ni nanoparticles of ~3 nm in size were obtained. The small composition
variations in EDXS measurements indicated a uniform distribution of the bimetallic
nanoparticles. The effect of the order of sequential deposition of Pt and Ni on both
morphology and activity of the synthesized materials were also investigated. It was found that
the formation of Ni nanoparticles occurs on the previously deposited Pt islands resulting in
bimetallic spherical nanoparticles having homogeneous chemical compositions with no phase
separation when Pt deposition is carried out first and this is followed by Ni deposition.
Interestingly, the size of the bimetallic nanoparticles was found to be smaller than the size of
the monometallic Ni. However, pure Ni agglomerates were observed on TEM images when
Ni deposition is achieved first and this was followed by Pt addition. Cyclic voltammograms of
the carbon supported catalysts were also determined. Bimetallic nanocatalysts showed a
higher activity than the monometallic nanocatalysts. Among the bimetallic nanocatalysts,

higher activity was obtained when Pt deposition was carried out first.



OZET

Tek basina nikel ve de ¢ift-metalli platin-nikel nano pargaciklar1 y-Al,03, Vulcan XC72R ve
karbon aero-jel (KA) destek malzemelerinin tizerinde siiper kritik karbondioksit (ScCO,)
depozisyonu (SCD) yontemi ile sentezlenmistir. Sentezlenen malzemelerin karakterizasyonu
Nitrojen Fizisorpsiyon (BET), Sicaklik Programli Desorpsiyon (TPD), X-Isin1 Difraksiyon
Spektroskopisi (XRD), Gegirgenli Elektron Mikraskopu (TEM) ve Enerji Dagilimhi X-Isin1
Spektroskopisi (EDXS)  teknikleri ile yapilmustir. Stiper kritik karbon dioksit iginde
¢oziinmiis nikel asetilasetonat (Ni(acac);) destek malzemesi tizerine adorplanmustir.
Adsorplanmis Ni 6ncli malzemesi olan (Ni(acac);) hidrojen akisi altinda 1s1l iglemler ile Ni
nanoparcaciklara doniistiiriilmiistiir. Elde edilen nanopargaciklarin boyutlarinin ortalama 6
nm olduklar1 gozlenmistir. Cift-metalli Pt-Ni nanopargaciklarinin sentezlenmesinde sirali
depozisyon adi verilen iki-adimli bir teknik kullanilmistir. Oncelikle, Pt metal 6ncii
malzemesi olan platin siklo-oktadiyen-dimetil Pt(cod)(me), ¢6zlinmiis halde bulundugu scCO,
ortamindan destek malzemesi yiizeyine adsorplanir ve devaminda 200 °C’de azot gazi1 akis
altinda Pt nano parcaciklarina gevrilir. Ardindan, (Ni(acac);) metal oncii malzemesi Pt/destek
malzemesi iizerine adsorplanir. Adsorplanan (Ni(acac);) devaminda hidrojen gazi altindaki
1s1l iglemler ile Ni metaline indirgenir. Bu islemler sonrasi, Vulcan XC72R iizerinde ~3 nm
biiyiikliigiinde kiiresel Pt-Ni nanoparcaciklari; KA {izerinde pargacik boyut dagilimi ~lnm
civarinda Pt-Ni nanopargaciklari; y-Al,Oj3 lizerinde ise pargacik dagilimi gene ~3nm civarinda
cift-metalli Pt-Ni nanoparcaciklar1 elde edilmistir. EDXS o6lgiimlerinde gozlemlenen
kompozisyonlarin bdlgelere gore sadece kiiciik degisimler gostermesi c¢ift-metalli nano
parcaciklarin diizenli ve homojen bir dagilima sahip olduguna isaret etmektedir. Iki-adimli
depozisyon tekniginde metal yiiklenmesi sirasinin sentezlenen malzemelerin morfoloji ve
aktivitesine olan etkileri de ¢alisilmistir. Bulgular gostermektedir ki, daha sonra yiiklenen Ni
metalinin nanoparcaciklari, énceden depozit edilmis Pt adaciklarinin iizerinde olusmustur.
Boylece kimyasal kompozisyonu degisiklik gdstermeyen, faz ayrimi sergilemeyen c¢ift-metalli
Pt-Ni nanoparcaciklar1 sentezlenmistir. ilgi cekici bir sekilde, ¢ift-metalli nanoparcaciklarin
boyutlarin tek metalli nikelden daha kii¢iik oldugu gozlenmistir. Ancak, depozisyon sirasi
Ni oOncelikli olarak degistirildiginde, ¢ift-metalli Pt-Ni nanoparcaciklart yerine saf Ni
topaklanmalari TEM resimlerinde gozlenmistir. Karbon destek malzemesi ile sentezlenen
katalizorlerin dongiisel voltametre (Cyclic Voltammetry - CV) olgiimleri yapilmistir. Cift-

metalli katalizorlerin tekli olanlara gore daha yiiksek aktivite gosterdigi gézlenmistir.

\Y



Ciftmetalli katalizorler arasinda ise, Pt depozisyonunun once yapilmasinin aktiviteyi arttirdigi

saptanmistir.
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1. INTRODUCTION

Supported monometallic Ni and bimetallic Pt-Ni catalysts are known to catalyze a wide
variety of reactions. For example, y-alumina supported Ni nanoparticles are used extensively
for reforming, y-alumina supported bimetallic PtNi nanoparticles are used for reforming,
hydrogenation and hydroisomerization, and carbon supported bimetallic PtNi are promising

candidates for oxidation and reduction reactions in fuel cells.

The development of fuel cells is attracting a great deal of interest as a green energy
resource during the last decades, because of the rapid depletion of fossil fuels, degradation of
the environment, and the effects of the air pollution on human health. Most of the pollution is
caused by the extensive use of internal combustion engines. Hydrogen, on the other hand, is
an efficient fuel and emits no green house gases directly. At present, the problems
encountered in the development of fuel cells are durability under operating conditions, low

activity, and high cost of catalysts

The size, shape, size distribution, loading, and impregnation sequence are important to
tune the durability, activity and selectivity of the synthesized catalysts and these parameters
depend on the preparation techniques. As compared to the techniques such as wet / dry
impregnation, co-precipitation, and sol-gel, SCD is a relatively new technique for the
preparation of supported metal nanoparticles [1]. A SCF has properties intermediate between
a liquid and a gas. It is capable of dissolving solutes like a liquid and exhibits almost no
surface tension with low viscosity that enables the good penetration of the dissolved
molecules into the small pores. The liquid solvents usually are not favorable for the wetting of
very small pores which results in low utilization of the support for metal deposition Another
advantage of a SCF is the sensitivity of its density to the changes in temperature and pressure

which makes it possible to manipulate the solvent properties during processing

In addition to the metal pairs deposited and the deposition techniques employed, the
support material also has a notable influence on the activity of the catalysts [2-4] Pore size,
pore volume, surface area, acidity and conductivity are the key factors that determine the

effect of the support on the activity and selectivity of the catalyst.



In this study, SCD was used to synthesize supported monometallic Ni and bimetallic Pt-Ni
nanoparticles. Commercially available supports of y-alumina and Vulcan XC72R as well as
carbon aerogels prepared in our laboratory were used as supports. Bimetallic nanoparticles
were synthesized by the technique called sequential deposition. The effects of support, metal
loading, impregnation and reduction conditions on the particle size, particle size distribution

and activity were investigated.

Primarily, in Chapter 2, brief overview about the acidic and carbon based porous supports
for catalysis is given followed by the importance of bimetallic nanocatalysts as compared to
the monometallic ones. The comparative literature information is provided on SCFD for
supported bimetallic nanoparticles and on the characterization techniques for the morphology
and activity of the nanocatalysts. Afterwards, experimental details of the study is given in
Chapter 3 including the support characterization, metal impregnation, nanoparticle
characterization and activity tests. The corresponding results and all possible discussion that
can be extracted out of these results are presented in Chapter 4. The last chapter summarizes
the work done and the achievements of this study.



2. LITERATURE REVIEW

2.1. Catalyst Supports: Carbon Supports, Solid Acidic Supports, and Aerogels

Varieties of supports are used in catalysis, since the support material has a notable
influence on the activity of the catalyst. Pore size, surface area, acidity and conductivity are
the key factors that determine the effect of the support on the activity of the catalyst [2-4].
Briefly, the function of the support can be explained by mainly two reasons. Firstly, they may
contribute to the overall reaction mechanism and secondly, they can increase the dispersion of
the metals deposited over the support surface. Most common examples for the first function
are the carbon supports in fuel cell applications to conduct electrons [4] or the solid acidic
supports in hydrogenation [5], reforming [6] and hydrocracking [7] reactions to crack C-C
bonds. As for the second function of a support, it increases the metal dispersion by the help of
its high surface area per gram value. While the supports like alumina, silica and silica-alumina
has, typically, surface area values over 200 m2/g [8], the carbon aerogels on the other hand
can provide surface area values ranging between 350 - 1000 m%g[9]. The high surface area
provides more available sites for metal deposition and thereby more available sites for the

reactants to adsorb on, react, and subsequently desorb from.

In fuel cell applications, the reactions happening on the anode site produce the electrons
and these electrons are needed for the reactions happening on the cathode site. The transfer of
the electrons is achieved by an external circuit and when certain amount of electron is passed
through a wire with a certain resistivity, an electricity is produced which is the main objective
in fuel cell operations [10]. If a support which cannot conduct electrons is used, then the
transfer of the electrons from metal/support composite to external circuit would not be
achieved. This is the reason why a carbon support should be used in fuel cell applications as a
catalysts support in addition to its use as a part of the structure in the fuel cell system like gas
diffusion layer [11].

Different types of carbon supports have been widely used in industry [12]. Carbon Black
[13], Carbon Fiber [13], CNT [13-15], Activated Carbon [4], and Vulcan XC-72R [16-18] are

only some of them.
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Figure 2.1: The figure shows the working principles of proton exchange membrane fuel cell,
taken from [19].

As for the solid acidic supports used in catalysis, the important property of a support is
its acidity. The acidic sites on the support are the active sites for the cleavage of C-C bonds.
Therefore, the cracking strength of a catalyst is directly related with the acidity of its support
and the product distribution of the reactions happening over the catalyst surface is influenced
accordingly [20]. In steam methane reforming (SMR) reactions, for example, high acidity is
not desired because broking C-C bonds does not require severe acidity [21]. In hydrocracking
reactions, on the other hand, long-heavy polymeric chains (hydrocarbons) are the reactants
and in order to crack these hydrocarbons into smaller and more valuable fractions, severe
acidity is of desire. For this reason, different types of zeolites with high acidities such as Y-
type, de-aluminated y-type, beta-type, ultra stable beta (USB) type are preferred [22-26].
However, if the related sites on the support are too acidic, then the desorption of the
corresponding products will not be achieved and the overall reaction will be retarded. It is
found in the literature that the blends of different types of zeolites together with y-alumina can
be a better support depending on the applications [22]. In addition to the acidity, another
important parameter for the reactions using solid supports is the minimum size and shape of
the support material depending on the geometry of the reactor. This is known as wall effect

and it greatly influences the flow regime [27, 28].



One of the new classes of the supports in catalysis is the aerogels. They were
discovered first around 1930s as silica aerogels [29, 30] and Pekala’s group developed the sol-
gel route further for the preparation of carbon aerogels [31]. The silica aerogels have been
generally considered as thermally good insulative materials and later on their use as catalyst
support was considered [32]. Carbon aerogels on the other hand are electro conductive

materials and can be used for fuel cell applications [33-36]

There are a lot of supports with varying chemical and physical properties together with
different advantages and drawbacks and more will be in the market in the near future.
Therefore, the proper support is to be chosen by considering the specific application, desired
product distribution and resistivity against the mild conditions of the reactions to be studied.

