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|ibstract

Syngas (a mixture of H> and CO) is a versatile feedstock that can be used to
produce a wide range of chemicals and fuels. For that reason, there is a great interest
to optimize and explore new routes for its production. The most common methods
for syngas production are the steam reforming of methane (SRM), the partial
oxidation of methane (POM), and the dry reforming of methane (DRM). In this thesis,
a series of monometallic Pd, Ru, Ni, and bimetallic Pd—Ni, Ru-Ni, and Ru-Pd
catalysts loaded on CeQO> support have been prepared via dry ball milling (BM) and
conventional incipient wetness impregnation (IW1) methods. The results showed that
the dry ball mill technique can be used to prepare highly dispersed metal species
strongly interacting with the ceria support. The use of this technique led to an
improvement in the POM catalytic activity, particularly at low temperature,
compared to the conventional IWI method. This project contributes to an increased
knowledge concerning the influence of the order of addition of the metals, metal ratio,

milling energy, and time for samples prepared by the mechanochemical method on
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methane conversion and syngas yield. In order to determine the durability and
performance of the catalysts, long-term stability tests were carried out for more than
100 h. Raman spectroscopy, temperature programmed reduction (H2-TPR), X-ray
photoelectron spectroscopy (XPS), X-ray diffraction (XRD), and high-resolution
transmission electron microscopy (HRTEM) have been used to characterize the

catalysts before and after reaction.
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Resumen

El gas de sintesis (compuesto por H2 y CO) es una materia prima versatil que se
puede utilizar para producir una amplia gama de productos quimicos y combustibles.
Por esta razon, existe un gran interés en optimizar y explorar nuevas rutas para su
produccion. Los métodos mas comunes para la produccion de gas de sintesis son el
reformado con vapor de metano (SRM, de sus siglas en inglés), la oxidacion parcial
de metano (POM) y el reformado seco de metano (DRM). En esta tesis se prepararon
una serie de catalizadores monometalicos de Pd, Ru, Ni y bimetalicos de Pd—Ni, Ru—
Ni y Ru-Pd sobre un soporte de CeO: utilizando métodos mecanoquimicos (BM) e
impregnacion a humedad incipiente (IWI). Los resultados mostraron que la técnica
de molienda en seco puede utilizarse para preparar especies metalicas altamente
dispersas que interactuan fuertemente con el soporte de ceria. El uso de esta técnica
resultd en una mejora en la actividad catalitica de POM, especialmente a baja
temperatura, en comparacion con el meétodo convencional IWI. Este proyecto

contribuye a aumentar el conocimiento sobre la influencia del orden de adicion de los
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metales, la relacion entre metales, la energia de molienda y el tiempo de molienda
para las muestras preparadas por el método mecanoquimico en la conversion de
metano y el rendimiento a gas de sintesis. Para determinar la durabilidad de los
catalizadores, se llevaron a cabo pruebas de estabilidad a largo plazo durante mas de
100 horas. Se utilizaron la espectroscopia Raman, reduccidn térmica programada
(H2-TPR), espectroscopia fotoelectronica de rayos X (XPS), difraccion de rayos X
(XRD) y microscopia electronica de transmision de alta resolucion (HRTEM) para

caracterizar los catalizadores, antes y después de la reaccion.
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Resum

El gas de sintesi (una barreja d’H. i CO) és una matéria primera versatil que es
pot utilitzar per produir una amplia gamma de productes quimics i combustibles. Per
aquesta rad, hi ha un gran interés per optimitzar i explorar noves vies per a la seva
producci6. Els métodes més comuns per a la produccié de gas de sintesi son la
reformacié amb vapor de meta (SRM), I’oxidacié parcial del meta (POM) i la
reformacié seca del meta (DRM). En aquesta tesi, s'han preparat una serie de
catalitzadors monometal-lics de Pd, Ru i Ni i bimetal-lics de Pd-Ni, Ru-Ni i Ru-Pd
sobre un suport de CeO, mitjancant métodes de molta en sec (BM) i impregnacioé a
humitat incipient convencional (IWI). Els resultats van mostrar que la técnica de
molta en sec pot ser utilitzada per preparar especies metal-liques altament disperses
que interactuen fortament amb el suport de ceria. L'Us d'aquesta técnica va portar a
una millora en l'activitat catalitica de POM, especialment a baixa temperatura, en
comparacio amb el metode IWI convencional. Aquest projecte contribueix a del

augmentar el coneixement sobre la influencia de l'ordre d'addicio dels metalls, la
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relacié metal-lica, I'energia de molta i el temps de molta per a mostres preparades pel
meétode mecanoquimic en la conversié de meta i el rendiment a gas de sintesi. Per
determinar la durabilitat dels catalitzadors, es van dur a terme proves de resistencia
durant més de 100 hores. S'ha utilitzat 1’espectroscopia Raman, la reducci6 termica
programada (H2-TPR), I’espectroscopia fotoelectronica de raigs X (XPS), la difraccio
de raigs X (XRD) i la microscopia electronica de transmissié d'alta resolucid

(HRTEM) per caracteritzar els catalitzadors abans i després de la reaccio.
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|1. Introduction

1.1 Setting the scene

Since the 1960s, many different human activities have required the extensive use
of energy, which it is fulfilled mainly by the burning of fossil fuels to produce
electricity, power factories, heat houses, power automobiles, etc. As it is well known,
burning fossil fuels causes the emission of a massive amount of greenhouse gases
(GHGs) [2, 3]. Fig—1.1 shows the composition of GHGs produced by consumers
worldwide since 1978.

All of these gases such as carbon dioxide (CO2), methane (CH4), nitrous oxide
(N20), and chlorofluorocarbons (CFCs) represent GHGs emissions and can remain
in the atmosphere for different amounts of time, ranging from a few years to
thousands of years [4]. From Fig-1.2, it can be found that CO, and CHj, are the main

components of GHGs emission, accounting for 76.0 and 16 %, respectively.
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Fig-1. 1: Global averages of the concentrations of the greenhouse gases carbon dioxide,

methane, nitrous oxide, CFCs-12, CFCs-11, HCFCs-22, HFCs-134a. Adapted from [5].
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Fig-1. 2: Global GHGs emissions. Redrawn from [6].
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GHGs have resulted in additional heat being trapped in the lower atmosphere,
ozone depletion, and potentially contributing to the rise in temperature and global
warming bringing a lot of negative impacts on the environment and, most importantly,
the activity and survival of human life [7, 8]. According to a World Health
Organization (WHO) report, the Earth's temperature has risen approximately 1.1 °C
in the last one hundred years, which means every quarter century is experiencing an
increase in temperature of about 0.27 °C, and this high rate of global warming is
affecting the world's ecosystems [9, 10]. Additionally, according to the Fifth
Assessment Report (AR5) of the Intergovernmental Panel on Climate Change (IPC)
in 2014, the average temperature in 2100 will become 4.8 °C higher than now in the
worst-case scenario [10].

From another angle, the human population in 1750 was approximately 800
million, in 1900, it increased to 1.6 billion, and in 2022, and the global population has
achieved more than 7.9 billion. The increase of worldwide population is obviously
accompanied by an increase of the worldwide energy demand [9, 11, 12]. As an
example, a survey from the US Department of Energy in 2009 revealed that the
consumption of electricity increases significantly every year and is projected to
increase by 44% from 2006 to 2030 [8].

Thus, an increasingly concern about the growing of GHGs emissions has pushed
the society to lean more onto a sustainable development technology of more efficient
and less polluting energy sources [13]. There is large consensus among researchers
that renewable energy sources are the only way forward to guarantee the consistent
welfare of human society [14]. Reducing GHGs emissions is an urgent challenge for
all countries to solve environmental problems, and collecting or converting the

existing GHGs has also been an effective approach to settle these issues.
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1.2 Natural gas

Natural gas (NG) is a hydrocarbon mixture of light gases of natural origin and is
typically used as fuel for power generation, transportation, and domestic heating.
Methane (CHy) is a colorless, odorless gas and the simplest hydrocarbon molecule,
and it is the main component of natural gas (>90%), landfill gas, and a by-product
from oil refining and chemical processing which is forecast to outlast oil by a
significant margin (around 60 years) [15, 16].

CHg's lifetime in the atmosphere is much shorter than CO,, but on a 20-year
timescale, a CHs molecule is roughly 90 times more effective at trapping heat in the
atmosphere than a molecule of CO, the GHGs that wields the most control over
Earth’s future warming in the long-term [17].

Moreover, CH4’s atmospheric concentrations have increased by at least 150
percent since the Industrial Revolution [18]. Globally, CHa is emitted from energy,
industry, agriculture, land use, and waste management activities (50-65% of total
CHas emissions come from human activities) [19]. In general, CH4 emission sources
can be classified into two categories: natural sources of methane and anthropogenic
sources of methane [18, 20]. Fig—1.3 presents the anthropogenic CH4 emissions from
all different source sectors while Fig—1.4 shows the contribution of individual sources

to total natural CH4 emissions [21].
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Fig-1. 3: Anthropogenic methane emissions from all different source sectors.

Redrawn from [21].

Percentage of CH4 emission %
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B Termites
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Fig-1. 4: Contribution of individual sources to total natural methane emissions.

Redrawn from [21].

The Paris Agreement's goal of limiting global warming to well below two degrees
above pre-industrial levels will necessitate a concerted effort to reduce CH4 emissions
in addition to the essential decarbonization and improvement of the energy systems'

efficiency [22]. Although CHs combustion is more efficient and leaves a smaller
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carbon footprint than other carbon-containing fuels, methane can be used for
producing synthesis gas (syngas, a mixture of hydrogen and carbon monoxide), long-
chain hydrocarbons or hydrogen, which can be used in the chemical industry as well
as for fueling fuel cells. In addition to boost the added value of natural gas, the
development of new processes for converting CH4 to valuable chemicals would and
enable the efficient use of medium-sized and smaller gas resources at a reduced cost
[23, 24] because neither pipelines nor liquefied natural gas (LNG) transports are
economically viable in the case of medium or small gas fields far from the areas where

the gas will be used.

1.3 Possible pathways for methane conversion

Fig—1.5 gives a summary of the two main routes of CHa conversion to useful
products. They can be classified into: [25].

1. Direct conversion of methane,
2. Indirect conversion of methane.

Direct conversion includes oxidative coupling of methane to ethylene (C2Ha) [26],
and oxidation of methane to methanol (CH3OH) or formaldehyde (CH:0), etc. [27].
On the other side, indirect conversion means firstly converting CH4 to syngas, and
then converting syngas to methanol or to liquid hydrocarbons by the Fischer—Tropsch
process, which could be used to replace petroleum products (such as gasoline) [28].

In addition, syngas could be used to synthesize fine chemicals or ammonia [29].
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Fig-1. 5: Conceptual routes for chemical conversion of methane. Redrawn from [30].

\

1.3.1 Direct conversion of methane

Direct conversion of methane is a one-step process where methane is directly
converted to desired products without passing through intermediates [31]. Compared
with the indirect methods, direct methods are potentially simpler in technology and
more economical [32]. Two major direct conversion routes are [33, 34]: Oxidative
coupling of methane (OCM) to C> hydrocarbons and the other one is direct partial
oxidation of methane to formaldehyde or methanol (DPO). Conceptually, direct
methods should have a distinct economic advantage over indirect methods, but apart
from complete combustion for heating purposes which results in the production of

COg, and water, all other direct conversion routes have not yet been realized on an
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industrial scale [35]. This is mostly because generally desired product yields when
operating in a single-pass mode are not sufficiently high (less than 5%) to be of

interest for commercial application [36].

1.3.1.1 Oxidative coupling of methane to C, hydrocarbons (OCM)

In 1982, the investigation of Keller and Bhasin [37] demonstrated that two
molecules of CH4 could be coupled oxidatively over a PbO/Al>O3 (Fig—1.6) catalyst
at high temperatures to form ethane (C2Hs) as a primary product and ethylene (C2Hs)

as a secondary product by the following equations:

2CH4 + -0, — CoHg + Ho0 AH°0k= -88.38 ki mol*  (Eg-1.1)
2CH4 + O2 — CoHs + 2H20 AH°208¢= -140.72 kI mol*  (Eg-1.2)
3
H
%

: Ethylene
{80+ 00! ;
® e
Oxygen
Methane ‘é @

PbO/Al203 catalyst

Fig-1. 6: Typical Oxidative coupling of methane to C, hydrocarbons production.

Redrawn from [37].

Fang et al. [38] proposed a heterogeneous-homogeneous mechanism, after
investigating the pyrolysis of methane over OCM catalysts including the

heterogeneous formation of methyl radicals with their recombination to ethane in the
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gas phase. Heterogeneous generation of methyl radicals is postulated in all the
models:

Oadgs + 2CH, — OH,q4s + CH, (Eq-1.3)

In the gas phase the methyl radicals recombine with the formation of ethane, a
primary C. hydrocarbon, and by via dehydrogenation of C,He can be further

converted to ethylene (CzH.) and ethyne (C2Hz):
-H, -H,
2CH; - C,H, — C,H, —> C,H, (Eq-1.4)

However, the yield of the C, product obtained in a packed-bed catalytic reactor is
only about 25% due to an intrinsic constraint. This is due to complete oxidation
processes that partially occur on the catalyst surface and completely occur in the gas
phase, which Only a selectivity significantly reduces the C> selectivity, especially at
high temperatures and pressures. of up to 70% has thus far been attained with a CH4
conversion rate of greater than 30%. Additionally, the cost of its separation is
significant [23, 37, 39] due to the low concentration of C2Hs in the exit stream. OCM
has not yet been commercialized, despite the amount of research that has been done

on this technology [40].

1.3.1.2 Direct partial oxidation of methane to methanol (DPO)

Direct partial oxidation of methane to methanol (DPO) is another method that
converts methane directly into methanol in a single step. In DPO process, in the
presence of a catalyst, methane is reacted with oxygen which results in the formation
of formaldehyde (CH20) and water [41]. The formaldehyde is then oxidized further
to produce methanol and additional water. The overall methanol synthesis process is

represented by the following reaction [42]:
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LE Introduction

CHa + % 02+ H20 — CH3OH + H20  AH208k=-164.2 kI mol*  (Eq-1.5)

Even though the DPO process has a high selectivity (about 80%) under ideal
circumstances, the yield of methanol per pass is still less than 7% because of the
extremely poor methane conversion for a single pass [31]. Because of this, a very
high recycle ratio is needed, which makes it difficult to separate the final product due

to the low partial pressure of CH3OH.