2.2. Importance of Bimetallic Supported Metals in Catalysis: Promotion Effect

It has been known that bimetallic catalysts possess improved catalytic activities and
selectivities that are far from their corresponding monometallic ones. This ability of tuning the
catalytic performance is known as promotion effect in which the second metal (the promoter)
helps the first one in hindering the overall reactions. In the literature, promotion effect is
related to the modifications in the electronic and chemical properties of the metals when they
are coupled / alloyed. These modifications are explained by two possible mechanisms. First
interpretation is the formation of new bonds resulting in a change in the electronic
environment of the metal surface. Second interpretation draws the attention to the changes in
the geometry of the available sites upon coupling / alloying. Both of those modifications in
either electronic or geometric structure of the active sites give rise to a higher activity due to
the changes in the adsorption energies of the reactant and products or due to the prevention of
the side reactions [17, 37, 38]

Widely studied example in the understanding of the promotional effect is the Pt-Ru pair.
In the literature, the promotion effect of Ru is explained by either electronic effect which

weakens the Pt-CO bond and thereby hinders the removal of CO, or by so called bifunctional



effect. According to the bifunctional mechanism, Ru provides oxygen containing species
which oxidize CO to form CO,. Then, these CO, molecules readily desorbs from the surface

which is the rate determining step in the overall reaction [38-40].

Ru+ H,O > Ru-OH + H" + ¢ (1)

RU-OH + Pt-CO = Ru + Pt + CO2 + H* + e- )

The remaining question is whether alloys are required for this electronic and chemical
altering or the promoter which is in proximity of the first metal is enough. And a clear
explanation for being in the ‘proximity’ is needed. It might mean that the metals are deposited
as separate islands and slight phase segregation is occurred with still some contact between,
say, Pt and Ni islands. Or, depending on the temperature values studied and compositions of
the metals, nanoalloys may occur with a certain degree of alloying. Alternatively, core-shell

structures may form, as can be seen from Figure 2.2.

Figure 2.2: HRTEM image of a supported NicorePdshen Cluster, taken from [41].

It is also possible that this core-shell structure may cease the dissolution of the noble metal
in fuel cell applications if noble metal, say platinum, is in the core and surrounded by the
catalytically less active and less stable non-noble metal, say Ni. But, since shell of Ni blocks



the Pt-core, the oxygen reduction reaction would be retarded severely in this configuration.
Some studies, on the other hand, suggest that Pt-Ni core-shell structures with Pt-rich shell are
better from an economical point of view since Pt segregates on to the surface of cheap Ni
resulting in a higher ESA by using less amount of Pt.[42]. Recently, Zhong and co-workers
prepared Ni subsurface layer surrounded by Pt rich surface. The Ni subsurface was reported to
determine the electronic properties of the surface, leading to a reduced coverage of adsorbing
species, hydrogen, and OH, on Pt3Ni(111) compared to Pt(111) electrode. Regarding the
necessity of a change in the electronic properties, at another study on Pt in which Ru was used
as a promoter this time, it was shown that if Pt and Ru conserve their original and element
specific properties then higher activity can be obtained. So, exhibiting an electronic change is

not of desire for Pt-Ru pair, as they stated [43].
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Figure 2.3: Comparison of the catalytic activity for six different systems in the Hiyama
cross-coupling of iodotoluene and tri- methoxyphenylsilane: Ni(OAc)2, Ni clusters,
Pd(OACc)2, NiPd alloy clusters, and NicorePdshell clusters, taken from [44].

As for the catalytic applications other than fuel cells, Rothenberg and co-workers studied
the Hiyama cross coupling of phenyltrimethoxysilane and haloaryls reaction catalyzed by Ni
clusters, Pd clusters, Ni-Pd alloys, and NicrePdshen composites and they figured out that

NicorePdsnen is the catalytically most active structure [44]. (See Figure 2.3.)

At another study, Pt-Ru bimetallic nanocomposites supported by multi-walled carbon
nanotubes were synthesized together with Pt-Ni, Pt-Au, Pt-Pd, and Pt-Cu pairs. Based on the
XRD diffractogram, only metal pair that does not form an alloy was Pt-Ru and it was again
this pair which showed the highest activity in methanol oxidation suggesting that alloying is
not a key issue in improving the activity and selectivity of the catalyst. (See Section 2.3,
Figure 2.5) [15].



It can be deduced that different reactions catalyzed by varying bimetallic supported
catalysts may require unique structures for the optimum activity. Therefore, more studies
about understanding the dynamics of the formations of bimetallic structures and their effects
in the catalytic applications are needed.

2.3. Supercritical Fluid Deposition for Supported Bimetallic Catalyst Preparation

The size distribution and the shape of the supported metal particles have a direct impact on
the activity and selectivity of the synthesized catalysts. Also, minimizing the particle sizes is
important from the economical point of view [45, 46]. When the size of the deposited particles
decrease, the surface area of the metal particles is increased and this results in more active
sites for the reaction and less amount of expensive nobel metal to be used. Therefore the
catalysts preparation technique chosen is quite important both for technical and economical
reasons. The techniques such as impregnation, co-precipitation, and sol-gel methods do not
offer a complete control on shape, size and size distributions of the particles, on the other
hand, supercritical fluid (SCF) deposition as a promising technique is more successful in
controlling these key parameters. Uniform particle size distribution can be obtained by
supercritical fluid deposition (SCFD) and the size of the particles can be controlled depending
on the reduction conditions studied. [1, 46, 47]

During the last decades, SCF has been investigated deeply since it combines the properties
of liquids and gases. It is capable of dissolving solutes like a liquid and exhibits almost no
surface tension with low viscosity that enables the good penetration of the dissolved
molecules via the small pores. The liquid solvents usually are not favorable for the wetting of
these inaccessible pores. Another advantage of SCF is the sensitivity of its density to the
changes in temperature and pressure which makes it possible to manipulate the solvent
properties during processing. Among the other SCFs, supercritical carbon dioxide is found to
be more attractive since it is cheap, non flammable, has low reactivity and low toxicity, and

leaves no sign on the treated media [1, 47, 48].

Recently, SCFD technique has started to be used for the preparation of supported
bimetallic nanoparticles. Deposition of the metal nanoparticles can be achieved by either



simultaneous or sequential deposition techniques. In the simultaneous deposition technique,
corresponding organometallic compounds are put together in to the vessel and after their
dissolution in the supercritical fluid phase, adsorption of them over the support occurs
simultaneously [14, 15]. As for the sequential deposition technique, the adsorption of single
organometallic compound over the support can be carried out. After the reduction process,
monometallic supported nanoparticles are used as a support for the adsorption of a second

organometallic compound [49].

The reduction processes can be achieved by either thermally or chemically. Thermal
reduction can be applied in SCF phase by increasing the temperature of the vessel. Another
way for thermal reduction is to depressurize the vessel and expose the sample to nitrogen flow
at atmospheric pressure at high temperatures. As for the chemical reduction, it can be done in
SCF phase again, by injecting hydrogen to the vessel after adsorption of the organometallic
compound, or alternatively the sample can be placed in a furnace and the temperature can be
raised to the required level under hydrogen flow. The advantage of chemical reduction is the
lower required reduction temperature that may decrease the amount of the precursor
volatilized during reduction. On the other hand, particle sizes are observed to be high when

chemical reduction is preferred [1, 50, 51].

The use of SCFD technique for the preparation of supported bimetallic nanoparticles is
quite new. Preparation of Pt-Rh nanoparticles supported by mesoporous silica templates via
multistep impregnation together with scCO, treatment was reported. Conventionally produced
catalysts were treated by scCO, and higher activity and selectivity were observed for ethane
production which was attributed to the central C—C bond scission [52]. At another study by
Wakayama and co-workers, the technique called nanoscale casting under supercritical fluid
was reported to be successful in synthesizing nano porous fibers of Pt-Ru[53]. Lin et al. [14]
decorated carbon nanotubes (CNT) with platinum and ruthenium nanoparticles in scCO, with
the addition of small amount of methanol as a modifier. Pt(acac), and Ru(acac);
organometallic precursors, after simultaneous adsorption on to the supports, were converted to
their metallic forms by in situ hydrogen reduction method. The PtRu nanoparticles (45:55

molar ratio) had the particle sizes in a range of 5-10 nm.
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Recently, Erkey and his co-workers reported that supported PdPt bimetallic
nanoparticles over Black Pearl 2000 (BP2000) have been successfully synthesized by
sequential SCF deposition technique [49, 54]. It has been found that broad particle size
distribution of monometallic Pd particles can be narrowed if Pt particles are deposited first

and this is followed by sequential Pd deposition.

As for the Pt-Ni pair, Yen at al [15] prepared different platinum-based bimetallic
nanoparticles including bimetallic Pt-Ni composites supported by multi-walled carbon nano
tubes by simultaneous scCO, deposition technique. To enhance the low solubilities of the
metal precursors, small amount of methanol was added as an entrainer. After binary
adsorption of Pt(acac), and Ni(hfa), , precursors were reduced to their metal form in the
reaction vessel at 473 K with the addition of hydrogen. Obtained Pt-Ni particle sizes were
around 6.6 nm+3.5 with an atomic ratio of 62:38 (See Figure 2.4). Based on the shift towards
higher 20 angles in the XRD diffractogram, prepared bimetallic Pt-Ni were reported to have
disordered alloy crystal structures (See Figure 2.5). The activity of the prepared catalysts was
investigated by studying cyclic voltammograms of methanol oxidation. It was strange that
only metal pair that was not formed an alloy was Pt-Ru pair with a mixture of both fcc and
hcp. Asymmetric peaks were observed in corresponding XRD spectra. But, it was again this
metal pair who showed the highest activity in the methanol oxidation. Pt-Ru pair provided the

highest I+/l, where I¢ is the forward scan peak current and |y, is the backward scan peak current.
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Figure 2.4: TEM of (a) Pt-Ru (top left), (b) Pt-Ni (top middle), (c)Pt-Au (top right), (d)

Pt-Pd (bottom left), and (e) Pt-Cu (bottom right)[15] .
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Figure 2.5: XRD patterns of the different bimetallic catalysts. The dotted line is the
monometallic Pt (111) (20 ) 39.8°) peak for reference, taken from [15].



However, regarding the success of SCFD, the results of the Yen’s study are open to
criticism. It is not clear either it is the methanol that dissolves the metal precursors before the
system is charged with CO; or it is the scCO, whose solubility is tuned by the addition of an
entrainer. If the methanol dissolves the precursor before the CO, is introduced to the system,
then a classical impregnation would occur since there is not a filter bag or similar apparatus to
separate the support material from the precursor and the methanol which is at the bottom of
the deposition vessel. Also, Figure 2.4 (top middle) shows that deposition of Pt-Ni bimetallic
composites did not result in a narrow particle size distribution. The reported average particle
size of 6.6 nm shows a huge standard deviation of £3.5. In this master thesis on the other
hand, supported bimetallic Pt-Ni nanoparticles having quite narrow particle size distributions
and with a size of 3nm, 1nm, and 3 nm were successfully synthesized over Vulcan XC 72R,

CA and y-alumina respectively.

2.4. Characterization Techniques for the Analysis of Bimetallic Nanoparticles &
Nanoalloys

In the concepts of supported metals for catalysis, there are a lot of important parameters to
be considered regarding the activity and selectivity of the prepared catalysts such as the
chemical and physical properties of the support, size and shape of the deposited metals,
introduction of the promoter(s), and the existence of the chemicals having a potential to
poison the catalyst. As can be seen from Figure 2.6., when these structural parameters are

combined with the kinetic effects, understanding the ‘catalysis’ at micro level becomes harder
[55].
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Figure 2.6: Structural parameters and kinetic effects on supported metal catalysts, taken
from [55].

Even more complicated dynamics are found when nanoscale materials are produced. Luo
and co-workers worked on AuPt system and found one of the first examples revealing the
deviations of the physical and chemical properties of the nanoscale materials from the
crystalline structure at bulk composition. Carbon supported AuPt composites with an average
size of ~2nm were prepared by organic monolayer encapsulation. The synthesized bimetallic
structures were characterized by XRD and alloy formation was confirmed by careful analysis
of the Bragg peaks. The findings were contrary to the miscibility gap of bulk Au-Pt [56]. At
another study, Nashner and co-workers prepared bimetallic Pt-Ru composites [57].
Characterization results showed that particles have a diameter of ~1.5 nm. The moleculer
precursor with an atomic ratio of 1.5 Pt:Ru was used. For bulk alloys of Pt-Ru pair, above
0.62 Ru atomic fraction, an hexagonal-closest-packed (hcp) structure is expected. However,
this nanoscale system resulted in an fcc structure, contrary to the expectations at bulk
compositions. Another example illustrating the deviations from chemical and physical
properties for the nanoscale materials as compared to their bulk compositions is given in
Figure 2.7. These huge deviations can be explained by the properties of the surface atoms

starting to dominate the properties, as the particle size gets smaller.
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Figure 2.7: Physical and chemical properties of the nanoscale materials largely deviate from

the properties of their bulk counterparts.

Therefore, to understand the structure and the corresponding effects of the structure on the
activity and selectivity of the synthesized bimetallic nanocatalysts in varying reactions,
numerous techniques have been invented and improved through the decades such as XRD,
TEM, EDX, X-Ray Photoelectron Spectroscopy (XPS), X-ray Absorption Spectroscopy
(XAS)-including X-ray Absorption Near Edge Structure (XANES) and Extended X-ray
Absorption Fine Structure (EXAFS), and Cyclic Voltammetry (CV)[58].

How frequently the emphasized characterization techniques are used is displayed in Figure
2.8. In this section of the thesis, the basics of the catalysts characterization techniques will be
discussed.



How often are techniques used

XRD 18.4
Adsorption 17.4
XPS 10.0
TP Techniques 9.2
Infrared 7.3
TEM 6.9
SEM 4.3
UV-vis 4.3
NMR 3.6
Raman 3.2 .
ESR 2.8 Journals:
EXAFS 1.9 Applied Catalysis A & B
XANES 1.5 Catalysis Letters
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Figure 2.8: The percentage of studies in which the listed techniques were employed, out of
8112 papers published in Applied Catalysis A & B, Catalysis Letters, Journal of Catalysis
during the period of Jan 2002 to Oct 2006, taken from [59].

One of the most widely used techniques applied for supported metals is XRD. If the
metals are deposited over the porous catalyst with a certain crystalline structure, then the x-ray
beam will be scattered from the surface at certain angles of incidence which can be seen in
Figure 2.9. And what kind of a specific crystal metal structure occurred over the surface of the
support can directly influence the activity and the selectivity of the prepared catalysts[58, 59].
By using the Bragg relation (2.1), one can estimate the lattice spacings and further analysis
can be done by using Scherrer Equation (2.2) to estimate the size of the deposited metal

particles.
nA=2dsin®; n=1,2, ... (2.1)
where A stands for the wavelength of the X-rays, the distance between the lattice planes is

expressed by d, ® is the angle between the incoming X-rays and the normal to the reflecting

lattice plane, and the order of reflection is designated by an integer n.
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B= (0.90)/(tCos®) (2.2)

where B is the particle size, A is the X-ray wavelength which is 0.15406nm for CuK-alpha
radiation, t stands for peak width at half maximum of the most intense peak, and ® is the

angle between the beam and the normal to the reflecting plane.

Bragg'sLaw _~
nA=2d-sin® .~
-

Figure 2.9: The Bragg relation and the interference of the X-rays that are scattered by atoms

for an ordered crystalline structure.

The other essential information that can be acquired from XRD analysis is the alloy
formation. Since the alloy is a solid solution, the process of alloying can be described by the
replacement of the atoms in the lattice structure of the first metal by the second metal.
Thereby, upon an introduction of the second metal, the solid solution with a certain degree of
alloying occurs. Depending on the number of the atoms replaced by the second metal (the
composition of the second metal in the lattice), new lattice spacing value will be obtained,
according to Vegard’s Law [60]. Since the lattice spacing alters, the position of the most
intense XRD peak of the first metal is shifted towards the most intense XRD peak of the
second metal, according to the Bragg relation. The Figure 2.10 clearly shows the shifts in
XRD diffractogram for an alloyed Pt-Ni bimetallic structure. Any peak belonging to neither

metallic nickel nor its oxide is detected. The symmetric peaks are observed. The increasing
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nickel content was found to increase the shift. All of these are the indications of the alloy
formation.
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Figure 2.10: WAXS patterns shown with offsets of each by 100 (c/s) for Pt Ni(5:1), (3:1),
(2:1), and (1:1) carbon-supported catalysts with 20 wt % metal loading. The patterns are
corrected for the background produced by Vulcan XC-72 support, and corrected for the usual
angular factors: polarization, absorption, and geometrical factor. The high intensity at the left
wing of the first peak is indicative of some fractional surface oxide. Reference lines for Pt are
also shown in dotted bar, taken from [61].

Another powerful technique used in the characterization of the supported nanoparticles
is Transmission Electron Microscopy (TEM). It enables the observation of the morphological
properties such as the particle size, shape, and size distribution which is beyond the
capabilities of the optical microscopes. The Figure 2.11 is a good example illustrating how
TEM images can be used for the analysis of particle size and size distribution over the surface
of the catalysts support. It is seen that Pt nanoparticles spread over the support surface with

narrow particle size distribution with an increasing size for higher metal loadings.
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Another information that can be obtained from the TEM images is the comparison of
the particle size with the one obtained from Scherrer’s Equation from XRD analysis. Since
XRD is volume average and TEM is area specific characterization techniques, if the particle
sizes obtained from both analyses match each other with small deviations ( i.e. particle based

and overall), then this implies the homogeneous distributions of the deposited metals.
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22 wt.% and 34 wt.%, respectively. (d)—(e) Particle size distributions measured from images

such as (a)—(c), respectively, taken from[62].

TEM images, when analyzed in details, can also provide information on alloying
and/or core-shell structures of the bimetallic nanoparticles, as given in Figure 2.2 above.
Further analysis can also be made by obtaining High Resolution TEM (HRTEM) images and
calculating the lattice constants, as given in Figure 2.12 below. If the measured lattice
constant value is between the lattice constant values of the two metals (monometallic Pd and
monometallic Au), then this implies an alloy formation with a certain degree of alloying that

can again be calculated from this observed lattice constant value.

(b)

COE .z H MM‘W" W\L

WAWMMM\&MLMW
Pd

lntensuty au

4 )
.

..\

\\\ ”
; ““\\\W”\\ \l \\\\‘\\\\\\\\ o . T Y T v T
e r—— 0 5 10 15
Distance,nm

\

Figure 2.12: (a) HR-TEM image and (b) EDX intensity profile of a single 1Au5Pd/APS-S16
bimetallic nanoparticle taken from[63].

Another characterization technique which is usually coupled with TEM analysis is
EDXS which provides information about the chemistry of the deposited particles. Especially
when bimetallic systems are studied, phase separations can easily be detected. The Figure
2.13 below shows the EDXS results of PtPd samples over BP2000. Huge deviations in EDXS
weight compositions imply that Pd atoms segregated on some parts of the surface instead of
interacting with platinum to form PtPd nanoalloys. On the other hand, if particle based and
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overall chemistry analysis of the bimetallic particles were close to each other, than this would

suggest an homogeneous distribution of the metals, which is not the case for this sample.
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KAB Set : EDAX, Elements
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Figure 2.13: EDXS weight compositions of the PtPd/BP2000 (2:1) catalyst. (a) small
particles between 1 and 4 nm & (b) Bigger particles (over 5 nm), taken from[64].

In addition to the structural characterization techniques, Cyclic voltammetry (CV) on
the other hand is a technique which provides information about the electro catalytic activity of
the catalysts. In CV analysis, voltage is swept between two values from V1 to V2 (See Figure
2.14) and when a voltage value of V2 is reached the voltage is swept back to V1 during which
current drawn from the system is recorded. In CV analysis, generally, two different types of

reactions are studied: hydrogen oxidation reactions (HOR) occurring at the anode and oxygen
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reduction reactions (ORR) in which hydrogen and oxygen react and form water occurring at

the cathode sites of the fuel cells.

voltage

current
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Figure 2.14: Voltage as a function of time and current as a function of voltage for CV, taken
from[65].

HOR reactions provides information about electrochemically active surface area of the
synthesized catalysts. A sample HOR diagram for Pt is given in Figure 2.15 below.
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Figure 2.15: Cyclic Voltammogram of Pt



Different adsorption and desorption peaks between -0.2 V and -0.6 V are observed
with mirror images which are resulted by the adsorption on different crystallographic planes
on the surface of Pt. Towards positive voltage values, the peaks belonging to the formation
and reduction of surface oxide are observed. The hydrogen desorption peaks on the reduction
part of the curve are further used for the estimation of the electrochemically active surface
area (ESA) of the catalysts. The utilization of the supported nanoparticles can also be
calculated by CV analysis. By assuming the supported nanoparticles are in spherical shape
and by obtaining size of the nanoparticles from TEM and/or XRD analysis, when combined
with the metal loading value, total surface area of the supported nanoparticles can be
calculated. If ESA is divided by this value, then utilization of the nanoparticles can be

obtained.

Regarding the kinetics of fuel cell reactions, ORR measurements are carried out as
well. The Figure 2.16 shows a sample ORR measurement. It is observed that at low rpm
values, the range of 0-0.3V is observed to be the diffusion controlled region. As for the region
between 0.3-0.7V, it is the area that mixed diffusion-kinetic control with a function of the
rotation speed becomes dominant. Finally, the values between 0.7-1.0V are the Kinetics

controlled range with an independency on rotation speeds.
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The Figure 2.16: Hydrodynamic voltammograms of positive scans of PtNi/Carbon Aerogel
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3. EXPERIMENTAL

3.1.Materials

Dimethyl (cyclooctadiene) platinum (1) (PtMe,COD) (99.9%) and Bis(2,4-
pentanedionato)nickel(I1) (Niacac2) were purchased from Strem Chemicals. Vulcan XC 72R
carbon black powders were obtained from Cabot International. Spherical y-alumina particles
with a diameter of 1.6 mm were purchased from Saint-Gobain NorPro, Inc. For the carbon
aerogel preparation, resorcinol (99%), formaldehyde (37%), and sodium carbonate (99.99%)
were bought from Aldrich and used without further purification. The supports used in this
study were dried in the oven at 150 °C for 4 hours in order to remove the water. Carbon
dioxide (99.998%), and nitrogen (99.999%) were purchased from Airgas.