1.3.2 Indirect conversion of methane
The indirect route is a two-step process in which methane is first transformed into
an intermediate, most frequently syngas, and then in the following stage, syngas is

transformed into the desired product(s) by a downstream catalytic conversion [43].

1.3.2.1 Industrial methanol (CHsOH) synthesis

Syngas is generally utilized to produce methanol, which serves as the precursor
to the manufacturing of many other chemical industrial products. CH3OH is produced

via a two-step process where syngas is produced first, followed by the synthesis of

CH3OH from the syngas:
CHa + H20 — CO + 3H> AHC208k= 206 kJ mol2 (Eg-1.6)
CHs + CO2 — 2CO + 2H> AHP298x = 247 k] mol™ (Eq-1.7)
CHa + % 02 — CO + 2H; AHCek=-127 kI mol*  (Eg-1.8)
CO + 3H2 — CH30H + H.0 AHC208x= -49.5 kI mol*  (Eg-1.9)
CO + 2H2 — CH30H AH®298k= -90.6 kJ mol (Eg-1.10)

The water gas shift equilibrium (WGS) in present as well:
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CO+H02CO2+ H: AHP208x= -41.2 k] mol™ (Eg-1.11)

Equations—1.6-8 represent different routes to produce of syngas from methane,
namely methane steam reforming (Eg-1.6), methane dry reforming (Eg-1.7) and

methane partial oxidation (Eg-1.8).

1.3.2.2 Fischer-Tropsch synthesis (FTs)

The Fischer-Tropsch synthesis (FTS) is another important development for the
conversion of syngas into a wide range of hydrocarbon products [44]:

nCO + 2nH; — (-CH2-)n + NH20 AHP298k= -165 kJ mol* (Eq. 1.12)

FTs process was established in 1923 by Franz Fischer and Hans Tropsch, and has
since been used for the production of synthetic fuels and chemicals [44]. They
discovered that syngas over a metal catalyst such as Ru, Co, Fe or similar metals,
could be converted to paraffinic liquid, olefins, and oxygenates, at elevated
temperatures and pressures (the operating temperature and pressure of the FTs
processes are in the range of 150-350 °C, and of 18-45 bar, respectively). This
product mixture is often called synthetic crude oil or “syncrude” which can be used
for the production of high quality diesel fuel, gasoline and linear chemicals such as

alkanes, and alkenes [45].

1.3.3 Syngas production

According to estimates, the generation of syngas accounts for more than 60% of
the cost of the whole process in the majority of natural gas applications, including
those for methanol, FTs synthesis, and ammonia [46]. On the other hand, syngas
reaction produces more than 75% of the methanol [2]. The entire economics of these

downstream operations would be significantly and directly impacted by a reduction
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in syngas production costs. Therefore, both industry and academia have given a lot
of attention to syngas production research.

Nowadays, the most common industrial technologies to produce syngas from
methane are: the steam reforming of methane (SRM) [47], dry reforming of methane
(DRM) with CO> [48, 49], partial oxidation of methane (POM) with O [50, 51], and
autothermal reforming (ATR). Fig—1.7 illustrates the main types of reactors currently
used. In order to obtain a sufficiently high per pass conversion of methane, the
temperature at the exit of the reactor(s) should be high (around 1000 °C), at these

conditions exit compositions are very close to the equilibrium value [52].

H H H
‘é; Steam “é{'Steam gé;Steam H “
H H H H (02) H
(CH4) A ,
L % 1
P
>._
P
e Heating
T gas
(Syngas) . . . c
’ L 0-0 “r@-0 ¢ g
= w—w w—w —w
SRM: SRM: SRM: POM ART
Adiabatic Multi-tubular Heat exchange
Pre-reformer direct fired reformer reformer

Fig-1. 7: Different types of reactors for syngas production. Redrawn from [53, 54].

1.3.3.1 Steam reforming of methane (SRM)

Steam reforming of methane (SRM), which was initially developed in 1926, is
currently the most commonly used method for producing syngas from NG [55]. Fig—
1.8 shows the typical SRM process. The process to produce synthesis gas from steam
and methane is reached by the following reactions:

CHs + H20 — CO + 3H2 AH°298¢= 206 kJ mol (Eg-1.6)
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WGS:
CO+HO02CO2+H2 AH®298x= -41.2 ki mol™* (Eg-1.11)
And methane cracking/decomposition as well:
CHs — C + 2H; AH°208¢= 76 kJ mol™ (Eq-1.13)

In general, the three parameters temperature, pressure, and steam/carbon (S/C)
ratio must be chosen in a way that maximizes syngas production while avoiding coke
formation in an acceptable temperature field [56]. Overall, SRM process has a strong
endothermic response, large capital expenditure requirements, and a catalyst-coking
tendency (often, nickel supported on alumina catalysts are utilized). Large volumes
of fibrous carbon can accumulate at high reaction temperatures, which can affect the
catalyst's activity and stability and potentially cause reactor damage [56]. To prevent
carbon deposition, a high H2O:CHj ratio is required (from 2 to 6). Moreover, excess
of water accelerates WGS reaction (Eg-1.11), resulting in a high H2:CO ratio (>3),
compared to that required for downstream processes, e.g. FTs or methanol synthesis

H2:CO (= 2) [57, 58].

Cooling
Steam BFW .
Hater Raw syngas
Fuel h
= ===/
ir v v
Condensate
Superheated Flue gas
Catalyst HPsteam  BFW to stack
| |
Radiation| Convection Section
section I_l_’_
Process steam
CO2 -
CHa4 A
Reformer Desulfurizer  Knock-out drum

Fig-1. 8: Typical steam reforming process for syngas production [55]
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Joensen and Rostrup-Nielsen [59] published a typical equilibrium conversion
graph of SRM against T, P, and S/C ratio (Fig-1.9), and they suggested that because
the reaction progresses with an increase in the total number of molecules, it is
necessary to operate the system at high temperatures, low pressures, and relatively
high S/C ratios in order to achieve higher methane conversion and syngas yields. The
hydrocarbons may experience thermal cracking at temperatures as high as 650 °C,
which results in the creation of coke. As in the earlier description, such excess of
superheated steam at high temperature is expensive and it requires an “extra fuel”, in
addition to the SRM reactions stoichiometric requirements to be fired outside of the
reformer tubes to supply the necessary heat to sustain the endothermic reforming
reactions [60]. Industrially, the SRM process is usually conducted at high temperature
and pressure (typically 800-1000 °C and 30-40 bar), followed by an additional two-
step shift section at lower temperature (typically 200—400 °C), in order to maximize

the CO conversion [61]. The reaction heat is provided by a furnace system including
100

tubular reactors filled with Ni

based catalysts.
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Fig-1. 9: Equilibrium conversion of
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1.3.3.2 Dry reforming of methane (DRM)

Dry reforming of methane (DRM) with carbon dioxide has been identified as a
process which has the potentials to mitigate the environmental challenges associated
with GHGs emissions and to convert biogas directly to syngas (with a H2/CO molar
ratio of 1) according the following reaction [60, 62]:

CH4 + CO; — 2CO + 2H; AH®ek =247 kImolt  (Eg-1.7)

Side reactions include CO disproportionation or Boudouard reaction (Eq-1.14)
and methane decomposition (Eg-1.15):
2CO — C+CO; AH°298x = -172 kJ mol? (Eq-1.14)

CH; — C + 2H; AH®298x = 76 kJ mol (Eq-1.15)

Despite its considerable environmental potentials, DRM is not considered an
industrially mature process. The thermodynamic studies on DRM reaction reveals, as
an extremely high endothermic reaction, this process requires large heat input, and
spontaneous reaction cannot be achieved below 640 °C [63]. A specific problem
which has to be resolved with this process is its greater potential for carbon formation,
which rapidly deactivates the catalysts [64]. Additionally, the issue of some
impurities in the carbon dioxide feed, which is often overlooked, could cause serious

catalyst poisoning [65]. Fig—1.10 displays the typical scheme for the SRM process.
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Fig-1. 10: Reaction steps for the DRM: (a) Dissociative adsorption of CO; on the metal

and metal-support interface respectively. (b) Fast desorption of CO and hydrogen. (c)
Formation of surface hydroxyls and oxygen spill-over (d) Surface hydroxyls and oxygen
species oxidize hydrogen depleted S—-CHy species and formation of CO and H,. Adapted

from [65].

1.3.3.3 Partial oxidation of methane (POM)

The catalytic partial oxidation of methane (POM) to syngas began as early as 1946
[66]. In the presence of oxygen, methane partial oxidation (Eg—1.8) and methane total

oxidation (Eg-1.16) take place by the following reactions:

CHy +-0; — CO + 2H; AHC208=—36 kJ mol (Eq-1.8)

CHs4 + 202 — CO2 + 2H20 AH®298k=—803 kJ mol (Eg-1.16)

Compared with SRM, the DRM and POM processes have distinct advantages,

including:
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@ Itis a mildly exothermic reaction and no external heat source is necessary to
sustain the process, while the SRM and DRM processes are highly endothermic
reactions [67, 68]. An estimated 10-15% reduction in the energy requirement is
expected for POM compared to the typical SRM processes [46].
@ The capability to produce syngas with a Hz/CO molar ratio of ~2, which is
suitable for downstream processes such as methanol synthesis, FTs, etc. In contrast,
the syngas produced via either SRM and/or DRM needs to be adjusted to a suitable
H2/CO ratio before used in the downstream processes [69, 70].
@ It can be carried out under high gas hourly space velocity (GHSV), which
means less investment and less production scale to achieve the same capacity [70].
An estimated 25-30% lower capital investment is expected for POM compared to
the typical SRM processes [46]. In fact, while in the SRM the contact time is of the
order of seconds, in the POM the contact time is of the order of milliseconds [30].
@ High conversion and selectivity at lower process temperature [71].
@ Itis considerably faster [72].

Because of the characteristics outlined above, POM has attracted special attention

and represents the most compelling technology for syngas production [73-75].

1.3.3.4 Autothermal reforming of methane (ATR)

The process known as autothermal reforming (ATR) combines POM and SRM
processes. Actually, the feed is made up of methane, oxygen, and water in a
proportion that can cause the process to become autothermal and stop coke formation

[76]. The balanced equation can be represented by the following equation [77]:

CHgs + 202 + H20 — CO + 4H+ H20 AH®298k=-36 kI mol?*  (Eg-1.17)
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The typical ATR mechanism is illustrated in Fig—1.11. Moreover, ATR process
includes a heating phase within the reactor, where the exothermic oxidation events
take place in the first section of the catalytic bed and produce heat for endothermic
activities in the remaining area [78]. Adding steam allows for lower temperatures and
higher syngas selectivity than what is available with POM [30]. A steam addition also
limits the growth of carbon coke and the presence of hot patches in the catalytic bed
because the reforming reactions enhance the overlapping of the oxidation events. It is
obvious that the contact times in the catalytic bed are lengthened by the presence of
water (about one tenth of second) [79]. As a result, the employment of compact
reactors, as in the oxidation process, is not an option. However, compared to the

reactors used in reforming reactions, the ones used in ATR are rather small [80].

Superheated steam

O_%Rlch -Carbon dioxide
Recycle steam il_ ) 9 Fired
? ecycle gas  heater

“—w '
O—@ ; COMPIessor HP Steam
U Sulphur
absorber;
Hydrogenation
reactor

Prereformer Waste heat

boiler steam drum
Fuel [BEW ___ condensate

Superheated steam

Fig-1. 11: Typical ATR process for syngas production. Redrawn from [81].
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1.4 Mechanism of the catalytic partial oxidation of

methane

Two different reaction mechanisms have been proposed to explain the POM
process:
1. Direct partial oxidation of methane (DPOM),

2. Two-steps catalytic partial oxidation of methane mechanism (CPOM).

1.4.1 Direct partial oxidation of methane (DPOM)

Hickman et al. [79] demonstrated that both H> and CO are primary products of
the direct partial oxidation of methane (DPOM) at high temperatures and an
extremely short contact time, in contrast to previous proposals that the generation of
syngas would occur via a sequence of total oxidation followed by reforming (in the
order of milliseconds). The mechanism, according to one theory, entailed direct
synthesis of H> caused by CH4 on catalyst surfaces, producing surface C and H
species. While the surface C atoms react with adsorbed O atoms and desorb as CO,

the H atoms dimerize and desorb as H>.

1.4.2 Two-steps catalytic partial oxidation of methane (CPOM)

mechanism

Ashcroft et al. [82-86] reported that the POM process into syngas occurs in two
steps. In the first step, CHa4 is combusted by O> to produce CO> and H20 and then the
remaining unreacted CHg is reformed with water and CO- to produce CO and Ho.
Therefore, they suggested that the reaction pathway may involve initial total oxidation

of some CH4 to CO2 and H20, followed by a sequence of SRM and DRM reactions
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of unconverted CHa to syngas and reverse WGS reactions to give equilibrium product

yields:
CH4 + 202 — CO2 + 2H0 AHP298k=—803 kJ mol* (Eq-1.16)
CHs + H20 — CO + 3H: AH®208=206 kJ mol* (Eq-1.6)
CHa + CO2 — 2H2 + 2CO AHC2908k=247 kJ mol! (Eq-1.7)
CO +H0 2 COz + Hs AHC208k=-41.2 kJ mol* (Eg-1.11)

In practice, the syngas production via POM process will typically be at or very
close to the equilibrium of the reforming and WGS reactions [54]. This is commonly
called the “indirect or two-steps partial oxidation mechanism”, also known as the
combustion-reforming
mechanism, and, as a Eo EFo X
result, a temperature E’lﬂ“
profile along the reactor, | |
with a peak temperature
close to the entrance, is
usually observed [52, 87].

Fig-1.12 indicates the

Jojoeal-010ll  Zuenb pag-pexi

typical scheme of CPOM

process.