3.2.Supercritical Carbon Dioxide Deposition Setup

The supercritical fluid deposition setup is shown in the Figure 3.1. The custom
manufactured stainless steel vessel with a 54 ml volume was fitted with two sapphire
windows (1 in, id; Sapphire Engineering, Inc.). In order to prevent the leakage, before and
after the sapphire Windows, sealing is made with poly (ether ether ketone) O-rings. In
addition, a vent line, a rupture disk assembly (Autoclave Engineers) and T-type thermocouple

assembly (Omega Engineering, PX300-7.5KGV) are included in the system.
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Figure 3.1: Figure shows the supercritical Carbon Dioxide Deposition Setup.

3.3.Experimental Methods

3.3.1. Preparation of Carbon Aerogels

Carbon Aerogels (CAs) were prepared by polymerization of resorcinol with formaldehyde
in water solution according to Pekala’s procedure [31]. Briefly, a solution containing
predetermined amounts of formaldehyde (F), sodium carbonate (C), resorcinol (R) and water
(W) was kept at room temperature for 24 hours. At the beginning, the molar ratios of R/F, R/C
and R/W were 0.5, 100 and 0.04, respectively. Then the tube containing the prepared solution
was kept at 50 °C for another 24 hours, and at 90 °C for 72 hours. Upon this polymerization
process, the solvent-exchange is applied to the monolith which was achieved by immersing it
into acetone for at least 12 hours. Consequently, water is exchanged with acetone. As for the
extraction of acetone from the pores of the monolith, supercritical carbon dioxide extraction is
applied at 50 °C and 138 bars for 8 hours. After the extraction process, Resorcinol-
formaldehyde Aerogels (RFAs) were obtained. Conversion of them into carbon aerogels is
done by pyrolysis in an inert nitrogen atmosphere. Those RFA monoliths are inserted in an
alumina process tube (Cole Parmer) with dimensions of 25 mm (id), 28 mm (od), 1219.2 mm
(length) and this tube is placed into a tube furnace (Thermolyne 21100 Tube Furnace). The
oven was kept at 1000 °C for 6 hours under a nitrogen flow at approximately 100 cm*/min.

Finally, the system was let to cool room temperature.
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3.3.2. Preparation of Supported Monometallic Nickel and Platinum Nanoparticles

The supported monometallic nickel and monometallic platinum nanoparticles were
prepared on y-alumina, Vulcan XC 72R, and CAs. In a typical run, predetermined amounts of
support and PtMe,COD (for Pt nanoparticles synthesis) or Ni(acac), (for Ni nanoparticles
synthesis) were placed into the 54 mL deposition vessel. The required amounts of precursors
and supports were weighed by using an analytical balance (Adventure Model Ar 2140)
accurate to +0.1 mg. As for the powdered support used in this study which was y-alumina, the
weighed amounts of Vulcan XC 72R was put into a bag made of filter paper. The pouched
filter paper was put onto the stainless steel screen that was used to separate the stirring bar and

the support composites.

Deposition process for the monometallic nickel and platinum nanoparticles were
achieved by different strategies. The details of deposition and reduction processes are given in
Table 3.1. Since the solubility of the nickel precursor in supercritical carbon dioxide is low, a
few amounts of methanol (~5mL) as an entrainer was introduced into the system before it was
charged with scCO2. After closing the vessel, it was heated by using a circulating
heater/cooler (Fisher Scientific Isotemp Refrigerated Circulator Model 80). When the thermal
equilibrium was reached, the system was charged slowly with carbon dioxide up to the
desired pressure by using a syringe pump (ISCO, 260D) The metal loading values were

obtained from the weight change of the support before and after the deposition process.

As for the reduction processes, the adsorbed precursor-support composites were
loaded in an alumina process tube (Cole Parmer) with dimensions of 25 mm (id), 28 mm (od),
1219.2 mm (length) and this tube was placed into a tube furnace (Thermolyne 21100 Tube
Furnace). Nickel nanoparticles were obtained by chemical reduction under hydrogen flow of
~100cm®/min. In order to remove the adsorbed hydrogen molecules from the surface of the
carbon support, the system was purged with nitrogen at a higher temperature. On the other
hand, thermal reduction was applied for the synthesis of Pt nanoparticles under a nitrogen

flow at ~100cm®/min.
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Table 3.1: The details of the deposition and the reduction processes for the synthesis of

supported monometallic nickel and platinum nanoparticles.

Reduced
Support | Metal | Conditions | Entrainer | Reduced by at
(°C)
30MPa,
Ni | 60°C and N H,-120 minutes | 180 °C
72hours
v-Al203
24.2MPa,
Pt 70°C and X N2-240 minutes | 200 °C
24 hours
30MPa, H2-120 minutes | 170°C
Ni | 60°C and v + +
Vulcan 72hours N2-30minutes | 190°C
XCT2R 24.2MPa,
Pt 70°C and X N2-240 minutes | 200 °C
24 hours
30MPa, H2-120 minutes | 140°C
Ni | 60°C and v + +
72hours N2-30minutes | 160°C
CA
24.2MPa,
Pt 70°C and X N2-240 minutes | 200 °C
24 hours

3.3.3. Preparation of Supported Bimetallic Pt-Ni Nanoparticles with Different
Deposition Orders

For the preparation of bimetallic Pt-Ni nanoparticles, a two-step procedure termed
sequential deposition was used. The details are given in Table 3.2. First, Pt nanoparticles were
deposited on the supports by adsorption of PtMe,COD from scCO2 solution followed by
reduction of the adsorbed precursor to Pt by heat treatment at 200 °C under flowing nitrogen
at ~100cm®min. Subsequently, nickel acetylacetonate was adsorbed on Pt/support from
scCO,. The adsorbed Ni precursor was then reduced to Ni by heat treatment under hydrogen
flow at ~100cm®/min. In order to investigate the effect of the deposition order of the metals on
both morphology and activity of the catalysts, the reverse of this procedure was also applied.

First, supported monometallic nickel nanoparticles over the support were prepared and those
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catalysts were used as a support for the deposition of PtMe,COD. The reduction of Pt

precursor into Pt was achieved by thermal reduction at 200 °C.

Table 3.2: The details of the deposition and the reduction processes for the synthesis of

supported bimetallic nickel-platinum nanoparticles with different deposition orders.

Reduced
Support Metal |Conditions | Entrainer| Reduced by at
(°C)
30MPa,
Pt/ y-Al203 Ni 60°C and N H2-120 minutes | 180 °C
72hours
30MPa, H2-120 minutes | 170°C
Pt / Vulcan Ni 60°C and \ + +
72hours N2-30minutes | 190°C
30MPa, H2-120 minutes | 140°C

Pt/CA Ni 60°C and \ + +
72hours N2-30minutes | 160°C
24.2MPa,
Ni/CA Pt 70°C and X N2-240 minutes | 200 °C
24 hours

The table 3.3 below separately shows the use of entrainer throughout the preparation
of the supported monometallic and bimetallic nanocatalysts.

Table 3.3: The use of entrainer for the preparation of the nanocatalysts is given below.

Vulcan XC
y-Alumina 72R CA
Ni on support \ \ \
Pt on support X X X
Ni on Pt/support \ \ X
Pt on Ni/support not carried out | not carried out | X

\: used X : not used

The use of methanol as an entrainer for the deposition of nickel nanoparticles over Pt/CA

support was avoided since during the experiments, it was observed that the synthesized



nanoparticles of platinum on carbon aerogel were highly active and when they were contacted
with even the vapor of methanol at room temperature, the catalysts and the pounced filter

paper got burned.

3.3.4. Preparation of Electrodes for Cyclic Voltammetry Measurements

Cyclic Voltammetry was used in order to characterize the electrochemical activity of
the prepared catalysts (Pine Instrument). A standard three-electrode electrochemical cell was
benefited for the measurements. The reference electrode was a silver-silver chloride electrode
(Ag/AgCI, CI). A salt bridge filled with 0.1 M KCI solution was used to connect the
reference electrode to the cell in which CV measurements were done. A glassy carbon (GC)
electrode (5 mm in diameter) and Pt wire were used as the working and counter electrodes,
respectively. The catalyst ink solutions were prepared by mixing predetermined amounts of
the prepared catalysts with 0.5 ml deionized water, 0.5 ml 1,2-propandiol and 220 pL % 5 wt
Nafion solution (lon Solutions Inc.). For all of the CV measurements, the loading of the
catalysts on the GC electrode was 10 pgPt/cm?. The catalysts solution was homogenized for 1
hour by a homogenizer (Ultra-Turrax® T25). In order to achieve the desired meal loading, 5.8
uL of the catalyst solution is poured on GC electrode. Then, the GC electrode was left to
overnight drying.

3.4. Characterization

In the concepts of supported metals for catalysis, the characterization of both the
naked supports and the prepared supported metals are important. In this study, the surface area
and pore size distributions were analyzed by Brunauer, Emmett and Teller (BET) and the
acidity measurements were handled by Temperature Programmed Desorption (TPD)
measurements. In order to identify the crystalline structure of the deposited metals, X-ray
Diffraction (XRD) was used. Also, volume average particle size calculations were done based
on the most intense peak of XRD spectra. The size distribution of the deposited particles was
revealed by Transmission Electron Microscopy (TEM) together with the chemical analysis of

the particles achieved by Energy Dispersive Spectroscopy (EDS). TEM pictures were also
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used for the particle size calculations if the metal/support system is dilute and particle sizes

are small that prevents the use of XRD for the calculation of particle sizes.

3.4.1. Characterization of Supports: BET and TPD Analysis

For the BET analysis, N, physisorption measurements were done in order to find the
surface area, total pore volume and pore size distribution of y-alumina, Vulcan XC72R and
prepared CAs by using a Micromeritics ASAP 2020 instrument. Prior to the experiments, to
remove the gases trapped in the pores of the supports, the support sample was degassed for 3
hours at 300 °C. The surface area calculations were done by using the linear portion of the
BET equation. The estimation of the total pore volume was done by converting the volume of
adsorbed nitrogen to the volume of bulk liquid, at the relative pressure value (P/Py) of 0.99.
Total pore size distribution and average pore diameter were determined by using the Barrett,
Joyner and Halenda (BJH) method.

For the TPD analysis, Micromeritics Chemisorb 2750 system was used. The
predetermined amount of the y-alumina sample was placed into U shape quartz tube. Firstly,
to remove the air from the U-tube, the system was purged with helium for minutes which was
long enough to observe the base line again. Then, the surface cleaning was achieved by
heating the system up to 500 °C with a rate of 20 °C/min under a helium flow at 20 sccm.
Afterwards, the system was let to cool room temperature. Later on, the surface was saturated
with ammonia by purging with 10% ammonia in helium gas mixture. In order not to use the
physically adsorbed ammonia in the acidity calculations, before starting the desorption part of
the experiment, the system was heated up to 120 °C and physisorbed ammonia was removed.
Finally, the system was heated till 5000C with a rate of 200C/min and the corresponding
ammonia desorption peak was recorded. The details of the heat treatment procedure can be

seen in the Figure 3.2.
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Figure 3.2: The heat treatment procedure for acidity measurements by TPD analysis is given

in the figure.

3.4.2. X-ray Diffraction

The investigation of the crystalline structure of the supported monometallic and
bimetallic nanoparticles was done by XRD. Huber G670 Imaging Plate diffractometer
equipped with a Cu Ko radiation source was used for the measurements. The scanning range
of 20 was set between 10° to 85° with a step size of 0.01°. For a better accuracy, the overnight

measurements were done for a period of 12 hours.