Fig-1. 12: Schematic of catalytic partial oxidation of methane

(CPOM) to syngas.
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1.4.2.1 Catalysts for the catalytic partial oxidation of methane

(CPOM)

Most early studies in the CPOM (before the middle of the 1980s) focused on Ni
catalysts, which are frequently employed for SRM process. Ashcroft and colleagues
made a substantial contribution to CPOM in the 1990s [82, 83, 85, 88] and tested a
variety of catalyst compositions for syngas production in a series of four articles. In
addition, the CPOM over metallic catalysts had been briefly reviewed by Green et al.
[89], therefore, the catalysts used for POM process can be divided basically into three
main types [90-92]:

1. Base metal nickel (Ni), cobalt (Co) and iron (Fe) catalysts,
2. Noble metal catalysts (Ru, Rh, Pd, etc.),
3. Transition metal carbide catalysts.
Currently, the industrial catalysts used for POM are primarily nickel and noble

metal supported catalysts [93].

1.4.2.1.1 Nickel-based catalysts

Nickel, cobalt and iron catalysts were widely studied because of considerable
activity, good stability, and low cost [90]. Co and Fe catalysts have a much lower
performance with respect to Ni for the CPOM process. Moreover, Ni has been
extensively employed as an active metal in catalytic processes, and is currently the
preferred choice for the commercial SRM [52, 54]. Ni-based catalysts in the CPOM
exhibit good syngas production activity that is comparable to Pt behavior [94];
however, under certain operating conditions, the disadvantages of Ni-based catalysts
is deactivation, which may occur due to sintering and causes metal loss and carbon

deposition at temperatures higher than 700 °C [89, 95].
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Surface oxidation of Ni to NiO may occur due to the presence of oxygen in the
feed stream. The NiO formation during reaction may not only enhance combustion
reactions but also interact with the catalyst support to form, for example, nickel
aluminates when alumina is used as support or NiO—MgO solid solutions with MgO
as support [92, 94, 96]. It was reported that formation of a solid solution in the Ni—
MgO system and the weak basicity of MgO decreases carbon deposition [55, 97].

Choudhary et al. [98, 99] studied NiO catalysts supported on MgO, CaO, Al>0s,
SiO; and rare earth oxides. The results indicated that when supported on CaO, the
catalyst could maintain a high efficiency for long times with no apparent carbon
deposition. Dissanayake and co-workers [100] studied POM reaction over 25 wt.%
of Ni/Al>Os in the temperature range 450~900°C. They found that CH4 was almost
completely converted with about 95% of syngas selectivity when temperature was
over 700°C, with a CO selectivity beyond 95%. They also found that three regions
exist in the catalyst bed with different states of the catalyst: NiAl>.O4, NiO/Al,O3 and
supported nickel metal particles [100]. High syngas selectivity over this catalyst bed
suggests that CPOM over supported Ni catalysts proceeds via combustion followed
by SRM and DRM. However, to solve the major technical problem of the nickel-
based catalysts which is carbon deposition on the catalyst, several strategies have
been utilized to improve thermal stability, activity and decrease carbon deposition.
Some of these strategies include preparing catalysts with different methods [94],
selecting appropriate different oxide supports (e.g. CaO, TiO2, Y203, ZrO2, ThO, and
U0 [98, 101, 102], promoting the catalysts with noble metals and non—noble metals
[103, 104], addition of promoters with basic properties [105, 106], utilization of
supports with high thermal conductivities [107, 108], and improving the oxygen-

storage properties of the catalysts by promotion with rare earth metal oxides [109,
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110]. Rare earth metal oxides or alkaline metal oxides as supports can restrict carbon
formation of the supported Ni catalysts [111, 112]. This promotion is attributed to the
capability for O> storage of these rare earth metal and alkaline metal oxides, which
help to oxidize the surface carbon deposited [111]. Despite large efforts towards
modification of the Ni catalysts, carbon deposition still cannot be completely avoided.

To suppress carbon formation is still a subject of many studies today.

1.4.2.1.2 Noble metal catalysts

Noble metals such as Rh, Ru, Pd, Pt, Ir, etc. have been widely studied in the last
three decades, and they are primarily employed for CPOM process to syngas
production, because they can be directly used as catalyst [113]. They have many
advantages with respect to Ni-based catalysts, such as more active, less sensitive to
coke formation, and higher capacity to oxidize hydrocarbons, and strong resistant to
catalyst deactivation and metal evaporation [94, 114], but they are much more
expensive.

Green and co—workers [63, 86] showed that for stoichiometric partial oxidation
with air, high methane conversion (~ 94%) and high syngas yield (H2~ 99%, CO~
97%) can be obtained at ~ 775 °C and 1 atm over nearly all the noble metal catalysts,
as well as over rare earth ruthenium pyrochlores. Hickman et al. [79, 115, 116] and
Poirier et al. [117] studied the CPOM over Rh catalysts and Pt-Pd catalysts,
respectively, at extremely high flow rates. They reported that these noble metal
catalysts, even with very low metal loadings, were much more active than Ni
catalysts. It was also shown by Horn et al. [118] that CH4 could be converted into
syngas with very high syngas selectivity on Rh and Pt foam catalysts. Kunimori et al.

[119, 120] found that RhVO4-SiO2 and Rh-SiO; are all excellent catalysts for POM,
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with 90% of CHa conversion at 700°C. Schimidt et al. [121] compared activities of
monolith-supported Rh, Pt, Ir, Pd, Ni, Fe, Co, and Re catalysts. The best CH4
conversion was achieved (~ 89 %) on Ru at 1000 °C. In addition, these catalysts did
not exhibit carbon deposition [71]. Among the noble metals, ruthenium and palladium
are the most effective noble metals used for methane conversion processes [74, 122].

In general, low metal loadings have been used with noble metals because of their
high cost, and usually they have been used as promoters [114]. Therefore, bimetallic
catalysts with Ni and noble metals have been proposed to promote methane
conversion [91, 95].

Bimetallic catalysts are attractive because the addition of the second metal
modifies the structure and electronic properties of the monometallic catalyst [123,
124], which may increase the catalytic activity, improve the selectivity and suppress
catalytic deactivation [125]. The bimetallic catalysts might consist of two noble
metals [126], non—noble and noble [127, 128], as well as two non—noble metals [129].
Moreover, It has been reported that the activity and stability of nickel catalysts can
be increased with the addition of low amounts of noble metals [90]. These promoting
effects have been attributed to several factors: formation of an alloy, causing
electronic changes in nickel; exposure of the noble metal by migration to the nickel
surface; multi-functionality of the catalyst (the noble metal catalyzing partial
oxidation and nickel catalyzing steam reforming); and a higher amount of metallic
nickel exposed to the reaction, resulting from the promotion of nickel reduction by
spillover [103, 104]. Only a few studies have been focused on the deactivation
phenomena of nickel-based catalysts under realistic operating conditions and during

extended periods of time (e.g. > 1000 h) [92].
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Additionally, the choice of a proper support has been found crucial in addressing
the catalytic performance, selectivity, and thermal stability of catalysts for the POM
process [130, 131].The support plays also an important role in the POM process [130,
131]. Most catalysts show high activity when metals are dispersed on a reducible
oxide support [89]. Typical supports are Al>03 [70, 132] and CeO> [133]. Alumina is
commonly adopted as a support material to maintain a good dispersion of the active
metals. However, palladium catalysts supported on alumina are not stable at the high
temperatures associated with CH4 oxidation reactions. Rare earth and alkaline earth
oxides are frequently added to enhance the thermal stability of both the support and
the active metal. Cerium oxide (CeQy) is one of the most significant reducible oxide
supports used in industrial catalysis in order to low affinity towards carbon deposition
due to its high oxygen storage within its crystal lattice, which can help to minimize
coke formation on the catalyst surface [134]. Moreover, it is very effective as
structural support and shows unique electronic properties, which can enhance the
catalytic activity of metal species [135, 136]. The peculiar redox properties of CeO>
involving the facile exchange between Ce®* and Ce** states and the high mobility of

O? ions in the lattice are the key factors to suppress carbon deposition [122, 135].

Page |25



L NTER Introduction
| — Page |26

1.5 Catalysts preparation method

In recent years there has been a growing awareness of the importance of the
environmentally friendly design of chemical products and processes. The concept of
sustainability is strongly impacting the chemical community, which is more and more
focusing on minimizing the use of hazardous substances and adopting green synthetic
strategies from renewable, sustainable resources as starting materials [137].
Additionally, preparation of catalysts from several routes may have different internal
structures that would affect the properties of materials consolidated from them [138].
Generally, the liquid route involves sol—gel and wet chemical methods, and the solid—
state route preparation takes place via mechanical milling, also called
mechanochemical synthesis.

However, each method has its own advantages and shortcomings, but among all
the methods that can be employed for the preparation of catalysts, ball milling is an
emerging technique, which allows avoiding organic solvents, being easy to use, fast,
economical and environmentally friendly. This technique has recently acquired
growing interest in heterogeneous catalysis [137, 139].

In this project, two different methods were used to prepare the catalysts,
mechanochemical (dry ball mill, BM) and conventional incipient wetness
impregnation (IWI). We especially focused on the applicability of ball milling for the

preparation of the catalysts.
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1.5.1 Dry ball milling (BM) technology

Around 150 years ago, Ostwald introduced mechanochemistry (MC) as part of
physical chemistry, at the same level as thermochemistry, electrochemistry or
photochemistry [140]. The International Union of Pure and Applied Chemistry
(TUPAC) compendium of chemical terminology defines MC process as a ‘‘chemical
reaction that is induced by mechanical energy’’ [141]. Nowadays, the MC technique
is an important technological process which is widely used to grind powders into fine
particles, and for mixing, blending, and dispersing. It is also used to induce structural
disorder, amorphization and increased chemical reactivity in the material treated by
intensive grinding [1, 142]. Besides, MC is a green technology with enormous
potential for the preparation of catalysts. The entire process is characterized by small
energy requirements and it is cost-effective, reproducible, and environmentally
friendly [143]. The potential for contamination is a potential drawback of this
technology [143]. Depending on the application, several types of milling equipment
are available in the market, including ball mill, planetary ball mills or ring mills. They
all operate on the same fundamental principles (Fig—1.13) [144].

According to the mode of activity, Gorrasi and Sorrentino [145] classify the
milling processes into two groups: direct milling and indirect milling. In the direct
milling technique, mechanical shafts or rollers directly transfer kinetic energy to the
particles. In the indirect milling technique, the kinetic energy is firstly passed to the
mill body and then to the grinding medium. Planetary and vibration milling are
categorized in the indirect milling group, and ball mill and attritor (stirring ball mill)

are direct BM techniques.
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Fig-1. 13: Types of ball mills for high-energy milling. Modified from [1].

A number of factors can affect the milling process, including the type of milling
material, ball to powder ratio (BPR), amount of material in the milling chamber,
milling atmosphere, speed (energy), and time [137]. Currently, a variety of materials,
including silicon nitride, zirconia (tetragonal ZrO; stabilized with Y.0z3), agate
(Si0Oy), corundum, Cr—Ni steel, polyamide, and tungsten carbide, have been used to
manufacture milling reactors and balls [1].

The most widely studied use of mechanochemistry prepared catalysts has been in
the area of environmental catalysis and, in particular, for exhaust gas after treatment.
As an example, Danielis et al. [146] successfully prepared Pd—CeO: catalysts using
dry mechanochemical synthesis directly from metallic Pd and CeO..The resulting
catalysts showed an outstanding activity in the oxidation of methane compared to
their counterparts prepared by traditional incipient wetness impregnation. The milled
samples also exhibited higher stability. They reported a particular architecture of the
catalyst prepared by ball milling, which consisted of an amorphous Pd—Ce layer

covering the ceria crystallites. Tao Gan et al. [147] reported a eco-friendly and
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scalable ball milling method for the synthesis of Co alloyed Pt single-atom alloy
catalysts at kilogram levels. The catalysts exhibit superior catalytic performance for
the hydrodeoxygenation of hydroxymethylfurfural (HMF) to dimethylfuran (DMF),
obtaining 100% HMF conversion and 92.9% selectivity to DMF under 1.0 MPa H; at
180 °C for 2 h. Moreover, Colussi et al. [148] studied Pd catalysts supported on CeO>
prepared by dry ball mill, and their investigation proved that the catalysts could
operate at high space velocity (480,000 h™* GHSV) under a gas mixture containing
CO, CO2, and H20, which is known to inhibit methane oxidation and are always
present in large quantities in natural gas fuel vehicles exhausts. Additionally, Li Yang
et al. [149] prepared by dry ball milling a series of Pd catalysts with different Pd
precursors (palladium chloride, nitrate, acetate and acetylacetonate ) supported on
SiO,. Their investigation results indicate that the Pd dispersion and catalytic
performance of the Pd-SiO- catalysts prepared by the dry ball-milling method are
remarkably dependent on the Pd precursor, being the catalyst prepared from
acetylacetonate the one with high dispersion of Pd species, superior resistance against
sintering and superior catalytic performance in the lean methane oxidation. It can be
concluded that dry ball milling is a simple but rather effective method to prepare
catalysts with improved properties. This work describes for the first time the
preparation, characterization, and testing of a series of monometallic and bimetallic
catalysts prepared by dry ball milling for the partial oxidation of methane at low

temperature.
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1.6 Objectives

The primary objective of this thesis is to develop an efficient and sustainable
method for converting methane into syngas using the partial oxidation of methane
(POM) process with suitable catalysts that can facilitate the conversion of
methane into syngas with high selectivity and activity.

To evaluate the catalytic activity and stability of monometallic Ni, Pd, and Ru and
bimetallic Pd—Ni, Ru-Ni, and Ru-Pd catalysts supported on CeO> for the POM
process to obtain syngas at low temperatures. The study aims to examine the
performance of these catalysts under various conditions, and to investigate their
potential for improving the efficiency of the conversion of methane. The study
will also focus on the characterization and analysis of the catalysts to understand
their physicochemical properties and their impact on the catalytic activity.
Another important goal of this project is to compare the effectiveness of two
different methods for preparing catalysts for the POM reaction, namely
conventional incipient wetness impregnation (IWI) and dry ball milling (BM).
The aim is to identify the most effective method for producing catalysts with
optimal properties for the intended application.

To investigate the impact of different metal types and metal loading ratios on the
development of an active and selective catalyst system for the sustainable
production of syngas via the POM process. The proposed catalyst system is
expected to demonstrate economic feasibility and have potential for industrial

applications.
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2. Materials and methods

2.1 Preparation of support and catalysts

2.1.1 CeO2 support

Cerium nitrate hexahydrate (Ce(NOz)3-:6H20, 99.5%), and ammonia solution
(NHs, 28%) were purchased from Alfa Aesar, and Scharlab, respectively. All reagents
were used without further purification. Cerium dioxide (CeO.) was prepared by
adding dropwise the ammonia solution to an aqueous solution of Ce(NO3)3-6H.0
until the pH reached a value between 9-10 and a yellowish precipitate was obtained.
After that, the resulting product was filtered and washed thoroughly with deionized
water. Finally, the precipitate was dried overnight at 90 °C and calcined at 650 °C for

4 hours (5 °C min),
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2.1.2 Monometallic Pd/CeO2, Pd(AC)/CeO-, Ni/CeO>, and

Ru/CeO; catalysts by mechanochemistry

Palladium (I1) nitrate (Pd(NOz3)2, 93%), and Nickel (1I) nitrate hexahydrate
(Ni(NO3)2-6H20, 98%), were purchased from Alfa Aesar and Fisher chemical,
respectively. Palladium (11) acetate (Pd(CH3COO)., 47.5% Pd), and ruthenium (111)
chloride (RuCls, 99.9%), were obtained from Acros Organics. All these metal
precursors were used without further purification.

Monometallic xPd/Ce02/BM, xPd(AC)/CeO2/BM (using Pd(NOs), and
Pd(CH3COO), respectively; x = 0.5 to 2 wt.%), XNi/CeO2/BM (x = 0.5, 1 and 1.5
wt.%), and xRu/CeO2/BM (x = 0.25, 0.5 and 1 wt.%) catalysts were prepared via dry
ball mill (labeled as BM). The desired amounts of the metal precursors were mixed
directly with 1 g of the CeO> support in a zirconium oxide vessel using a Fritsch
Pulverisette 23 mini-mill apparatus and one zirconium oxide ball of 15 mm diameter
(ball to powder ratio, BPR = 10.2). The effect of ball mill energy was explored in the
range of 15-50 Hz, and the effect of milling time was studied in the range of 5-40

min.

2.1.3 Bimetallic Pd—Ni, Ru-Ni, and Ru-Pd catalysts supported on

CeO- by mechanochemistry

Two different routes were used to prepare the bimetallic xPd—yNi (x = 0.06-1
wt.%, y = 0.5-1.44 wt.%, x + y = 1.5 wt.%), XRu-yNi (x = 0.06-1 wt.%, y = 0.5—
1.44 wt.%, x + y = 1.5 wt.%), and xRu-yPd (x = 0.06-1 wt.%, y = 0.5-1.44 wt.%, x
+y = 1.5wt.%) catalysts by the BM method: (i) one step BM and (ii) sequential-BM.

In the one step route, the bimetallic XPd—yNi, XRu—-yNi, and XRu-yPd catalysts were
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prepared in one step by milling together the two metal precursors with CeO». These

catalysts are labeled as Pd—Ni/CeO2/BM, Ru—Ni/CeO,/BM, and Ru-Pd/CeO./BM.

In the sequential-BM method, firstly, one of the metal precursors was milled with
CeO, and in a second step, the resulting material was milled with the other metal
precursor. As an example, the bimetallic Pd—Ni catalysts were labeled as Pd-
CeO2/BM/Ni/BM or Ni-CeO./BM/Pd/BM if ceria was first milled with the Pd
precursor or with the Ni precursor, respectively. Similarly, the Ru—Ni samples were
labeled as Ru-CeO2/BM/Ni/BM or Ni-CeO2/BM/Ru/BM if CeO, was first milled
with the Ru precursor or with the Ni precursor, respectively. Finally, the bimetallic
Ru-Pd samples were labeled Ru—CeO2/BM/Pd/BM or Pd—CeO2/BM/Ru/BM if CeO»
was first milled with the Ru precursor or with the Pd precursor, respectively. The
effect of ball mill frequency (15, 30 and 50 Hz) and milling time (5 to 40 min) for the
bimetallic Pd-Ni, and Ru-Ni catalysts were investigated. Also, for the Ru—Pd
catalysts, the effect of ball mill energy (15, 30 and 50 Hz) and milling time (5, 10 and
20 min) was investigated. All fresh catalysts were tested for the POM reaction without

any further treatment.

2.1.4 Monometallic Pd/CeO2, Pd(AC)/CeO>, Ni/CeO>, and

Ru/CeQO; catalysts by incipient wetness impregnation

Monometallic xPd/CeO2/IWI, xPd(AC)/CeO/IWI (x = 05 to 2 wt.%),
XNi/CeO2/IWI (x = 0.5, 1 and 1.5 wt.%), and xRu/CeO2/IWI (x = 0.25, 0.5 and 1
wt.%) catalysts were also prepared by conventional incipient wetness impregnation
for comparison (labeled as IWI). For preparation of these monometallic samples,
aqueous solutions of Pd(NO3)2, Pd(CH3COO)2, RuCls, and Ni(NOs)2-6H20 were

used as precursors, and were added dropwise to the CeO2 support. Samples were dried
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at 90 °C and calcined at 650 °C for 4 h (5 °C min™). No further treatments were

performed on the calcined samples prior to the catalytic tests.

2.1.5 Bimetallic Pd-Ni, Ru-Ni, and Pd-Ru catalysts supported on

CeO: by incipient wetness impregnation

Bimetallic Pd—Ni, Ru-Ni, and Ru-Pd catalysts supported on CeO, were also
prepared by conventional incipient wetness impregnation (labeled as IWI) for
comparison with their analogues prepared by ball milling. Similarly to the BM
method, two different routes were used to prepare the bimetallic xPd—yNi/CeO./IWI
(x = 0.06-1 wt.%, y = 0.5-1.44 wt.%, x + y = 1.5 wt.%), XRu-yNi/CeO2/IWI (x =
0.06-1 wt.%, y = 0.5-1.44 wt.%, x +y = 1.5 wt.%), XxRu-yPd/CeO2/IWI (x= 0.06-1
wt.%, y= 0.5-1.44 wt.%, x + y = 1.5 wt.%) catalysts by the IWI method: (i) co-IWI
and (ii) sequential-IW1. In the co—IWI method, the bimetallic catalysts were prepared
in one-step by impregnating an ethanol solution containing both precursors (xPd +
yNi, or XRu + yNi, or xRu + yPd). Samples were dried at 90 °C and calcined at 650
°C for 4 h (5 °C min™). These samples were labeled as Pd-Ni/CeO2/IWI, Ru—
Ni/CeO./IWI, and Ru—Pd/CeO/IWI.

In the sequential-IWI method, two consecutive incipient wetness impregnations
were carried out, with a calcination step at 650 °C for 2 h after each impregnation. As
an example, these samples were labeled as Pd-CeO2/IWI/Ni/IWI or Ni-
CeO2/IWI/PA/IWI1 if the first impregnation was carried out with the Pd or the Ni
precursor, respectively. For the other catalysts, similar labeling was used: Ru-
CeO/IWI/Ni/IWI or Ni—CeO2/IWI/RuU/IWI, if the first impregnation was carried out
with the Ru or the Ni precursor, respectively, and Pd—CeO2/IWI/Ru/IWI or Ru—

CeO2/IWI/PA/IWI if the first impregnation was carried out with the Pd or the Ru
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precursor, respectively. No further treatments were performed on the calcined

samples before the catalytic test.

2.2 Catalytic tests

To study the catalytic performance for the POM process to syngas, a continuous—
flow fixed-bed quartz reactor was used. Reactions were carried out at atmospheric
pressure between 300 and 600 °C at steps of 50 °C using a CHa: air: N2 mixture of
4:11:85 (CH4/0,=1.73) and F/W=60 L h"! g (gas hourly space velocity of GHSV =
12 x 10% h'Y). Typically, 0.1 g of the catalyst was mixed with SiC to obtain a fixed
bed volume of 0.5 cm?, and placed in the center of the heated zone of the furnace
controlled with a proportional-integral-derivative (PI1D) temperature controller. The
reaction products were analyzed online every 4 minutes with a Varian CP—4900 gas
chromatograph (GC) equipped with a Molecular Sieve of 5 A, Plot U, and Stabilwax
columns. The methane conversion (Xcy,) (Eq-2.1), selectivity of hydrogen (Sy,)
(Eg-2.2), selectivity of carbon monoxide (Sco) (Eg-2.3), selectivity of carbon
dioxide (Sco,) (Eq-2.4), and yield of syngas (Yss) (Eq-2.5) were calculated
according to the following equations:

xCH4_(%) — FinCH4_FoutCH4, x 100 (Eq—21)

FinCH4,
Where Fipcn, and Foyecp, are the inlet and outlet molar flow of methane,

respectively.

0 _ mof H, produced B
SHZ(/O) T m of (Hy+CO+C0,)produced %100 (Eq-2.2)
0 _ mof CO produced B
SCO(/O) T m of (Hy+C0O+CO,)produced %100 (Eq 2'3)

o _ mof CO, produced B
SCOZ(/O) T m of (H,+CO+CO,)produced x 100 (Eq 2'4)
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Thermodynamic equilibrium compositions were calculated using the

Bioanalytical Microfluidics Program [150].

2.3 Catalysts characterization

X-ray diffraction (XRD) was performed using a Siemens D5000 diffractometer
equipped with a Cu Ka radiation source (45 kV, 35 mA) in Bragg-Brentano geometry
using steps of 0.02 ° at 1 s per step. The crystallite size was calculated with the Debye-
Scherrer formula. Raman spectroscopy was performed using a Renishaw
inViaQontor confocal Raman microscope equipped with a 532.1 + 0.3 nm laser with
a nominal 100 mW output power directed through a specially adapted Leica DM2700
M microscope (x50 magnification). Spectra were acquired in two ranges, 50-1200
cmt and 1200-2000 cm™, with an exposure time of 0.5 s, 1% of maximum laser
power, and 18 repetitions. Ho—temperature programmed reduction (H.-TPR) was
carried out with a Chemstar apparatus equipped with a TCD detector. About 50 mg
of sample was exposed to 50 mL min! of H; diluted in Ar (5 % H;) from room
temperature up to 850 °C (10 °C min™1). The surface of the catalysts was analyzed by
X-ray Photoelectron Spectroscopy (XPS) using a SPECS system equipped with an
XR50 source operating at 250 W and a Phoibos 150 MCD-9 detector. The pass
energy of the high-resolution spectra was set at 0.1 eV. Binding energy (BE) values
were referred to the Ce** 3ds/, peak at 916.9 eV. CasaXPS program (Casa Software
Ltd., UK [151]) was used to evaluate the XPS data (Shirley type background). The

microstructure of the catalysts was investigated by high-resolution transmission
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electron microscopy (HRTEM) using a FEI TECNAI F20 instrument equipped with

a field—emission electron source operated at 200 kV.

2.4 References
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3. Low-temperature methane partial oxidation
over Pd supported on CeO;: Effect of the

preparation method and precursors

This chapter has been partially published in:
I. S. Fazlikeshteli, J. Llorca, X. Vendrell. Reactions 2(1): 30-42.

https://doi.org/10.3390/reactions2010004
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Abstract

In this chapter, the partial oxidation of methane (POM) into syngas at low
temperatures (200-550 °C) over Pd (0.5-2 Pd wt.%) supported on cerium dioxide
was investigated. Palladium was chosen as it is one of the most effective noble metal
catalysts for methane activation, particularly when supported on materials with redox
properties. The metal-support interaction between Pd and CeO. has demonstrated
excellent properties for activating C—H bonds in the methane molecule due to the
oxygen storage-release capabilities of ceria and the stabilization of oxidized Pd
species [152]. In recent years, different architectures of the Pd/CeQ: interface have
been achieved using conventional impregnation, solution combustion synthesis, or
mechanochemical methods, which strongly determine the performance of the
resulting Pd/CeO; catalysts in the total oxidation of methane [74, 153-155]. The
preparation of the Pd/CeO; catalysts is described in Chapter 2, starting with the
characterization of the samples using high-resolution transmission electron
microscopy (HRTEM), Raman spectroscopy, X—ray diffraction (XRD), and X-ray
photoelectron spectroscopy (XPS). In the next section, the influence of the
preparation method, milling energy and time for the samples made by the
mechanochemical method, and metal ratio are assessed. Finally, the results of a long

stability test conducted on the best monometallic Pd/CeQ; catalysts are presented.
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3.1 Characterization of fresh catalysts

3.1.1 High-resolution transmission electron microscopy (HRTEM)

The microstructure of the catalysts was investigated by high—resolution
transmission electron microscopy (HRTEM) and energy-dispersive X—ray analysis
(EDX). Fig-3.1a illustrates a representative image of the xPd(AC)/CeO, sample
prepared by BM (50 Hz, 10 min, x = 1 wt.% Pd(AC)). As reported by Danielis et al.
[156], the mechanochemical synthesis of 1Pd(AC)/CeO2/BM creates an amorphous
layer on the CeO; crystallites. This amorphous layer exhibits an average thickness of
about 2-3 nm. The EDX analysis of the amorphous layer (inset in Fig—3.1a) indicates
the simultaneous occurrence of Ce, Pd and O (the Cu signal originates from the TEM
grid), which shows these layers are constituted by a Pd—O-Ce phase. Fig-3.1b
corresponds to the xPd/CeO2/BM sample (also 50 Hz, 10 min, x = 1 wt.% Pd). On
the other side, the substitution of Pd acetate by Pd nitrate in the mechanochemical
preparation method originates a very different microstructure. The 1Pd/CeO./BM
sample contains subnanometric Pd entities instead of an amorphous Pd—O-Ce shell,
which are well dispersed on the ceria support. Some of these subnanometric Pd

entities are shown in a green circle in Fig—3.1b.

The microstructure of the 1Pd(AC)/CeQO2/IWI sample is shown in Fig—-3.1c. In
contrast with the catalysts prepared by BM, the sample prepared by IWI using Pd
acetate shows the occurrence of well-defined Pd nanoparticles, which measure about

3-4 nm. Finally, Fig-3.1d corresponds to the 1Pd/CeQO/IWI sample. Individual Pd
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nanoparticles are also encountered, but the use of Pd(NO3)2 as precursor results in

smaller Pd nanoparticles, which measure about 1-2 nm.