3.4.3. Transmission Electron Microscopy

The size distributions and morphology of the supported nanoparticles were analyzed
by TEM images. TEM samples were prepared by crushing the catalysts with a mortar and
pestle set. The resulting powders were suspended in a volatile solvent and ultrasonicated to
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obtain a uniform suspension. A few drops of the suspension were deposited on a copper mesh
grid coated with a holey carbon film (Quantifoil Micro Tools GmbH). The TEM specimens
were allowed to dry completely before examination in a JEOL 2010 FasTEM operating at 200
kV. This instrument is equipped with a high-resolution objective lens pole-piece (spherical
aberration coefficient Cs 4 0.5 mm) giving a point- to-point resolution of <0.19 nm in phase

contrast images.

3.4.4. Energy Dispersive Spectroscopy

The chemical analysis of the deposited particles was achieved by EDS. The
measurements were done in situ using an EDAX Phoenix atmospheric thin window energy-

dispersive X-ray spectrometer (EDXS).

3.4.5. Cyclic Voltammetry: HOR and ORR

CV measurements were done in 0.1 M HCIO4 electrolyte solution. For the hydrogen
oxidation reaction (HOR) measurements, the electrolyte was saturated with hydrogen for 30
minutes in order to remove the oxygen. The hydrogen supply tube was placed just on the top
of the electrolyte solution before the experiments. The CV data were collected with respect to
normal hydrogen electrode (NHE) at a scan rate of 50mV/s. As for the oxygen reduction
reaction (ORR) experiments, the surface of the electrode was cleaned by 50 HOR cycles
which is the number found to be most suitable based on different trials. Then, the flow gas
was changed from hydrogen to oxygen and the electrolyte solution was saturated with oxygen
for 30 minutes. Before starting the ORR measurements, the oxygen supply tube was placed to
fluid phase at the top of the electrolyte solution. The rotation speeds of this study were 100,
400, 900, 1600 and 2500 rpm. The hydrodynamic voltammograms were recorded between
0.0-0.8 V at a scan rate of 10 mV/s. Electrochemical surface area (ESA) calculations were
performed by using the area under the reduction part of the curve according to the equation

given elsewhere [36]. All the experiments were performed at room temperature.
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4. RESULTS AND DISCUSSION

4.1.Supports

The Figure 4.1 shows the desorption behavior of the y-alumina support used in this
study. The system was calibrated by purging the known amount of ammonia and calculating
the corresponding peak area. The acidity was found as 0.491 mmol NHs;/ g catalysts which is
a reasonable value regarding the acidity measurements of the y-alumina in the literature. The
unsymmetrical behavior of desorption peak can be ascribed to the faster ramp of the

temperature program.

Acidity:0.491 mmol ammonia / g catalyst

TCD Signal

100 200 300 400 500
Temperature, °C
Figure 4.1: TPD of ammonia results of y—alumina.
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For support characterization, BET measurements were also carried out. CA support
was found to have a surface area of 747 m?g, average pore diameter of 22 nm and pore
volume of 4.1 cm®/g. The Vulcan XC72R was found to have a surface area of 213 m?/g, pore
diameter of 6.4 nm and pore volume of 0.48 cm®/g. As for y—alumina support, the surface area

of 260 m%/g, pore diameter of 10 nm and pore volume of 0.83 cm®/g were determined.

4.2.  Supported Monometallic Ni and Bimetallic Pt-Ni Nanoparticles with Different
Deposition Orders

By SCD method, supported monometallic nickel nanoparticles were successfully
deposited on y-alumina, Vulcan XC 72R, and CA supports. The supported bimetallic Pt-Ni
nanoparticles were synthesized by a technique called sequential deposition. Firstly, supported
monometallic Pt nanoparticles (Pt/support) were prepared and used as a support for the
incorporation of nickel nanoparticles (PtNi/support). To investigate the effect of the
deposition order of the metals on both morphology and activity of the nanocatalysts, the order
of sequential deposition was switched for CA support. The CA supported monometallic nickel
nanoparticles were synthesized and used as a support for the deposition of Pt nanoparticles
(NiPt/CA). The details of the weight percentages of the prepared nanocatalysts are given in
Table 4.1.

Table 4.1: Table displays the loading of the selected nanocatalysts

Vulcan XC

y-Alumina 79R CA
Ni 3% 1.40% 3.50%
sample a
sample a 2.2%Pt + 1%Ni
PN, 6%%%‘% \i | BY%PL+ 29N sampleb
(Pt deposited first) | = ' sample b 4%Pt + 0.2%Ni
1%Pt + 0.1%Ni sample ¢

4%Pt + 2%Ni

PtNi . . sample d
(Ni deposited first) | MOt carmed out | notcarried out | 5 5o i 3 6ogpy
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In this section, the results of the experiments will be presented in a way that supported
monometallic and bimetallic catalysts’ characterization results of y-alumina is given first and

this is followed by the results of Vulcan XC 72R and of carbon aerogel.

The Figure 4.2 shows the XRD spectra of the 3 % nickel nanoparticles supported on y-
alumina (Ni/ y-alumina) together with the corresponding TEM images and EDXS results.
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Figure 4.2: The figure depicts the characterization results of the supported monometallic
nickel nanoparticles on y-alumina. (Top left and top right: TEM images; Top middle:
Chemical Composition based on EDX results; XRD spectra a: 3% Ni on y-alumina; XRD

spectra b: pure y-alumina)

Most intense XRD peak of metallic nickel is supposed to emerge at ~ 44.5° followed
by the peaks at 41.5° and 39°. However, it is shown in Figure 4.2 that the peaks of the
polycrystalline y-alumina collapse with the expected nickel peaks. Highly pronounced y-
alumina peak coming at ~45° almost completely covers the expected nickel peak. On the other
hand, small peak is observed at around 41.5° which is so broad. This peak is missing on XRD
of pure y-alumina. It is so broad since the metal loading is low and particle size is at

nanoscale. Moreover, symmetric y-alumina peak at ~39.5° is shown to become slightly
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asymmetric after nickel deposition which can be explained by the expected nickel peak at
~39°.

For a better analysis of the morphology of the particles, TEM images of prepared Ni/y-

alumina samples are given separately on Figure 4.3.

Figure 4.3: TEM images of monometallic nickel nanoparticles supported on y-alumina.

Most of the supported nickel nanoparticles on y-alumina are observed to be around
~6nm. Although the loading value and thereby the total number of the particles is low, the
size distribution of the particles can be said to be narrow around 6nm.The shape of the

particles are observed to be spherical.



Figure 4.4. PtNi/ y-alumina nanocatalysts. TEM image(top left& top right) and EDXS
spectra (bottom).

TEM images and EDXS results of PtNi/ y-alumina nanocatalysts are given in Figure
4.4. Supported nanoparticles of 1-3nm in size were observed with a narrow particle size
distribution. It is interesting to note that size of the bimetallic Pt-Ni nanoparticles is smaller
than the size of the monometallic Ni nanoparticles. The particle size distribution and shape of
the bimetallic Pt-Ni nanoparticles are similar to the shape and size of the monometallic Pt
nanoparticles on y-alumina prepared by SCD [5]. This supports the argument stating that Ni
nanoparticle formations occur with close contact to the Pt islands; therefore, instead of phase
separation, bimetallic PtNi nanoparticles with homogeneous chemical compositions were
obtained. Bayrakg¢eken et al studied Pt based bimetallic nanostructures by SCD and found that
Pd agglomerate formations can be stabilized if there are pre-existing Pt islands on the surface
but phase separation still occurred [49]. The findings of our study, on the other hand, states
that Pt and Ni further interact with each other giving small composition variations in EDXS

measurements indicating no phase separation.
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As for the Vulcan XC 72R support, the supported monometallic nickel (Ni/Vulcan)
and bimetallic (PtNi/Vulcan) nanoparticles by sequential deposition were successfully
prepared. For the bimetallic nanocatalysts, the deposition of platinum nanoparticles was

achieved first, and this was followed by the incorporation of nickel nanoparticles.

The XRD spectra of 1.4 % Ni on Vulcan XC 72R were inconclusive since the
expected Ni peaks were close to those of carbon support, and the system studied here is so
dilute with a loading of 1.4 %. In addition, as can be seen from the Figure 4.5, the synthesized
supported metals were at nanoscale which makes the XRD peaks so broad. All of these make

the detection of the corresponding XRD peaks of nickel nanoparticles quite difficult.

The Figure 4.5 displays the TEM images of the prepared Ni/Vulcan catalysts. It is
shown that the SCFD technique enables the synthesis of monometallic nickel nanoparticles
with a size of ~8nm. Because of the low loading, the population of the particles is observed to

be low.
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Figure 4.5: Large area TEM images of 1.4 Ni/Vulcan nanocatalysts with low population

because of low loading value.
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The Figure 4.6 below shows the chemical compositions of the deposited particles on
TEM images of Ni/Vulcan nanocatalysts. EDXS spectrum on large area only displays the Ni
metal peak, so all the particles in the TEM images are pure Ni.

Thin Apx
KAB Set : User, Elements

Element Weight% Atomic%

NiK  100.0  100.0 o
Total  100.0  100.0

i i i L1 i L] ¥ L] L] ] il

Figure 4.6: The EDXS spectrum of Ni/Vulcan nanocatalysts.

High magnification TEM images of Ni/Vulcan nanocatalysts are provided in Figure
4.7 for a better understanding of the morphology of the supported metal nanoparticles.

Deposited particles with a size of ~8nm were observed to be spherical.
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Figure 4.7: High magnification TEM images of 1.4 Ni/Vulcan nanocatalysts.
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After the preparation of Ni/Vulcan nanocatalysts, sequential deposition technique was
used to prepare two different PtNi/\Vulcan nanocatalysts with different metal loading. As
given in Table 4.1, the sample has a platinum loading of 8% and nickel loading of 2%. The

corresponding XRD diffractogram is given in Figure 4.8 below.

XRD particle size of 8%Pt: 2.1 nm
XRD particle size of 8% Pt+2%Ni: 2.8nm

a: 8%Pt+2%Ni
b: 8%Pt
c: Pure Vulcan

Relative Intensity

Figure 4.8: The figure shows the XRD diffractogram of pure Vulcan XC 72R (c),
8%Pt/Vulcan XC 72R (b), (8%Pt+2%Ni)/Vulcan XC 72R (a), particle size results calculated
from (111) peak, and the corresponding TEM image of (8%Pt+2%Ni)/Vulcan XC 72R (top

right-scale base is 10nm).

In Figure 4.8 the XRD diffractogram of pure Vulcan is also provided for a comparison
and better analysis. (111), (200), (220) and (311) peaks belonging to the face centered cubic
(fcc) crystal structure of Pt are shown on sample ‘b’ with 8% Pt loading at 2@ angels of ~39°,
46°, 68°, 80° respectively. The symmetric peaks observed for sample ‘a’ with 2%Ni loading is
important and may indicate the partial substitution of the Pt atoms from their lattice structure.
The small shift in (111) peak towards higher 20 angles also supports this argument. Particle
size was observed to increase from 2.1 nm (8 wt% Pt) to 2.8 nm (8 wt% Pt + 2 wt% Ni) after

Ni deposition suggesting that Ni metal is not phase separated; instead Ni atoms grow on the
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previously deposited Pt islands. Moreover, the particle sizes of PtNi/\Vulcan observed from
TEM images and the values estimated from peak of (111) plane in XRD diffractogram by
Scherer’s Equations were close to each other (TEM with narrow size distribution: ~3nm;
XRD: ~2.8nm). XRD provides information on the volume average based; on the other hand,
information acquired by TEM images is specific to the area focused on the sample. These
clearly indicate a quite narrow particle size distribution of PtNi/Vulcan XC72R nanocatalysts

with a total metal loading of 10%.
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The Figure 4.9 below shows the large area TEM images and corresponding EDXS
results of (8%Pt+2%Ni)/Vulcan XC 72R nanocatalysts.
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Figure 4.9: TEM images and corresponding EDX results of prepared (8%Pt+2%Ni)/Vulcan

XC 72R nanocatalyst.