Fig-3. 1: HRTEM images of the catalysts: Pd(AC)/CeO./BM (a), Pd/CeO/BM (b),

Pd(AC)/CeO2/IWI (c), and Pd/CeO/IWI (d). All catalysts contain a nominal Pd loading of 1

wt.%. Ball mill conditions: 50 Hz for 10 min.
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3.1.2 X-ray diffraction (XRD) patterns and Raman spectroscopy

The X-ray diffraction (XRD) patterns and Raman spectra recorded for the
samples investigated by TEM are shown in Fig-3. 2a and 2b, respectively. For all
catalysts, the only peaks detected by XRD were those corresponding to the CeO>
support. Due to the low Pd loading (1 wt.%), no peaks associated with Pd phases and
no variation of the lattice parameter of CeO> were detected, excluding the possibility
of Pd incorporation in the ceria structure. As a result, for samples prepared by BM,
the size of the ceria crystallites decreased from about 35 nm down to 31.6 nm after

milling for 5 min at 50 Hz and 26.7 nm after ball milling for 10 min at 50 Hz.

For all samples, the Raman spectra (Fig-3.2b) were dominated by the
characteristic F2g band of the ceria lattice structure at ~ 463 cm™ [157]. The defect-
induced vibrational mode at ~ 595 cm™ (D band) was nearly absent in all samples,
which means the incorporation of Pd did not result in the formation of lattice defects
in the CeO; structure, such as oxygen vacancies [158]. It is worth noting that the main
Fog peak of ceria for the samples prepared by BM method shifted slightly to lower
wavelengths (~ 460 cm™), caused by an enhanced Pd—support interaction in the
samples prepared by BM [159], whereas it appeared at the same wavelength for the
samples prepared by IWI method. Moreover, the Raman spectrum of the
Pd(AC)/CeO2/BM sample showed a weak band at 945 cm™, which is ascribed to the
(C—CHz) mode of the acetate group. For the Pd/CeO./BM sample, the Raman
spectrum showed a weak band at 1046 cm™, which is ascribed to the symmetric v1
stretching mode of the nitrate anion [160]. These bands were absent in the catalysts
prepared by IWI method, because the acetate and nitrate residues disappeared

following the calcination treatment performed at 650 °C. Finally, the Raman spectrum
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of the Pd/CeO,/IWI catalyst exhibited a band at 650 cm™*, which is attributed to the

Big mode of PdO and suggests that this sample contains well-defined PdO

nanoparticles [161].
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Fig-3. 2: XRD (a) profiles and Raman spectra (b) of the catalysts: Pd/CeOa/IWI,

Pd(AC)/CeO./IWI, Pd/CeO2/BM, and Pd(AC)/CeO./BM. All catalysts contain a nominal Pd

loading of 1 wt. %. Ball mill conditions: 50 Hz for 10 min.

3.1.3 X-ray Photoelectron Spectroscopy (XPS)

The surface composition of the catalysts was analyzed by X—ray photoelectron

spectroscopy (XPS). Fig—3.3 shows the Pd 3d XP spectra of the catalysts investigated
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by HRTEM, XRD and Raman spectroscopy discussed above. There are important
differences among the XP spectra between the samples prepared by the BM method
and those prepared by the IWI method. The Pd 3d spectra of the samples prepared by
IWI showed the same pattern, independently of the Pd precursor used (Fig—3. 3a and
3b). The Pd 3ds/> spectra contain two bands at about 336.4 and 338.0 eV, which can

be ascribed well to Pd?* and Pd*" species, respectively [153, 156]. Moreover, the

Pd4+

surface atomic ratio ( 5 5o+

) for the samples prepared by IWI method is about

0.2. In contrast, the spectra of the samples prepared by BM are quite different. The
Pd/CeO./BM sample (Fig—3.3c) exhibited a unique band at 337.7 eV, whereas the
spectrum of the Pd(AC)/CeO2/BM sample (Fig—3.3d) indicated two bands at 336.0
and 337.6 eV, which represent a shift of 0.4 eV to lower energy values with respect

to the catalysts prepared by IWI method.

These results demonstrate that the electronic state of Pd at the surface of the
catalysts strongly depends on the preparation method. Additionally, for samples
prepared by BM, the shift to lower binding energy values is indicative of surface
oxidized Pd strongly interacting with CeO> [162-164], which is in agreement with

HRTEM and Raman spectroscopy data. In addition, the surface atomic ratio (

Pd4+

m) of the samples prepared by BM are much higher and the values depend

on the Pd precursor used; for the Pd(AC)/CeO2/BM sample this value is 0.6, which is
much higher than the value recorded in the catalyst prepared by IWI with Pd acetate
(= 0.2). It is concluded that Pd*" species strongly interacting with CeO- are easily

accommodated on the surface of catalysts prepared by BM method.
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In addition, XPS yields valuable information
about the dispersion of Pd. The surface atomic ratio - Pd§9 -Ce
I Pd
(Pd"fCe) is higher in the Pd(AC)/CeO./BM sample Pd 3dss
Pd 3dsr

(= 0.29) with respect to the Pd/CeO2/BM sample (=
0.14) and also for the samples prepared by IWI (=
0.2). The high Pd dispersion measured by XPS for
the Pd(AC)/CeO2/BM sample is in accordance with
the existence of the amorphous shell identified by

HRTEM (Fig-3.1d).

Fig-3. 3: Pd 3d X-ray photoelectron spectra of the
catalysts: Pd/CeO./IWI (a), Pd(AC)/CeO./IWI (b),
Pd/Ce0./BM (c) and Pd(AC)/CeO./BM (d). All catalysts

contain a nominal Pd loading of 1 wt.%. Ball mill

conditions: 50 Hz for 10 min.

I I |
345 340 335
Binding Energy (eV)

3.2 Catalytic tests

The temperature-dependent catalytic performance of the different catalysts
prepared followed similar patterns. As a representative example, Fig—3.4a shows

these profiles recorded over the 0.5Pd(AC)/CeO2 sample prepared by BM method at
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50 Hz for 5 min. As expected, the conversion of methane progressively increased
with temperature, whereas oxygen was rapidly consumed at low temperatures (< 350
°C). The oxygen consumption was accompanied by the simultaneous appearance of
water and carbon dioxide in a H,O:CO; ratio of about 2:1 (molar basis). Moreover,
in the range 300-350 °C, the consumption of O is double than that of CH4, and the
amount of CO. formed equaled the amount of CHs consumed. Overall, this
distribution of species clearly shows that the direct combustion of methane takes place
in this temperature range (300-350 °C), CH4 + 202, — CO2 + 2H20. When all the
oxygen was consumed, at 400 °C, the consumption of CH4 was accompanied by the
simultaneous consumption of H>O, being the amount of water consumed double than
that of methane, and at the same time, CO and Hz were produced. The amount of
CO- produced equaled the amount of CH4 consumed, and the amount of H. produced
was about four times that of CH4 consumed. This distribution of species corresponds
well to the methane steam reforming (SRM, Eq-1.6: CHs + H2O 2 CO + 3H»)
reaction. At temperatures higher than 450 °C, the transformation of methane was
accompanied by the progressive consumption of not only H2O, but also CO». At the
same time, the production of syngas (H2 and CO) increased, which was produced by
the simultaneous occurrence of the SRM and dry reforming of methane (DRM, Eqg-
1.7: CH4 + CO2 2 2CO + 2Hy) reactions, respectively. These reaction mechanism
corresponds well with the so-called “combustion and reforming reaction (CRR)”

mechanism for POM process [92, 165].
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For comparison, Fig—3.4b indicates the distribution of products obtained at
different temperatures with the 0.5Pd(AC)/CeO- catalyst prepared by IWI method.
Similar trends were observed in the disappearance of reactants and the appearance of
products, which shows that the reaction mechanism is the same as that discussed
above, but the temperatures for the catalyst prepared by IWI method shifted to higher

values, about 100 °C, indicating lower catalytic activity.

CH,+C0,22C0+2H, ;@ 6

0.34

0.3 €
CH,+20,-C0,+2H,0 CH,+H,022C0O+3H,

200 300 400 500 600 .200 300 400 500 600
Temperature (°C) Temperature (°C)

Fig-3. 4: Molar flows of the different species present during the partial oxidation of
methane on 0.5Pd(AC)/CeO; prepared by dry BM at 50 Hz for 5 min (a) and

0.5Pd(AC)/CeO; prepared by IWI (b). GHSV=12 x 10° h'l, F/W=60 L h"1 g,

Considering the two consecutive steps involved in the POM mechanism on
Pd/CeO2 and Pd(AC)/CeO: catalysts, since at temperature lower than 450 °C the
production of syngas is not significant, from now on, only the results obtained at
temperatures above 450 °C will be considered. Table-3.1, and Table-3.2 are include
the results obtained for all catalysts tested in terms of methane conversion and
hydrogen selectivity at 450 and 550 °C, and selectivity of CO at 550 °C for the sample
prepared by IWI and BM methods, respectively. The results obtained on bare CeO>

as prepared and after milling at 50 Hz for 10 min are also included as blank runs
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(Table-3.1). The CeO. support is totally inactive for POM process under the reaction
conditions tested, and also CeO2/BM did not result in any reactivity in the absence of

Pd.

Table-3.1. Methane conversion and selectivity of hydrogen and carbon monoxide obtained at

450 and 550 °C on Pd/CeO; catalysts prepared by IWI method using different synthesis

parameters and metal loading values.

Catalyst min wt.% Pd X‘éf,‘; °C XEE,‘: °C sﬁgo °C sggo °C
 Equilibrium - - - 51.3 77.9 60.4 64.6
CeO2 - = = 0 0 0 0
Ce0O,/BM 50 10 - 0 0 0 0
Pd(AC)/CeO/IWI - = 05 32.8 50.7 46 62.4
Pd(AC)/CeO./IWI - - 1 35.9 59.2 51.5 64.5
Pd(AC)/CeO,/IWI = = 2 37.0 62.3 54.1 65.2
Pd(AC)/CeOJ/IWI 50 52 1 34.2 57.0 52.4 64.5
Pd/CeO2/IWI = = 0.5 39.7 67.7 59 66.2
Pd/CeO2/IWI - - 1 34.5 57.4 52.4 64.5
Pd/CeO2/IWI = = 2 32.8 56.0 53.1 65
Pd/CeOa/IWI 50 10P 1 34.8 59.2 54.3 65

aimpregnation on previously ball milled CeO,

16.6

19.8

20.6

19.6

23

19.4

20.3

20.4
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Table-3.2. Methane conversion and selectivity of hydrogen and carbon monoxide obtained at

450 and 550 °C on bare ceria, ceria after ball milling, and Pd/CeQ; catalysts prepared by BM

using different synthesis parameters and metal loading values.

Catalyst ' WLO%Pd  X450°C  xSS0°C  gis0C
 Pd(AC)/CeOz/BM 15 10 1 34.9 47.0 521  63.1 16.7
Pd(AC)/CeO,/BM 30 10 1 35.5 55.9 52 64 18.8
Pd(AC)/CeO/BM 50 5 1 425 70.2 598  66.4 23
Pd(AC)/CeO,/BM 50 10 1 38.9 64.1 568  65.3 21
Pd(AC)/CeO,/BM 50 10 10 335 55.8 517 643 19.4
Pd(AC)/CeO,/BM 50 20 1 36.8 58.5 539 646 19.4
Pd(AC)/CeO/BM 50 5 0.5 48.1 73.1 633 667 24.9
Pd(AC)/CeO,/BM 50 5 2 39.7 67.5 59 66.2 22.9
Pd/Ce0./BM 15 10 1 35.2 54.9 497 635 18
Pd/CeO/BM 30 10 1 315 51.0 522 64 18.2
Pd/Ce0./BM 50 5 1 30.7 47.0 508  63.1 16.7
Pd/CeO/BM 50 10 1 30.5 53.2 534 649 19.3
Pd/Ce0./BM 50 10 18 454 70.2 626 665 24.4
Pd/CeO./BM 50 20 1 32.7 55.7 549  65.2 20.2
Pd/Ce0./BM 50 10 05 32.6 52.7 484 633 17.4
Pd/CeO./BM 50 10 2 39.9 66.8 56.9  64.9 22

bealcined at 300 °C for 1 h.

The catalytic performances for the catalysts prepared by BM demonstrate that the
Pd salt used as precursor has a strong effect on catalytic activity. Fig—3.5 displays the
data selected from Table-3.1 & Table—3.2 to perform accurate comparisons between

different catalysts. In Fig—3.5a, the influence of ball milling time for the catalysts
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containing 1 wt.% Pd and prepared at 50 Hz with Pd nitrate or Pd acetate precursors
is shown. Clearly, at short milling times (5 and 10 min) the activity of
1Pd(Ac)/CeO./BM (50 Hz) catalysts outperforms those of samples prepared with Pd
nitrate, whereas after long milling time (20 min) the methane conversion on both
samples became similar. Interestingly, the longer the milling time, the higher the
activity for the 1Pd/CeO./BM(50 Hz) catalysts. This suggests that a particular and
delicate Pd—CeO; architecture is formed at a short milling time using Pd acetate,
which is highly active for POM process. Contrarily, the resulting metal-support
interaction is independent of the Pd salt used as a precursor if a long milling time is
used. This could be attributed to the peculiar decomposition of Pd acetate, which first
decomposes to metallic Pd and then gradually oxidizes to PdO in contrast to Pd

nitrate, which decomposes directly to PdO [166].

Recently, it has been claimed that for Pd/CeO> systems, a metal-core-oxide-shell
structure is responsible for a high activity for the combustion of methane [167]. The
different decomposition pathways of Pd acetate and Pd nitrate would likely result in

different Pd—ceria interactions developed during the POM reaction.