It was observed that the nickel to platinum ratios obtained from EDX analysis were
slightly less than the ratios obtained from gravimetric analysis of the sequential deposition
process. This is attributed to the weight losses occurring during the reduction of nickel
precursor to metallic nickel. However, it is worth to note that the chemical composition
results of the EDX spectrum both on the large area and the particle based do not differ too
much when focused on different regions of the specimen prepared for TEM analysis. The fact
that the particle based and large area based weight percentages are in agreement suggest that
the metals are deposited over the catalyst surface uniformly. And this uniform distribution has
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several possible meanings: Either nanoalloys of platinum-nickel were successfully
synthesized, or nickel incorporation occurred around the platinum nanoparticles resulting in a
core-shell structure with platinum being in core and nickel at shell. At least, it can be stated
that phase segregation of the platinum and nickel metals did not occur. In other words, the
nickel nanoparticles did not grow on the support’s surface away from platinum islands.
Instead, they either grow around the platinum nanoparticles to form the shell or the interaction
further led them to form the nanoalloys. Alloying is still possible at the miscibility gap in
which reduction temperatures and compositions are not enough for alloying, since alloying
conditions of bimetallic structures deviates at nano scale from the conditions at bulk scale. In
addition, alternative alloy structures may form such as fcc formation although hcp is expected

at bulk compositions [57].

Other TEM images of the prepared (8%Pt+2%Ni)/VVulcan XC 72R sample are shown
below in Figure 4.10.
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Figure 4.10: High magnification TEM images of (8%Pt+2%Ni)/Vulcan XC 72R

nanocatalyst.

The interesting results are obtained on Vulcan sample regarding the particle size
distribution of the prepared supported monometallic and bimetallic nanocatalysts. Although
Ni/Vulcan sample has a lower nickel loading of 1.4% as compared to NiPt/Vulcan having a
total metal loading of 10% and 2% of it is composed of nickel, smaller particles on TEM
images for bimetallic Vulcan XC 72R supported catalyst are observed. Numerically, TEM
images in Figures 4.5 and 4.7 displays monometallic nickel nanoparticles with a diameter of
~6nm. On the other hand, the Figures 4.9 and 4.10 reveals that Vulcan XC 72R supported
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bimetallic nanocatalysts with a total metal loading of 10% and nickel loading of 2% are
comprised of metal particles with the diameter values mostly below 3 nm! Two important
observations were made on monometallic and bimetallic nanocatalysts prepared over Vulcan
XC 72R. Firstly, although bimetallic nanocatalyst has a higher nickel loading, the particle size
of PtNi/Vulcan as compared to Ni/Vulcan was smaller. Secondly, the narrow particle size
distribution on Vulcan XC 72R was achieved. These observations can possibly be explained
by the platinum islands acting as a kind of ‘stabilizer’ for the growth of nickel nanoparticles.
Therefore, the nucleation of the nickel particles does not happen over the available active sites
on the surface of the carbon support away from the platinum particles; instead, they grow

around the previously adsorbed platinum particles.

As for the sample ‘b’ in Table 4.1 prepared over the Vulcan XC 72R support, it has a
total metal loading of 1.1% and 1% of it is composed of Pt and the remaining 0.1% is Ni.
Unlike to the sample ‘a’ with a total metal loading of 10% which might have a promising
electrochemical activity, this sample ‘b’ was synthesized with a quite low loading and
presented here as a sign of the lower limits of our capability in utilizing the SCFD technique

for the preparation of supported bimetallic nanoparticles.

The Figure 4.11 displays the EDXS spectrum of PtNi/Vulcan with a total metal
loading of 1.1%. The expected platinum to nickel weight ratio, according to gravimetric
analysis, should be 1:10 (Ni:Pt). However, it was found to be ~1:20 according to chemical
composition results obtained from EDX spectrum. Probably, some portion of nickel precursor
which was adsorbed on the surface of Pt/\Vulcan nanocatalysts volatilized during the reduction
process. Since the adsorbed amount of nickel precursor was already quite low, the amount lost

during the reduction process brings a relatively big difference in Pt:Ni ratio.

For the analysis of the success in preparing bimetallic, uniformly distributed supported
low loading nanometals, the corresponding TEM images of PtNi/Vulcan with a total metal
loading of 1.1% are given in Figures 4.12 and 4.13 and 4.14.
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Figure 4.12 shows the large area TEM images. Most of the particles are observed to be
around ~1nm with quite narrow particle size distribution. As can be seen from Figure 4.13,
the metal loading is not uniform. This is probably caused by the extremely low amount of
metal precursor placed in to the vessel. Better analysis of the particle size distribution can be

seen on Figure 4.14. Extremely small spherical nanoparticles are observed.
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Figure 4.11 : The EDX spectrum of PtNi/Vulcan with a total metal loading of 1.1%



SU 1411d

Figure 4.12: Large area TEM images of PtNi/Vulcan with a total metal loading of 1.1%
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Figure 4.13: The figure shows the TEM images of PtNi/Vulcan with a total metal loading of
1.1% which are concentrated on support surface non-uniformly.

52



Figure 4.14: High magnification TEM images of PtNi/Vulcan with a total metal loading of
1.1%
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Lastly, the third support, CA, was used for the preparation of supported monometallic
and bimetallic nanocatalysts. The carbon aerogels with an average pore size of 22 nm were
used. The TEM images of monometallic nickel nanoparticles are given in Figure 4.15

Large area and high magnification TEM images of Ni/CA in Figure 4.15 revealed that
no big agglomerate formations were detected. Nanoparticles with a size less than 10 nm are
observed which are analyzed to be pure nickel by EDXS measurements.

Figure 4.15: Large area and high magnification TEM images of Ni/CA nanocatalyst with a
nickel loading of 3.5%

In addition to the monometallic Ni/CA samples, the bimetallic samples over CA
support were prepared and the loading details are given in Table 4.1. The effect of the nickel
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incorporation into Pt/support composite and the effect of deposition order (sequential
impregnations of Pt and Ni) on morphology and activity were studied. The samples‘d’ was
prepared by changing the deposition order: supported nickel nanoparticles over CA support
synthesized and this was followed by the incorporation of platinum.

It was found in Section 4.1 that, in this study, CA is the support with the highest total
surface area, ~747 m%/g. This is the most likely reason for XRD analysis to be inconclusive.
The high available surface area of CA let the deposited particles to spread freely over the
surface, instead of coming together and forming relatively bigger particles. Scherer’s Equation
states that as the particle size decreases, the expected XRD peaks should become broader.
When this is combined with the background XRD spectra of quite amorphous CA, the
detection of XRD peaks of either supported monometallic or bimetallic samples prepared over
CA was not successful. Therefore, related understanding of the size distribution and

morphology of the particles were acquired from corresponding TEM images.

The Figure 4.16 displays the EDXS spectrum of sample ‘a’ over CA with the metal
loadings of 2.2%Pt and 1%Ni. It is worth to note that, similar to the PtNi/Vulcan with a metal
loading of 8%Pt and 2%Ni, this sample ‘a’ on CA also shows small deviations in the chemical
compositions for the large area measurements which was done by focusing on different areas
of the specimen prepared for TEM analysis. This, again, implies homogenous distribution of
nickel and platinum metals, instead of forming aggregates, at different areas, as separate
platinum and nickel islands. Then, again, the two possible explanations are either nanoalloys

of PtNi or core-shell structure with platinum being in core and nickel being in shell.
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Figure 4.16: EDX spectrum and corresponding chemical composition results of PtNi/CA22

with the metal loadings of 2.2%Pt and 1%Ni with Pt deposition first.
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The Figure 4.17 and 18 displays the TEM images of sample ‘a’ over CA with the
metal loadings of 2.2%Pt and 1%Ni. The particle size is extremely small almost beyond the
resolution limits of TEM (less than 1nm) but particle population is high with quite even
distribution. When treated together, The EDX results and TEM results are quite interesting
that extremely small supported nanoparticles are prepared with a high amount of nickel
content in the bimetallic composites (at atomic base, approximately, 60% nickel and
40%platinum). This is a clear sign for the power of our abilities in utilizing SCFD for

synthesize of supported homogeneous bimetallic nanoparticles.
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Figure 4.17: TEM images of PtNi/CA22 with the metal loadings of 2.2%Pt and 1%Ni with Pt
deposition first.
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Figure 4.18: High magnification TEM images of PtNi/CA22 with the metal loadings of
2.2%Pt and 1%Ni with Pt deposition first.
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Regarding the uniformly distributed metal content and narrow particle size distribution
around ~Inm, similar results were obtained for the sample ‘b’ with the metal loadings of
4%Pt and 0.2%Ni over CA (See Figure 4.19). The nickel content of the prepared
nanoparticles was found to be around 15% at atomic base, with a uniform distribution.
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Figure 4.19: TEM image and EDX results for PtNi/CA with a metal loading of 4%Pt 0.2%Ni
with Pt deposition first.
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The Figure 4.20 below illustrates the TEM images and also EDXS results of PtNi/CA
sample with a metal loading of 4%Pt 2%Ni with Pt deposition first. No big agglomerate
formations were seen with narrow particle size distribution around 1-3 nm. Similar to the
results obtained for bimetallic PtNi on Vulcan XC 72R and on alumina samples, PtNi/CA

samples also exhibit a smaller particle size than monometallic Ni on CA. These observations

strengthen the idea of possible stabilization effect of Pt on Ni atoms agglomeration.
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Figure 4.20: TEM image and EDX results for PtNi/CA with a metal loading of 4%Pt 2%Ni

with Pt deposition first.



The following Figures of 4.21, 4.22 and 4.23 below shows the TEM images and EDXS
results for bimetallic PtNi/CA nanocatalyst with a metal loading of 3.6%Pt 3.5%Ni with Ni
deposition first. Quite interesting results are obtained. Some large particles with a size of 10-
20 nm are confirmed to be pure Ni, while some small nanoparticles of 1-3 nm in size are also
observed and confirmed to be bimetallic PtNi. It can possibly be suggested that since Ni
deposition is achieved prior to the Pt addition, Ni atoms segregation were not inhibited this
time. Slight portion of the Ni atoms interect with Pt and formed the bimetallic nanoparticles of
1-3 nm in size, but, mainly previously deposited Ni atoms are seen to form bigger
agglomerates during the formation of Pt nanoparticles from Pt(COD)Me, which requires heat
for the ligands removal. Actually, this portion of heat gives a further mobility to the

previously deposited Ni nanoparticles and forced them to from 10-20 nm particles in size.

Figure 4.21: TEM images for bimetallic PtNi/CA nanocatalyst with a metal loading of
3.6%Pt and 3.5%Ni with Ni deposition first.
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Figure 4.22: TEM image and EDX results for big particles (pure Ni) of bimetallic PtNi/CA
nanocatalyst with a metal loading of 3.6%Pt 3.5%Ni with Ni deposition first.
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Figure 4.23: TEM image and EDX results for small particles of bimetallic PtNi/CA
nanocatalyst with a metal loading of 3.6%Pt 3.5%Ni with Ni deposition first.