These results are also supported by Fig—3.5b, where the effect of the frequency of
ball milling (energy) is shown for the samples containing 1 wt.% Pd after 10 min. It
is deduced high milling energy has a beneficial effect on catalytic activity of the
1Pd(AC)/CeO2/BM (10 min) samples, which suggests that a strong Pd—CeO>
interaction favors the activation of the methane molecule, whereas an opposite trend
is observed in the 1Pd/CeO2/BM (10 min) samples. On the other hand, two ball-milled
samples (50 Hz and 10 min) prepared with Pd acetate and Pd nitrate and calcined at

300 °C to remove the acetate and nitrate groups, respectively, showed different results



‘% ‘,.g" 3 T =] 7;
I LA S Low-Temperature POM over Pd supported on CeO:
Page |68

(Table-3.2). Whereas the catalytic activity of the sample prepared by BM using Pd
acetate decreased slightly after calcination, the sample prepared by BM using Pd
nitrate showed a clear improvement after the calcination treatment, which suggests
that the presence of nitrate residues on the catalyst surface is detrimental for the

reaction.

Recent density functional theory (DFT) calculations have shown that PdxCe;-xOs
surfaces are particularly effective in the activation of the C-H bonds in the methane
molecule [166, 168], and that substitution of Ce by Pd ions originates highly active
and stable systems [169, 170]. The mechanochemical forces that operate in the ball
milling preparation method would enhance the formation of such active surfaces and
substituted structures, as demonstrated recently in the total oxidation of methane
[153]. In fact, the amorphous shell observed in the HRTEM images of the
1Pd(AC)/CeO2/BM catalyst (Fig-3.2) is expected to be particularly active due to
under-coordinated sites, as claimed recently by DFT calculations for the activation of

methane [171].

Important information is obtained from Fig-3.5¢c, where the methane conversion
is plotted against the Pd loading for samples prepared by BM at 50 Hz for 5 min. For
the catalysts using the Pd nitrate, with increasing the Pd content the methane
conversion increased. In contrast, the opposite trend was observed for the catalysts
using Pd acetate, which is in accordance with the assumption that low Pd contents are
required to build up active PdxCe;—xOs surfaces, whereas high Pd loadings result in

the accumulation of other less active Pd species on the surface.
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Fig-3. 5: Conversion of methane at 450 and 550°C on Pd catalysts prepared by milling
Ce0; and palladium acetate (black) or palladium nitrate (red) at different milling time
(@), frequency (b) and Pd loading (c). Conversion of methane on Pd(AC)/CeO; prepared

by BM (black) and IW1 (blue) (d). GHSV=12 x 10% hl, F/W=60 L h gL,

Fig—3.5d clearly illustrates that the catalytic performances of the Pd(AC)/CeO:
catalysts prepared by the IWI method are less active than the Pd(AC)/CeO: catalysts
prepared by BM for any Pd loading. Indeed, the performances of the Pd/CeO:
catalysts prepared by ball milling using Pd nitrate are similar to those prepared by
IWI method, again pointing out to an extraordinary catalytic behavior induced by the

amorphous PdxCe;—«Os surface in the catalysts prepared by BM using Pd acetate.
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Finally, to investigate if the better catalytic performance of the samples prepared by
BM are due to defects and/or structural changes of the CeO. support induced by the
BM method. We also tested the catalysts prepared by the IWI method using milled
CeO- with the exact same conditions. The catalytic performance of the IWI samples
using fresh CeO> and CeO./BM are virtually identical (Table-3.1), which means that
the catalytic behavior of the Pd/CeO> samples prepared by BM is not related to the
CeO- support, but to a specific interaction between CeO. and Pd induced by the

mechanochemical method.

3.3 Stability tests

In order to investigate the catalysts stability, the 0.5Pd(AC)/CeO./BM catalyst,
which exhibited good methane conversion and selectivity to syngas (see Table-3.2),
was tested at 550 °C for more than 100 h on POM process (Fi—3.6a). For comparative
purpose, the 0.5Pd(AC)/CeO2/IWI sample was also examined. During the first 50 h
of stream, a slight deactivation of the sample prepared by BM method was observed,

where the CH4 conversion rate decreased by approximately 0.15 % h™.

After 50 h, the deactivation decreased by only 0.04 % hl, the CH4 conversion
stabilized at about 63 % and the selectivity to H, and CO were ~ 64.9 and 17.9 %,
respectively. In contrast, for the sample prepared by IWI deactivated more severely;
during the first 50 h of operation the methane conversion rate decreased significantly
by 0.48 % h and in the second 50 h the methane conversion rate still decreased by

0.23 % h! and did not stabilize.
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Fig-3. 6: Methane conversion in a long-term stability at 550 °C on 0.5Pd(AC)/CeOQ; prepared
by BM(50Hz, 5min) and by IWI methods. GHSV=12 x 10° h'l, F/W=60 L h'* g**. (b) Raman

spectra recorded on the samples after reaction.

We recorded the Raman spectra in the carbon region for the two samples after
reaction (Fig—3.6b), since the DRM is involved in the reaction mechanism and
generally causes carbon deposition on the catalyst. The Raman spectrum for the
0.5Pd(AC)/CeO./BM sample after reaction showed a broad signal at approximately
1180 cm, which corresponds to the second-order longitudinal optical mode (2LO)
of CeO2 [39]. In contrast, the Raman spectrum of the 0.5Pd(AC)/CeO2/IWI sample
after the reaction showed, in addition to the signal at ca. 1180 cm™ due to CeOy, the
characteristic D and G bands of carbon at approximately 1340 and 1580 cm™,
respectively. Even if the intensity of the carbon bands is certainly low, the occurrence
of carbon deposition may explain the deactivation observed for this sample.
Therefore, the catalyst prepared my BM is not only more active, but remarkably more
stable under reaction conditions. This result makes this catalyst a good candidate for

practical application. In addition, it contains a low metal loading.
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3.4 Conclusion

A series of Pd/CeO and Pd(AC)/CeO, catalysts have been prepared,
characterized with HRTEM, XRD, Raman spectroscopy and XPS, and tested for the
partial oxidation of methane at low temperature to obtain syngas. Two different
preparation methods have been used to synthesize the catalysts, conventional
incipient wetness impregnation and dry ball mill. Two metal precursors have been
used, palladium nitrate and palladium acetate, and the metal loading has been varied
from 0.5 to 2 wt.% Pd. For the ball-milled samples, the influence of milling energy
(15-50 Hz) and milling time (5-20 min) on the catalytic performance has been
evaluated. Catalysts prepared by mechanochemistry using Pd acetate have shown
better catalytic performance than catalysts prepared by mechanochemistry using Pd
nitrate and catalysts prepared by incipient wetness impregnation, either with Pd
acetate or with Pd nitrate. The best catalytic performance has been obtained with a
catalyst prepared by milling ceria and Pd acetate for 5 min at 50 Hz with a metal
loading of 0.5 % by weight of palladium, which has also shown good catalytic
stability in a 100 h experiment duration. Catalysts prepared by incipient wetness
impregnation contain well-defined PdO nanoparticles. In contrast, catalysts prepared
by milling ceria and Pd acetate contain a unique Pd/CeO; architecture characterized
by a 2—-3 nm thick amorphous layer with highly oxidized Pd (Pd**—like) on the surface

that strongly interacts with ceria, which is very active for methane partial oxidation.
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4. Low-temperature partial oxidation of
methane over Pd-Ni bimetallic catalysts

supported on CeO;

The data used in this chapter has been partially published in:

I. S. Fazlikeshteli, J. Llorca, X. Vendrell. International Journal

of Hydrogen Energy 48(32): 12024-12035.

https://doi.org/10.1016/j.ijhydene.2022.07.020



https://scholar.google.com/citations?user=B817jIwAAAAJ&hl=ca&oi=sra
https://scholar.google.com/citations?user=5yZf9H0AAAAJ&hl=ca&oi=sra
https://doi.org/10.1016/j.ijhydene.2022.07.020

ER 4 Low-Temperature POM over Pd-Ni supported on CeO;

Page |77

| Abstract

Nickel-based catalysts have been widely investigated due to their low cost;
nevertheless, at temperatures higher than 700 °C, they are easily deactivated owing to
carbon deposition and metal loss [89, 95, 172]. To improve thermal stability and
activity and decrease carbon deposition, other components like noble metals (Pd, Pt,
Rh, Ru, etc.) are added to Ni catalysts. Therefore, in the present chapter the bimetallic
xPd—yNi/CeO; catalysts, have been investigated to promote methane conversion for
partial oxidation of methane (POM) process into syngas at low temperatures (300—
550 °C). For comparative purposes, monometallic xPd/CeO; and yNi/CeO; catalyst
were also prepared and tested. The preparation of the monometallic xPd/CeO.,
yNi/CeO. and bimetallic xPd—yNi/CeO catalysts have been described in Chapter 2.
At first, the characterization such as Raman spectroscopy, High-resolution
transmission electron microscopy (HRTEM), Temperature programmed reduction
(H2-TPR), and X-ray photoelectron spectroscopy (XPS) for the fresh samples have
been evaluated. After that, the influence of the preparation method, the sequence in
which the metals are added, the milling energy and time for samples prepared by the
mechanochemical method, and the Pd:Ni metal ratio, have been explained in the
catalytic test section. At the end, we discussed about the characterization of the
catalysts after reaction and the long stability test result that obtained by the best

bimetallic Pd—Ni/CeO; catalysts.
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4.1 Characterization of fresh catalysts

4.1.1 Raman spectroscopy

The Raman spectra recorded for the fresh bimetallic Pd—Ni catalysts supported on
CeO> prepared by BM and IWI methods are shown in Fig—4.1. For each sample,
various spectra were recorded at several places and no differences were noted,
indicating homogeneity of the samples. In all cases, the Raman spectra was dominated
by the characteristic F2g mode of the ceria lattice structure at about at ~ 464 cm™
[157]. Moreover, Raman spectra for the bimetallic Pd-Ni/CeO; catalyst prepared by
BM method showed a weak band at ~1050 cm, which corresponds to the symmetric
vi1 stretching mode of the nitrate anion [173, 174]. It should be noted that, the NO3
band was absent in the bimetallic Pd—Ni/CeO> catalysts prepared by IWI because
nitrate residues disappeared following the calcination treatment performed at 650 °C.

Also, for the bimetallic Pd-

mmmm | Pd-0.5N1/CeO2/IW]
Ni/CeO2/IWI catalyst, a broad band F2e Ce02  mmmmm 1Pd-0.5Ni/CeO2/BM

from ~530 to 620 cm™ corresponds to
NiO species [174], although a defect-

induced vibrational mode of ceria,

such as oxygen vacancies, cannot be Ce(NOs)s
discarded (~595 cm™, D band) [158].
Fig-4. 1: Raman spectra of bimetallic

XPd-yNi/CeO; catalysts (x = 1 wt.% and

LI B B R R R —
400 600 800 1000 1200

BM (red) at 50 Hz for 20 min (black). Raman shift (cm™)

y = 0.5 wt.%) prepared by IWI (blue) and
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4.1.2 High-resolution transmission electron microscopy (HRTEM)

High—resolution transmission electron microscopy (HRTEM) and energy-
dispersive X—ray analysis (EDX) were applied to study the microstructure of the
catalysts, the metal dispersion, and potential interactions between metal and support,
as shown in Fig—4.2. A representative image of the monometallic 1Pd/CeQ; catalyst
prepared by BM is show in Fig—4.2a. This sample is very homogeneous and contains
subnanometric Pd entities, which are well dispersed over the CeO, support (some of
them signed with arrows in the image). A larger Pd particle is highlighted with a
dashed square. Moreover, the Fourier Transform (FT) image of this area is shown in
the inset and shows spots at 1.9 A from Ce0O- (220) planes and at 2.2 A from Pd (111)
planes. The EDX spectrum recorded in the same area confirms the nature of the
particle and illustrates the simultaneous occurrence of Ce, Pd and O (the Cu signal
originates from the TEM grid).

Fig—4.2b corresponds to the bimetallic 1Pd—0.5Ni/CeO; catalysts prepared by
IWI method. It is hard to distinguish any Pd, Ni or Pd-Ni particle by the TEM
analysis, which means an excellent dispersion of Pd and Ni on the CeO; support.
Additionally, the EDX spectrum recorded from the area enclosed by the square
indicates only weak Pd signals; no signals of Ni are observed, probably due to the
low loading of Ni (0.5 wt.%).

Finally, Fig—4.2c shows the microstructure of the bimetallic Pd—Ni/CeO, catalysts
prepared by the BM method. The ceria crystallites are surrounded by an amorphous
layer as a result of the mechanochemical preparation of Pd-Ni/CeO> (marked
between arrows). This shell exhibits an average thickness of about 2—4 nm. The EDX

spectrum recorded from the area enclosed by the square conclusively identified both



4 Low-Temperature POM over Pd-Ni supported on CeO-

Page |80

Pd and Ni in this amorphous shell. The amorphous shell is similar to that recently
reported in Pd/CeO> catalysts prepared by BM method [153] and corresponds to an

unprecedented architecture.

Fig-4. 2: HRTEM images of (a) monometallic 1Pd/CeO, catalyst prepared by BM at 50 Hz
for 20 min; (b) bimetallic 1Pd-0.5Ni/CeO, catalyst prepared by IWI; (c) bimetallic 1Pd-

0.5Ni/CeO; catalyst prepared by BM at 50 Hz for 20 min.
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4.1.3 Temperature programmed reduction (H>—TPR)

Fig—4.3 displays the H—TPR profiles obtained for the investigated samples. In all
samples, a high-temperature reduction peak at 700 °C, according to previous chapter,
is ascribed to the bulk reduction of CeO- [175]. However, it is important to note that,
this high-temperature peak is shifted to lower temperatures when samples are
prepared by the BM method with respect to analogous samples prepared by IWI.
According to an improved metal-support interaction after calcination [176, 177], the
Ni/CeO/IWI catalyst appears a broad H> consumption at about 450 °C, which can be
assigned to the reduction of NiO strongly interacting with the CeO2 support [178,
179]. In contrast, the H> consumption of the Ni/CeO./BM catalyst occurs at much
lower temperature (~185 °C) and with higher intensity, which can be attributed to the
reduction of well-dispersed NiO species [180]. It's noteworthy to observe that the
metal's reducibility at lower temperatures is much improved by the ball mill process.
The monometallic Pd/CeO2/BM catalyst shows a broad reduction peak centered at
~285 °C, which can be assigned to the reduction of PdO species anchored on CeO>
[181, 182].

Additionally, the bimetallic Pd—Ni/CeO catalysts prepared by both IWI and BM
methods shows similar H>—TPR profiles with a broad H. consumption at about ~250
°C, due to PdO-NIiO reduction. The bimetallic Pd—Ni/CeQO> catalysts exhibit the
reduction at a lower temperature than monometallic Pd/CeO, catalyst, showing that
the presence of Ni improves the reduction of PdO. In other words, there is a strong
synergy between both metals, which is consistent with the results of the HRTEM

(Fig—4.2c).
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Fig-4. 3: H—TPR profiles corresponding
to1Pd/CeO2/BM (black), 0.5Ni/CeO./BM
(green), 0.5Ni/CeO./IWI (orange), 1Pd—
0.5Ni/CeO2/IWI  (blue) and 1Pd-
0.5Ni/CeO2/BM  (red). Ball  mill

conditions: 50 Hz for 20 min.

185

Page |82
mmmm | Pd-0.5N1/CeO2/TWI
mm= 1Pd-0.5N1/CeO2/BM
s | Pd/CeO2/BM
= ().5N1/CeO2/BM
e 0.5N1/CeO2/IWI

770

775

450 rd
z.-m\ ,-—-—"’//
»_——-"”‘“\LA—-‘,VT—,/}’
. | L | : | : |
200 400 600 800
Temperature (°C)

4.1.4 X-ray Photoelectron Spectroscopy (XPS)

The surface atomic composition of the bimetallic Pd—Ni/CeO: catalysts prepared

by the ball milling method were analyzed by X-ray photoelectron spectroscopy

(XPS) as shown in Fig—4.4. Fig—4.4a illustrates the Ce 3d spectrum, where the peaks

marked as v (882.7 eV), v2 (889 eV), v3 (899.8 eV), u (901.1 eV), uz (907.1 eV) and

us (916.9 eV) are attributed to the presence of Ce*" species, and those labeled as vo

(881.6 eV), v1 (885 eV), uo (898.4 eV), and uz (903 eV) correspond to Ce®* species
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[183, 184]. It is quite clear that about 40% of cerium at the surface appears as Ce>"
species. On the other side, Fig-4.4b shows the Pd 3d spectrum. A single doublet
corresponding to the 3ds2 and 3dss2 splitting is present, with a binding energy for 3ds/2
at 335.3 eV, which can be assigned well to reduce Pd. According to the surface Pd/Ce
and Ni/Ce atomic ratios of 0.09 and 0.04, respectively, the two metals have an

excellent dispersion over the ceria support.

1 Ce (111
—& @) (b)

920 910 900 890 880 ' 3415 ' 34{0 ' 33'5 ' 3%0
Binding Energy (eV) Binding Energy (eV)

Fig-4. 4: Ce 3d (a) and Pd 3d (b) X-ray photoelectron spectra of the bimetallic 1Pd—0.5Ni/CeO;

catalyst prepared by BM at 50 Hz for 20 min.

4.2 Catalytic tests

Similar patterns occurred in the temperature-dependent catalytic activity of the
various produced catalysts. As a representative example, Fig—4.5 depicts the molar
flow rates of the reactants (methane and oxygen) and the products (syngas, water, and

carbon dioxide) from 300 to 550 °C of bimetallic Pd—Ni/CeO; catalysts made by the
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BM (Fig—4.5a) and IWI (Fig-4.5b). The conversion of methane increases
progressively with temperature, according with thermodynamics.

However, there are noticeable differences between catalysts prepared by BM and
IWI methods. At 450 °C all the oxygen is consumed for the bimetallic 1Pd-
0.5Ni/CeO: catalyst prepared by BM, and from this temperature the consumption of
methane runs parallel to the consumption of water and the production of syngas is
observed. As a result, the performance below 450 °C obeys to the equation: CH4 +

202 > CO;, + 2H,0.

450 500 550
Temperature (°C) Temperature (°C)

Fig-4. 5: Molar flows recorded for bimetallic catalysts 1Pd—0.5Ni/CeO- prepared by BM at

50 Hz for 20 min (a) and IWI (b) methods. GHSV=12 x 10° h!, F/W=60 L h"* g*.

When all the oxygen is consumed, at higher temperatures the methane steam
reforming reaction occurs: CHs + H.O 2 CO + 3H>, where the conversion of methane
is accompanied by the consumption of H>O, and the production of syngas rises
significantly. Simultaneously, the methane dry reforming occurs: CHs + CO2 2 2CO
+ 2H>. This mechanisms corresponds to the well-known “combustion and reforming
reaction (CRR)” mechanism described in the introduction section [92, 165]. Similar

trend distribution and appearance of products is obtained when the bimetallic catalyst
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was prepared by the conventional IWI method, confirming that the same reaction
mechanisms takes place independently of the preparation method. However, all the

reactions occur at higher temperatures, indicating lower catalytic activity.

Considering the two consecutive steps involved in the POM reaction and given
that below 450°C the production of syngas is not significant, only the performance of
the catalysts will be considered further at temperatures above 450°C. Table—4. 1 to 3
compile the catalytic results of all prepared samples in terms of methane

conversion (xcy,), hydrogen selectivity (Sy,), carbon monoxide selectivity (Sco)
and yield of syngas (Ysyngas)- Bare CeO: results are also included as a blank test, as

well as chemical equilibrium values.

As already pointed out, the CeO> support in the absence of Pd and Ni is totally
inactive for POM under the reaction conditions tested, as already discussed in the
precedent chapter. Additionally, the catalytic activity results for the monometallic
Ni/CeO- catalysts (0.5 wt.% Ni) prepared by either IWI or BM methods showed low
methane conversion and the formation of syngas was not observed at all. On the other
side, it is quite clear that the catalytic activity of monometallic Pd/CeO; catalysts is
much greater than that of the Ni/CeO2 monometallic catalysts, as the methane
conversion values for Pd/CeO. catalysts at 550 °C doubled those obtained over
Ni/CeO> catalysts and the syngas yield was 42-48%. The milling parameters had a
negligible effect on the catalytic performance of the monometallic catalysts, as
methane conversion at 550 °C oscillated between 51-55% and syngas yield from 42

to 47 %.
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Table-4.1. Methane conversion, hydrogen, carbon monoxide, and carbon dioxide selectivity
values, and syngas yield obtained over milled CeO,, monometallic Ni/CeO, and Pd/CeO;
samples prepared by BM) and IWI methods. Metal loading values are nominal. Reaction

conditions: CH4:air:N,=4: 11: 85, F/W=60 L h'1 g*!, GHSV=12 x 10 h %,

Y550°C

Syngas

Catalyst min  wt.%Pd  wt.%Ni x‘c*gg °C xgg‘; °C sggo °C sggo °C
Equilibrium - - - - 51.3 77.9 67.2 26.3
CeO = = = - 0 0 0 0
CeO2/BM 50 10 - — 0 0 0 0
Ni/CeO2/BM 50 10 0 0.5 3.2 22 0 0
Ni/CeO2/IWI - - 0 0.5 3 18.6 0 0
Pd/CeO2/BM 15 10 1 0 35.2 54.9 63.5 18
Pd/CeO2/BM 30 10 1 0 314 51 64 18.2
Pd/CeO2/BM 50 10 1 0 30.5 53.2 64.8 19.3
Pd/CeO2/BM 50 20 1 0 32.7 55.6 65.2 20.2
Pd/CeO2/BM 50 10 0.5 0 32.6 52.7 63.3 17.7
Pd/CeO2/IWI - - 0.5 0 39.7 51 63.8 23

Pd/CeO2/IWI = = 1 0 34.5 57.4 64.5 194

44.7

41.9

44.8

47.6

42.7

44.5

48.2
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Table-4.2. Methane conversion, hydrogen, carbon monoxide, and carbon dioxide selectivity
values, and syngas yield obtained over bimetallic Pd—Ni/CeO, catalysts prepared by BM

technique. Metal loading values are nominal. Reaction conditions: CHa:air:N,>=4: 11: 85, F/W=

60 Lh?1g? GHSV=12x 103h

Catalyst min  wt%Pd  wt9%Ni  Xo°c xFocc gpsetc  gasotc  ygse’c
Pd—Ni/CeO2/BM 50 10 1 0.5 44 71.8 65.5 21.7 62.7
Pd—CeO2/BM/Ni/BM 50 10 1 0.5 42.5 71.6 65.5 22 62.6
Ni—CeO2/BM/Pd/BM 50 10 1 0.5 41.6 68 64.9 20.5 58.1
Pd—Ni/CeO2/BM 15 10 1 0.5 36.4 62.4 64.2 19.2 52.1
Pd—Ni/CeO,/BM 30 10 1 0.5 39.9 67.1 64.9 20.5 57.4
Pd—Ni/CeO,/BM 50 5 1 0.5 37.5 67.2 65.5 20.7 57.9
Pd—Ni/CeO,/BM 50 15 1 0.5 38 66.3 65.5 21.2 57.5
Pd—Ni/CeO,/BM 50 20 1 0.5 42.1 72.4 66 22 63.7
Pd—Ni/CeO,/BM 50 40 1 0.5 414 715 65.8 21.7 62.6
Pd—Ni/CeO,/BM 50 20 0.75 0.75 37.9 67.4 65.4 21.7 58.7
Pd—Ni/CeO,/BM 50 20 0.5 1 35.5 68.2 65.3 21.7 59.4
Pd—Ni/CeO2/BM 50 20 0.25 1.25 37.7 70.6 65.9 23.8 63.4
Pd—Ni/CeO,/BM 50 20 0.12 1.38 40.8 69.5 65.9 23.6 62.2

PA—Ni/CeO,/BM 50 20 0.06 1.44 366 695 66 23.1 62
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Table-4.3. Methane conversion, hydrogen, carbon monoxide, and carbon dioxide selectivity
values, and syngas yield obtained over bimetallic Pd—-Ni/CeQ; catalysts prepared IWI method.
Metal loading values are nominal. Reaction conditions: CHa:air:N,= 4: 11: 85, F/W=60 L h'!

gl GHSV=12x 103 h .

Catalyst wt.%Pd WEL%NI  XE2C XP2C SFOC SgEOC Yoo

Syngas
Pd—CeO/ IWI/Ni/IWI 1 0.5 422 717 66 21.8 63
Ni—CeO2/IWI/Pd/IWI 1 0.5 385 515 64.6 19.5 54
Pd—Ni/CeO2/IWI 1 0.5 126 758 66.1 22.8 67.4
Pd—Ni/CeO2/IWI 0.75 0.75 116 748 66.2 22.5 66.3
Pd—Ni/CeO2/IWI 0.5 1 7.7 74.4 66.3 22.8 66.3
Pd—Ni/CeO2/IWI 0.25 1.25 6.9 70 66 21.8 63
Pd—Ni/CeO2/IWI 0.12 1.38 2.8 67.7 65.8 23 60.2
Pd—Ni/CeO/1WI 0.06 1.44 3.3 65.4 66 22.9 62.6

From Table—4.2 and Table—4.3, it can be clearly seen that the cooperative effect
between Pd and Ni in the bimetallic catalysts is remarkable, with a dramatic increase
in both the methane conversion and the syngas yield compared to monometallic
catalysts. At 550 °C, bimetallic Pd-Ni/CeO catalysts show methane conversion
levels from 62 to 75%, selectivity towards H, of 64—66%, selectivity towards CO of
19-24%, and syngas yield between 52 and 67%. These results demonstrate that the
synergy between Pd and Ni supported on CeO yields catalysts with improved activity
and selectivity in the POM with respect to monometallic Ni/CeOz and Pd/CeOx.

The catalysts preparation method (BM vs. IWI) and the order of incorporation of
the metals (co-BM/co-IWI vs. sequential-BM/sequential-IWI) significantly

influenced on the catalytic performance of the bimetallic Pd—Ni/CeO- catalysts. Fig—
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4.6a displays the methane conversion for the bimetallic 1Pd—0.5Ni/CeQ catalysts
prepared by co—-IWI and sequential IW1 at different temperatures. Interestingly, at
low temperature (450 °C) the methane conversion of the catalysts prepared by
sequential IW1 is much higher than that of the catalyst prepared by co—IWI, regardless
of the order of addition used for Pd and Ni. In contrast, at high temperatures (500 and
550 °C), the methane conversion attained by the catalyst prepared by co—IWI is higher
than those of the catalysts prepared by sequential IWI.

Fig—4.6b shows the methane conversion for the bimetallic 1Pd—0.5Ni/CeO>
catalysts prepared by co-BM and sequential-BM. No remarkable changes were
observed between bimetallic catalysts prepared by co-BM or sequential-BM, and at
each temperature, the methane conversion in all samples was similar. In any case,
adding Pd first yields better catalytic results than adding Ni first, which points to a
better catalytic performance when Pd interacts strongly with CeO,, as opposed to Ni.

On the other side, the influence of milling conditions (frequency vs. time) on the
catalytic activity of bimetallic Pd-Ni/CeO./BM catalyst at different temperatures is
shown in Figs—4. 6¢ and 6d. Catalytic activity is strongly influenced by the energy
applied during ball milling in terms of vibration frequency; the higher the energy, the
better the catalyst's catalytic activity (Fig—4.6c¢). Therefore, it is clear that high-energy
milling has a beneficial influence on the number and quality of the active sites [185,

186].

This project adds additional evidence that ball milling is able to create
unprecedented architectures that can exhibit outstanding catalytic activity. The ball
milling time is another important factor that can affect catalytic performance. Fig-

4.6d shows the effect of the milling time (from 5 to 40 min) on the methane
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conversion values. A good compromise between methane conversion and milling
time is found for the catalyst prepared using 20 min of milling time. Accordingly, a

ball milling frequency of 50 Hz for 20 min appears as the optimal synthesis

conditions.
100
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Fig-4. 6: Conversion of methane at 450, 500 and 550 °C over bimetallic 1Pd-0.5Ni/CeO,
catalysts prepared by IWI (a), BM at 50 Hz for 10 min (b), BM at different milling frequency
for 10 min (c), and BM at 50 Hz for different milling time (d). GHSV=12 x 10° h'!, F/W=60 L

h'tgl

A crucial aspect regarding bimetallic catalysts is the relative amount of the two

metals involved. In our case, it should also be taken into account that Pd is
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significantly more expensive than Ni, which obviously has a direct impact on the
catalyst's final cost. Fig—4.7 illustrates the methane conversion and syngas yield at
450 °C and 550 °C exhibited by xPd—yNi/CeO- catalysts prepared by BM and IWI
techniques, having varying amounts of Pd and Ni but maintaining the overall metal

loading at 1.5 wt.% (x = 0.06 to 1% and y = 0.5 to 1.44%).