4.3.  Electrochemical Activity Tests of Monometallic Pt and Bimetallic Pt-Ni
Nanoparticles

Electrochemical activity tests of the prepared catalysts were studied by HOR and ORR
measurements. Regarding the carbon supports, one of the objectives of this study is to
synthesize electrochemically active nanosized supported bimetallic catalysts with a quite low
loading which would make the fuel cell applications less expensive. Analysis of the
systematically arranged electrochemical activity tests’ results together with the comparison of

the activities of the monometallic catalysts is provided.

Table 4.2 displays the total and electrochemically active surface area (ESA) of the
deposited platinum nanoparticles. Total surface area was calculated based on the diameter of
the particles observed from TEM images with a narrow size distribution. ESA values were
calculated by using Equation (1) where A is the area under the reduction part including the
double layer capacitance (DLC) part of the curve, K=0.21mCcm™Pt™, S is set to be scan rate

(50mV/s) and platinum loading on the electrode is designated by L.

ESA= A/ (K.L.S) (1)

Normally, DLC part of the curve is to be excluded for such calculations, however, as
can be seen from Figures 4.24 and 4.26, deposited Pt nanoparticles were found to be very
active in oxidizing the surface groups on CA and thereby the huge increase in DLC part
makes some portion of the hydrogen reduction curve invisible. In other words, while the
metals on the surface of CA are so dilute, the surface is mainly populated by the oxygen
containing species. The XPS spectrum for the confirmation of the oxygen containing surface

groups on CA is given in Figure 4.24
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Table 4.2: Electrochemical and the total surface of 4%Pt/CA catalyst.

Catalyst drem(nm) SAp: (M2/g) |ESApt %Pt utilization
(4%Pt)/CA ~1nm 279 195 |~70
30 :-:ll:l1
CA
20 ] B
|
o
(i
O 1S
10
06 294 292 200 283 26 234 282 280 s

Binding Energy (eV)

Figure 4.24: Curve fitting results of C1s spectra of CA, adapted from [66].

In Figure 4.24, sharp-asymmetric peak is observed around 284.5 eV. The shoulders
making the peaks asymmetric are observed towards higher binding energy values and when

combined with curve fitting results, this is an indication of the oxygen containing surface

groups of CA.

The figure 4.26 shows the CV results at the first and fiftieth cycles of the
monometallic Pt catalyst with 4% Pt loading and bimetallic PtNi catalyst with 2% Ni addition
supported on CA. To see how Pt accelerates the increase in the DLC, corresponding CV
results of pure CA is also provided. Hydrogen adsorption desorption peaks (Hz-ads/des) are
observed around 0-0.2V. Similar to the results obtained in the literature, nickel addition

decreases the ESA of the prepared catalysts [67] (See Figure 4.25 below).
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Figure 4.25: The Figure shows the decrease in the ESA value for increased amount of Ni in

carbon supported PtNi alloy, taken from [67]

The oxidation of Pt should be visible after 50 cycle HOR treatment; however, this was
not the case which is attributed to the huge DLC. The Figure 4.27 shows that as the number of
the cycles increases, the CV of supported bimetallic PtNi catalyst starts to mimic the CV of
supported monometallic Pt catalyst which is probably an indication of the dissolution of

nickel.

67



1.cycle
4 -
3 a: 4%PHCAZZ PR
b (45%FPt + 2%MNi) /(CAZ22 £l
ol pure CAZ2 i fl
_ 3
~ 2
=
2
<
e 11
—
O -
_'] -
_2 T T T T T T T
-02 oo 02 04 06 038 1.0 12 14
E, V vs NHE
50. cycle
4
3~ a 4%PtCA22
b (4%Pt + 2%NIMCAZ2
Clpure CAZZ
2 -
(o}
g 11
L2
<
LR
_'] -
3 4
_3 T T T T T T T
0.0 0.2 04 06 03 1.0 12 14
E, V vs NHE

Figure 4.26: CV curves at first (top) and fiftieth (bottom) cycles for pure CA, (4%Pt)/CA,
and (4%Pt + 2%Ni)/CA in 0.1MHCIQ, at a sweep rate of 50mV/s.

In Figure 4.27, CV results of (4%Pt+2%Ni)/CA for higher number of cycles are given.
The increase in the ESA becomes more pronounced when the number of the cycles increased.

When combined with the previous results, this may imply that previously deposited platinum
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nanoparticles were surrounded by the nickel metal resulting in a core-shell structure with
platinum being at core and nickel at shell. One may suggest that increasing HOR cycles
hinders the dissolution of nickel from the shell and resulting free sites of platinum become
active sites for hydrogen adsorption. Subsequently, ESA is observed to increase with the
increasing in the number of HOR cycles. However, it is still possible that the Pt-Ni alloys
were formed and when the dissolution of the nickel from the bimetallic alloy occurred, higher
ESA was obtained. Therefore a definite core-shell structure can’t be suggested at this stage,

without analyzing all the data presented on these samples.
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Figure 4.27: CV curves for (4%Pt + 2%Ni)/CA in 0.1MHCIO, at a sweep rate of 50mV/s.

An arrow rises up with the increasing number of the cycles.

The Figure 4.28 displays the hydrodynamic voltammograms of positive scans for ORR
of PtNi catalyst with a loading of 4%Pt and 2%Ni supported on CA. The rotation speeds
studied are 100, 400, 900, 1600 and 2500 rpm at a sweep rate of 10mV/s. To clean the

surface, firstly 10 HOR cycles was carried out and peroxide (H,0,) formation was detected
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based on the Koutecky-Levich plot. Then the same procedure was followed with only
difference of 50 cycles of HOR surface treatment and H,O, formation was still found. It was
observed that if the surface was cleaned further by HOR cycles of more than 50, then the
corresponding ORR activities were start to decrease. Therefore, prior to all ORR

measurements in this study, the surface treatment was achieved by 50 HOR cycles.
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Figure 4.28: Hydrodynamic voltammograms of positive scans (top) and corresponding
Koutecky-Levich plot (bottom) of (4%Pt + 2%Ni)/CA for O, reduction in O, saturated 0.1 M
HCIO.,.



It is shown that the limiting current increases with the increase in revolution speeds
which is associated with the increase of the oxygen diffusion through the surface of an
electrode. The little inclined behavior of the current plateau is explained by non-uniform
distribution of the active sites [68]. This may be caused by the low metal loading which could
not populate on the surface homogenously. Especially at low rpm values, the range of 0-0.3V
is observed to be the diffusion controlled region. The region between 0.3-0.7V is the area that
mixed diffusion-kinetic control with a function of the rotation speed becomes dominant.
Finally, the values between 0.7-1.0V are the kinetics controlled range with an independency
on rotation speeds. The diffusion controlled region for 2500 rpm is not shown which can be
ascribed to the high rotation speed that hinders the oxygen diffusion up to the available limits
and thereby overcoming the diffusion limitations. It is worth to note that the limiting current
values obtained from the prepared catalysts are comparative with the state of the art catalysts

and with the catalysts having a high metal content [69].

As for the explanation of H,O, formation, it is possible that the oxygen containing
surface species that dominates the CA surface change the reaction pathway severely in the
mechanism of oxygen reduction reaction. Instead of 4-electron pathway (2), the peroxide
pathway (3) was followed during the reaction:

O, + 4H" + 4¢” > 2H,0 @)

02 + 2H+ +2e > H202 (3)

The reaction mechanism in ORR can be explained by Figure 4.29. Oxygen reduction
can happen to form water directly with 4-electron pathway, with the rate constant of k1 or to
form adsorbed peroxide, with the rate constant of k2. Then, the further reaction with the rate
constant k3 may convert this adsorbed peroxide into water. Another possibility is the
chemical decomposition with the rate constant k4. The adsorbed peroxide may also desorb

from the surface towards the electrolyte solution of 0.1M HCIOs,.
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Figure 4.29: ORR mechanism on Pt, reprinted from [70]

In more details, ORR mechanism on Pt surface may happen by two different ways:
dissociative or associative mechanisms [71]. On dissociative mechanism, adsorption of
oxygen breaks O-O bonds. Therefore, adsorbed O, on Pt surface is not present which restricts

the formation of H,O,. This cannot be the possible reaction scheme in our study.

1/2 0, + *> O* @)
O* + H" + & DOH* (5)
OH*+H"+e > H,0 +* (6)

The associative mechanism, on the other hand, enables the formation of H202. If the
0-0 bond of the adsorbed oxygen is not broken trough out the overall reaction mechanism,
the formation of H,0, is observed and if it is not reduced further to form H20, then H202 is
desorbed from the surface of the electrode as a final product which is the reaction shown with

the rate constant of k5 in the Figure 4.29.

O, + *>0,* (7)
O* + H" + e >HO2* (8)
HO,* + H" + e >H20 + O* ©)

O* + H" + e >0H* (10)

73



OH* +H"+e >H,0 +* (11)

Comparison of ORR Activities @2500 rpm
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Figure 4.30: The figure comparatively shows the hydrodynamic voltammograms of positive
scans of pure CA, (4%Pt)/CA, and (4%Pt + 2%Ni)/CA for O, reduction in O, saturated 0.1 M
HCIO,.

To explain how Pt and Ni addition accelerates the ORR on CA, the Figure 4.30 is
provided. As expected, almost no ORR occurs on pure CA. Small limiting current value
probably belongs to the oxidation of the surface groups. It is clear that the deposition of Pt
nanoparticles hinders ORR. In addition, the efforts to couple / alloy Pt with Ni are worth to
study, since Ni addition is shown to increase the ORR activity of the prepared 4%Pt/CA
catalyst by approximately 33%. Thereby, the so-called promotion effect is shown to be
correct. Similar results were found in the literature [61, 72-74]. Paulus and co-workers stated
that bimetallic Pt-Ni nanoparticles ~4nm display greater activity than monometallic Pt
catalysts for ORR [69]. In more details, improvements in ORR activity achieved by bimetallic
PtNi nanocatalysts as compared to the monometallic Pt can possibly be explained by the
followings: the Pt electronic structure is modified together with modifications in its geometric

structure; also static oxygen adsorbates are inhibited and also overpotential is reduced.
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Figure 4.31: The figure comparatively shows the hydrodynamic voltammograms of positive
scans of (2.2%Pt + 1%Ni)/CA, (4%Pt + 2%Ni)/CA, and (3.5%Ni + 3.6%Pt)/CA for O,
reduction in O, saturated 0.1 M HCIO,.

Two important interpretations can be obtained from Figure 4.31 displaying the
comparison of ORR activities of (2.2%Pt + 1%Ni)/CA, (4%Pt + 2%Ni)/CA, and (3.5%Ni +
3.6%Pt)/CA at 2500 rpm: possible core-shell structure of the prepared nanocatalysts, and the
effects of the surface of CA on ORR activity. It is observed that the hydrodynamic
voltammogram of (3.5%Ni+3.6%Pt)/CA catalyst highly resemble the hydrodynamic
voltammogram of 4%Pt/CA. It can be suggested that since the nickel addition was followed
by the incorporation of the platinum for (3.5%Ni+3.6%Pt)/CA catalyst, the core-shell
structure with 3.6%Pt being at the shell occurred. The ORR activity of 4%Pt/CA which is
very close to (3.5%Ni+3.6%Pt)/CA catalyst also supports this argument. It is interesting to
note that the nickel metal which is loaded in the core brings almost no improvement to ORR
activity. However, when combined with the corresponding TEM and EDXS results, core-shell
is not the proposed structure (See Figures 4.21, 4.22, 4.23). Ni atoms do not stay at the core,

instead they form separate pure Ni nanoparticles of 10-20 nm in size. Another important
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observation is the difference in the ORR activities of (2.2%Pt + 1%Ni)/CA and (4%Pt +
2%Ni)/CA catalysts which have almost the same Pt:Ni ratios. Recalling that the total metal
loading on glassy carbon is fixed at 10pug/cm? and the Pt:Ni ratios of two catalysts are almost
same, the difference in ORR activities of these two catalysts is not expected. Only difference
in the preparation is the amount of the metal/support composite used in the ink, since the total
metal loading values differ. Subsequently, the amount of the carbon in two inks is different,
too. This can be the possible explanation of the differences in the ORR activities of (2.2%Pt +
1%NIi)/CA, (4%Pt + 2%Ni)/CA catalysts.

The Figure 4.32 is provided showing the CV results of (4%Pt + 2%Ni)/CA and
(3.5%Ni + 3.6%Pt)/CA. Neither the total metal nor the platinum loading values differ too
much for two different catalysts, but the difference in the corresponding ESA values is high.
This figure can be related with the structure of the synthesized catalysts. The sample (3.5%Ni
+ 3.6%Pt)/CA was prepared by nickel addition on CA which was followed by platinum
incorporation that may result in the core-shell structure with platinum being at the shell and
thereby with higher ESA value. However, again, when combined with EDXS results, it is
seen that core-shell structure is not the possible one, instead, pure Ni agglomerates are
formed. As for the sample b in Figure 4.32, there are almost no H,-ads/des curves appearing
that can be explained by the nickel metal surrounding the previously deposited platinum
islands and ceasing hydrogen adsorption on the prepared metal cluster. For this sample ‘b’, it
is not clear enough whether nanoalloys have formed with certain degree of alloying or core-
shell structures with Ni at the shell is formed. Possibly, segregation of small Ni atoms appears
on previously deposited Pt islands and blocks ESA (See Figure 4.34, the second illustration
from left). It is also observed that the increase in the DLC is higher for (3.5%Ni +
3.6%Pt)/CA catalyst in which more free Pt sites exist and oxidize the oxygen containing

surface groups resulting in a huge increase DLC.
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Activity & structure information of bimetallic catalysts by CV
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Figure 4.32: CV curves for (4%Pt + 2%Ni)/CA and (3.5%Ni + 3.6%Pt)/CA in 0.1MHCIO, at
a sweep rate of 50mV/s. Corresponding core-shell structures are given at the top left and top

right for nickel at core and for platinum at core, respectively.

Regarding the activity results and structure information of the catalysts, if shell of
nickel totally surrounds the Pt core, then an increase in ORR activity would not expected!
Therefore, the bimetallic PtNi structure of ‘d” given in Figure 4.33 is proposed with nickel
atoms segregating on the Pt islands and thereby decreasing the ESA values but by the help of
electronic effect, on the other hand, increasing the ORR activity. Since variation in EDX
results were low, ‘a’ in Figure 4.33 (Pt atoms — Ni atoms phase separation) is not possible.
And the configuration in ‘b’ (no phase separation but no close interaction between Pt-Ni
atoms) would not decrease the ESA value since nickel atoms do not block the available Pt
sites for this configuration. And the configuration ‘c’ does not allow the electrolyte to diffuse
to the Pt-core which would obviously decrease the ORR activity. The fifth possibility which is
not shown in Figure 4.34 is the alloying. For (4%Pt + 2%Ni)/CA sample, the temperature at

which Pt and Ni interacted is 160°C which is the reduction temperature of secondly deposited
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Ni. The temperature at which Pt and Ni interact for the sample (3.5%Ni + 3.6%Pt)/CA, on the
other hand, is 200°C which is the reduction temperature of secondly deposited Pt. If higher
temperature value of 200°C caused the (3.5%Ni + 3.6%Pt) to form an alloy on CA, then based
on the comparative ORR results in Figure 4.31 it can be stated that alloying dos not results in
bimetallic catalysts with a higher activity. (Pay attention that neither the Pt nor the total metal
loadings for (4%Pt + 2%Ni)/CA and (3.5%Ni + 3.6%Pt)/CA change a lot). However, alloying
would result in a change in the electronic environment of Pt that should affect the activity of
(4%Pt)/CA. Then, very close ORR activities of (3.5%Ni + 3.6%Pt)/CA and (4%Pt)/CA would
not be possible for an alloying. These state that (3.5%Ni + 3.6%Pt)/CA sample is not alloyed.
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Figure 4.33: The Figure shows the possible structures of the prepared bimetallic PtNi
composites supported by CA for the samples with Pt deposition followed by Ni incorporation.

This proposed structure is in harmony with the possible, idealized structures of the
bimetallic compounds given in the literature [75]. (See Figure 4.34., the second configuration
from the left: Partially alloyed with Ni atoms segregating on Pt islands)
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Figure 4.34: Idealized illustrations of the supported bimetallic nanoparticles which are
alloyed, partially alloyed/partially phase-segregated, or completely phase-segregated, taken
from [75]
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Figure 4.35: CV curves (8%Pt + 2%Ni)/Vulcan XC 72R in 0.1MHCIO, at a sweep rate of
50mV/s.



Similar CV results were obtained for (8%Pt + 2%Ni)/Vulcan XC 72R catalyst on
Figure 4.35. Almost, no ESA value was detected for the first cycle, on the other hand, the
increasing number of the cycles resulted in a higher ESA value. Again, this may be an
indication of the core-shell structure. However, unlike to the catalysts prepared on CA
support, the catalysts on Vulcan XC 72R were prepared at higher reduction temperatures. (See
Table 4.1) The higher temperatures might have forced the deposited platinum and nickel
metals to interact further to form a nanoalloy with a certain degree of alloying. When the
‘symmetric peaks’ on the corresponding XRD spectra together with the ‘shifts’ of the
expected peak positions towards higher 20 angles for bimetallic nanocatalysts is considered,
one may suggest that (8%Pt + 2%Ni)/Vulcan XC 72R catalyst is a supported bimetallic
nanoalloy. At this stage, the shift in XRD spectra was used in Vegard’s Law to find the
composition of Ni in the PtNi nanoalloy, according to the following formulas. Pt composition
of 0.98 as compared to Ni composition of 0.02 was found which was so small and which was
caused by the small shift! However, the corresponding EDX results suggest a Pt loading of
~0.55, at atomic base. Therefore, the possible structure of the Vulcan XC 72R supported
bimetallic PtNi nanocatalysts is similar with those supported by CA and idealized illustration
is provided in Figure 4.34., the second configuration from the left: Partially alloyed with Ni

atoms segregating on Pt islands.

PtXNil-X
aalloy: X'aPt + (1'X) ‘ani
a =M (2sin@®) - (h*+k*+%)"2

where X is the composition, a is the lattice constant, A is the wavelength of the beam, h-k-I

are the Miller indices....

The techniques used in this study do not enable us to make a crystal clear judgment on
the definite structure of the bimetallic nanocatalysts supported by Vulcan XC 72R. In addition
to the characterization results presented here, a better conclusion on the structure of Vulcan
XC 72R supported nanocatalysts could be derived from the lattice spacing of the deposited
nanoparticles (HRTEM). If nanoalloys were formed with a certain degree of alloying, then a
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lattice spacing value would be in the range between the values belonging to pure Pt and pure
Ni. The lattice spacing values of supported bimetallic nanocatalysts can be revealed by closer
TEM analysis.

As for the sharp peak appearing at ~0.6V in the cathodic region of the CV of (8%Pt +
2%Ni)/Vulcan XC 72R catalyst in Figure 4.35, the investigations in the literature reveal that it
belongs to the surface oxide formations caused by hydroquinone-quinone (HQ-Q) redox
couple [64, 76].

C=0 +¢ + H'—-C-OH

The hydrodynamic voltammograms of the Vulcan XC 72R supported catalyst is
provided in Figure 4.36. Similar to the results obtained from CA supported catalysts, the
limiting current increases with the increasing revolution speed since the increase in the
revolution speed hinders the diffusion of the oxygen through the surface of an electrode. Up
to ~0.3V, the diffusion limitations are observed to be more dominant. After 0.3V, the kinetic

limitations are found to be more dominant as compared to the diffusion limitations.

In contrast to the Koutecky-Levich plots obtained from ORR on CA supported
catalysts, ORR on (8%Pt + 2%Ni)/Vulcan XC 72R is found to produce the final product of
water based on the total number of the electrons transferred during the overall ORR which is

calculated to be ~4.
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Figure 4.36: Hydrodynamic voltammograms of positive scans (top) and corresponding
Koutecky-Levich plot (bottom) of (8%Pt + 2%Ni)/Vulcan XC 72R for O, reduction in O,
saturated 0.1 M HCIO,



Alloying / coupling platinum nanoparticles supported on Vulcan XC 72R with a
narrow particle size distribution and uniform chemical composition is important from the
material science engineering point regarding the capability of our technique in utilizing the
preparation of the supported bimetallic nanoparticles. However, it is also essential to check
for any improvements in the catalytic activity achieved by the addition of the second metal,
the promoter. The Figure 4.37 shows that limiting current values obtained from bimetallic
catalysts with 2%Ni addition is higher by ~20%. After 0.4V, the ORR activity in the mixed
diffusion-kinetic control region is independent of the second metal addition. Recalling that the
ORR measurement were done after 50 HOR cycles, and that the data presented on Figure 4.37
is for 2500 rpm which was collected after the measurements taken at 100, 400, 900, and 1600
rpm, the dissolution of previously deposited nickel into the electrolyte is possible, too.
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Figure 4.37: The figure comparatively shows the hydrodynamic voltammograms of positive
scans of (8%Pt)/Vulcan XC 72R, and (8%Pt+2%Ni)/VVulcan XC 72R for O, reduction in O,
saturated 0.1 M HCIO,.
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5. CONCLUSIONS

Supported monometallic Ni and bimetallic PtNi nanocatalysts with different
deposition sequences were prepared on y-alumina, Vulcan XC72R and CA by SCD. It was
found that Ni nanoparticle formation does not occur away from the previously deposited Pt
islands which would results in a phase separation. Instead, Pt and Ni metals interacts with
each other to form spherical bimetallic nanoparticles having homogeneous chemical
compositions. However, Ni agglomerates were observed when Ni deposition was achieved
prior to Pt deposition. This suggests that pre-existing Pt inhibits the Ni phase separation and

agglomerate formation.

Activity tests were also performed. Higher activities were observed for bimetallic PtNi
as compared to the monometallic Pt. As for the effect of impregnation sequence, two types of
bimetallic PtNi nanocatalysts were prepared. One with Ni deposition and followed by the Pt
addition and the other one with Pt deposition first and followed by Ni incorporation. It was

found that the latter exhibits a higher electrochemical activity.

As compared to the ones in literature, high current densities with quite low amount of

metal deposition were obtained indicating high utilization of the metal.

Regarding the definite structure of the extremely small synthesized nanoparticles, the
characterization techniques in this study are not enough to make a crystal clear judgment for
supported bimetallic PtNi nanocatalysts with homogeneous chemical compositions and with
Pt deposition first followed by Ni incorporation. It is possible that nanoalloys are formed, or
alternatively a structure that is partially alloyed with Ni atoms segregating on previously
deposited Pt islands is possible. When combined with activity test results for both PtNi
nanocatalysts with different deposition sequences, proposed structure is partially alloyed with
Ni atoms growing on Pt islands for PtNi nanocatalysts with Pt deposition first and followed

by Ni incorporation.
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