Two factors merit particular attention. First, it is very interesting to observe that
at 450 °C both the methane conversion (Fig—4.7a) and syngas yield (Fig—4.7c) are
much higher for all the catalysts prepared by BM with respect to their respective
counterparts prepared by the IWI method. This proves clearly that very reactive and
specific active sites are created by the BM method, which are highly active for the
POM process at low temperature. At 550 °C, the catalytic function of both xPd-
yNi/CeO./BM and xPd-yNi/CeO2/IW1 catalysts are similar. Second, the effect of the
Pd amount on the catalytic performance is lower than was predicted and is also
influenced by the preparation method. There is a correlation between Pd content (x)
and methane conversion for the xPd-yNi/CeO/IWI catalysts: the higher the Pd

content, the higher the methane conversion.

In contrast, both the methane conversion and syngas yield for the xPd-
yNi/CeO./BM catalysts are not sensitive to the relative quantities of Pd and Ni in the
examined range. It is important to note that the Ni/CeO./BM sample showed low
methane conversion (3.2% at 450 °C and 22% at 550 °C, Table—4.1) and no syngas
production, whereas with only 0.06 wt.% Pd the methane conversion increased up to
36.6 and 69.5% at 450 and 550 °C, respectively, and syngas yield was 62% (Table—
4.2). The bimetallic Pd—Ni system certainly seems to be a particularly appealing metal

combination for POM process. Recent DFT calculations have demonstrated that the
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substitution of Ce by Pd ions in the surface of the catalysts originates highly active
and stable species based on PdxCe1xOs which are highly effective in the rapid C-H
bond activation [166, 168]. From the HRTEM images, we cannot determine if Pd
substitutes Ce in the ceria structure, but we do have proof that both Pd and Ni are
extensively dispersed at the subnanometric level. The greatest performance (both
methane conversion and syngas yield) was reported for Pd—Ni/CeO2/BM with 0.12
wt% Pd and 1.38 wt% Ni at low temperature (450 °C), where the bimetallic Pd—Ni

catalysts prepared by BM exhibit a particularly high activity for POM.
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Fig-4. 7: Conversion of methane at 450 °C (a) and 550 °C (b) and yield of syngas at 450
°C (c) and 550 °C (d) for the bimetallic xPd-yNi/CeO; catalysts containing different
amounts of Pd and Ni prepared by BM (red) and IWI (green) methods. All catalysts contain

a total metal loading of 1.5 wt.%. GHSV=12 x 10° hl, F/W=60 L h"* g*.
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4.3 Characterization of the catalysts after reaction

Fig—4.8 displays the Raman spectra obtained from the catalysts Pd—Ni/CeO2/BM
and Pd-Ni/CeO./IWI after the catalytic test discussed above. For both bimetallic
catalysts the position of the F2g band of CeO> did not shift after the catalytic test with
respect to the values recorded before reaction (Fig—4.1), and the residual nitrate
signals in the sample Pd-Ni/CeO2/BM disappeared due to decomposition after
reaction. Furthermore, the two characteristic graphite D and G bands at about ~1345
and ~1595 cm1[187, 188] were observed in the Raman spectra of the catalysts after
reaction, being their relative contribution in the spectra considerably more intense in

the case of the bimetallic sample prepared by impregnation.
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Fig-4. 8: Raman spectra of bimetallic

1Pd-0.5Ni/CeO; catalysts prepared by
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Consequently, less coke deposition occurred on the bimetallic sample prepared
by ball milling. Catalyst Pd—Ni/CeO./BM was studied by HRTEM and EDX (Fig—
4.9). It's interesting to note that several voids are identified in the ceria crystallites
that were not visible in the sample before reaction (Fig—4.2c).

They are speculatively attributed to clusters of oxygen vacancies, probably in
contact with the metals, created under the reducing environment created by syngas
during POM. On the other hand, Pd and/or Ni particles escape detection in HRTEM,
indicating that the high dispersion of the metals is maintained during the catalytic
reaction. In addition, and in accordance with the Raman results, coke is identified by
its characteristic spacing at 3.8 A, which is attributed to the (0001) interplanar spacing

of poorly ordered graphite. However, the amount of deposited coke is not much.

Fig-4. 9: HRTEM images of the bimetallic 1Pd-0.5Ni/CeQ; catalyst prepared by BM at 50

Hz for 20 min, after the catalytic test.
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4.4 Stability tests

Stability tests were carried out for more than 100 h at 550 °C to demonstrate the
catalysts' long-term performance. Since bimetallic catalysts indicated good methane
conversion and selectivity to syngas (Table-4.2 and Table—4.3), Pd—Ni/CeO;
catalysts with 1 wt.% Pd and 0.5 Ni loading prepared by both IWI and BM techniques
were examined. A monometallic Pd/CeO: catalyst prepared by BM with 1 wt.% Pd
was also tested for comparison purposes. The methane conversion and yield of syngas

are shown in Figs—4. 10a and 10b, respectively.

As expected, both the initial methane conversion and syngas yield of the
bimetallic catalysts were significantly higher than those of the monometallic sample,
and the Pd-Ni/CeO2/BM catalyst performed better than Pd—Ni/CeO2/IWI. More
interestingly, the catalytic performance of the three samples revealed a constant
decline of the methane conversion rate of ~0.32% h* and ~0.37% h for the
bimetallic catalysts prepared by BM and IWI methods, respectively, and ~0.32% h*
for the monometallic sample up to the first 40 h on stream. However, after 40 hours,
both the methane conversion and syngas production of the bimetallic catalyst
prepared by BM had reached a steady state, and the deactivation rate was almost
inexistent (0.01% h™). In comparison, the deactivation of the bimetallic catalyst
prepared by IWI and the monometallic sample Pd/CeO./BM did not stop and
continued progressing with a similar rate. Therefore, the bimetallic Pd—Ni/CeO>
sample prepared by BM not only demonstrated higher methane conversion and

syngas production, but also a remarkable higher stability.
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Fig-4. 10: Methane conversion (a) and syngas yield (b) in long-term stability tests at 550 °C of
bimetallic 1Pd-0.5Ni/CeOJ/IWI (blue) and 1Pd-0.5Ni/CeO2/BM (red) catalysts, and
monometallic 1Pd/CeO2/BM (black). GHSV=12 x 10® hl, F/W= 60 L h g'. Raman spectra

recorded on these catalysts after the stability test (c).

The Raman spectra of the carbon region for the three samples after the long-term
stability test are displayed in Fig—4.10c. The spectra indicate three signals at ~1200,
~1345 and ~1595 cm, which correspond to the second-order longitudinal optical
mode (2LO) of CeO> and the D and G characteristic bands of carbon, respectively

[90, 157]. The intensity of the D and G bands of carbon follows the trend Pd-
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Ni/CeO2/IWI > Pd/CeO./BM >> Pd-Ni/CeO2/BM, which is exactly the opposite
pattern of stability. It can be concluded that the higher stability of the bimetallic
sample prepared by BM is related to its ability to suppress the deposition of carbon
during POM process. This again points to the existence of unique active sites in the
catalyst originating from an intimate and unique synergy between Pd and Ni on CeO>

thanks to ball milling.

4.5 Conclusions

Monometallic Pd and Ni and bimetallic Pd—Ni catalysts supported on CeO2 were
produced by BM and IWI1 methods, and were characterized and evaluated to produce
syngas using the POM process at 300-550 °C. The catalytic results indicated that the
methane conversion and syngas yield followed this trend: Pd—Ni/CeO./BM > Pd-
Ni/CeO2/IWI >> Pd/CeO2/BM > Pd/CeO2/IWI1 >> Ni/CeO2/BM > Ni/CeO2/IWI >>
Ce0s. A strong synergy between Pd and Ni on CeO; occurs in the bimetallic samples
prepared by BM, leading to a significant increase in the number of active sites for
POM reaction, especially at low temperature (450 °C).

Moreover, Raman spectroscopy, HRTEM-EDX, XPS and H>—-TPR point to an
extremely high dispersion of Pd and Ni in Pd-Ni/CeO./BM. Furthermore, compared
to the bimetallic Pd-Ni/CeO- catalysts prepared by IWI, the bimetallic catalysts
prepared by BM not only produced syngas at lower temperature, but also revealed
higher catalytic stability in long-term experiments (100 h on stream at 550 °C). This
was related to less carbon deposition.

Another important result of this chapter was obtained by studying the influence

of Pd and Ni loadings in the bimetallic Pd—Ni/CeO> catalysts prepared by BM and
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IWI. A series of bimetallic catalysts were prepared by keeping a total metal loading
of 1.5 wt.% and varying the Pd amount between 0.016 and 1 wt.%. Whereas methane
conversion increased gradually with the Pd content for the Pd—Ni/CeO»/IWI catalysts,
it was maintained approximately constant for the Pd—Ni/CeO2/BM samples, with
maximum methane conversion and syngas yield values for 0.12Pd-1.38Ni/CeO./BM.
This result suggests that highly active catalysts for POM can be designed by properly
ball milling small amounts of Pd with Ni. The optimal ball milling parameters were

50 Hz and 20 min (BPR=10.2).
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5. Catalytic partial oxidation of methane
over bimetallic Ru-Ni supported on CeO; for

syngas production
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I Abstract

In this chapter, we focus on Ru-Ni bimetallic catalysts supported on CeO; to
conduct the POM process at low temperature (350-600 °C). A number of
monometallic Ru, Ni, and bimetallic Ru-Ni catalysts loaded on CeQO; support have
been prepared via BM and IWI methods. Similar to the previous chapters, we also
have investigated the importance of metal loading, the Ru:Ni metal ratio and order of
incorporation of the metals, and the milling energy and time for samples prepared by
the mechanochemical method, and compared the results with monometallic Ru—CeO-

and Ni—CeO: counterparts.

5.1 Characterization of fresh catalysts

5.1.1 Raman spectroscopy

Fig-5.1 shows the Raman spectra of fresh monometallic Ru, Ni, and bimetallic Ru-Ni
catalysts supported on CeO> prepared by BM and IWI methods. To ensure the homogeneity
of the samples, multiple spectra were recorded from different areas, and no variations were
observed. The Raman spectra were dominated by the strong F2g mode of the ceria lattice
structure at about ~460 cm™ [1-3]. The defect-induced vibrational mode at about ~595 cm'™*

(D band) of ceria lattice defects, such as oxygen vacancies, was absent in all samples. This
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absence indicates that the incorporation of Ni and Ru into the ceria structure did not lead to

the formation of lattice defects [4].

In the Raman spectra of the monometallic 0.5Ni/CeO2/BM and 1Ni/CeO2/BM catalysts,
a faint band was observed at approximately 1060 cm™, corresponding to the symmetric v1
stretching mode of the nitrate anion [5, 6]. Conversely, in the Raman spectra of the
monometallic 0.5Ru/CeO2, 1Ru/Ce0O», and bimetallic 1Ru-0.5Ni/CeO, catalysts prepared
by IWI method, a band at around 720 cm™ was observed. This band is attributed to the Byg
mode of RuO; [7]. Furthermore, an extended broadband ranging from approximately 675 to
690 cm™ was observed in the spectra of the monometallic 0.5Ru/CeO2/BM, 1Ru/CeO;
catalysts prepared by both IWI and BM, and the bimetallic 1Ru-0.5Ni/CeO2/BM. This
broadband is attributed to the Aig mode of RuOy, indicating a strong interaction between Ru
species and the ceria support [7]. The additional bands observed at approximately 700 and
980 cm™ in the spectra of the 1Ru/CeO./BM (spectrum c), and the bimetallic 1Ru—
0.5Ni/Ce0O2/BM (spectrum a) catalysts were attributed to the presence of the Ru—-OC—e bond
[1, 8]. Also, the presence of a band in the range of 300 to 360 cm™ for the monometallic
0.5Ru/CeO2, 1Ru/Ce03, and bimetallic 1Ru-0.5Ni/CeO- (spectrum a) samples prepared by

BM indicates an intimate interaction between the CeO> support and the metals [9].
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Fig-5. 1: Raman spectra of monometallic
XRu/CeO; and yNi/CeO, samples
prepared by BM and IWI methods, and
bimetallic catalysts 1Ru-0.5Ni/CeO./BM
and 1Ru-0.5Ni/CeO./IWI. Ball mill

conditions: 50 Hz and 15 min.
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5.1.2 Temperature—programmed reduction (H>-TPR)

The intimate interaction between the metals (Ru, Ni) and the CeO. support was
confirmed by H>-TPR measurements, as depicted in Fig—5.2. The H>—TPR profile of the
CeO> support exhibited two distinct peaks at temperatures of 530 and 800 °C. The peak at
530 °C corresponds to the surface reduction of ceria, which involves the formation of
bridging OH- groups, and the peak observed at 800 °C corresponds to the reduction of bulk
Ce(1V) to Ce(l11) within the ceria lattice [9, 10]. Notably, the reduction peak corresponding
to bulk CeO- in the bimetallic Ru-Ni catalysts exhibited a remarkable shift towards lower
temperatures with respect to the monometallic samples and to pure CeO>. This is a clear
indication of the existence of a strong synergy between the two metals and the support.
Moreover, the changes in the surface reduction of ceria after decoration with the metals are
also remarkable as both Ru and Ni are known to possess the ability to adsorb hydrogen on
their surfaces, which in turn facilitates the transportation of the generated atomic hydrogen
to the CeO2 support.

The H2 consumption profiles of the monometallic 0.5Ni/CeO2/BM and 0.5Ni/CeO2/IWI1
catalysts displayed multiple peaks at approximately 160-240 °C, corresponding to the
reduction of surface NiO species [9, 11]. In addition, the H> consumption profile of the Ni
monometallic catalysts prepared by IWI showed a peak at around 430 °C, attributed to the
reduction of surface ceria, which was shifted to a lower temperature [12] with respect to bare
ceria. In contrast, the 0.5Ni/CeO2/BM sample shows hydrogen consumption at much lower
temperature, indicative of a stronger interaction between Ni species and the ceria support.
Therefore, the use of the ball milling method yields a catalyst with distinct metal-support
interaction, resulting in a more reactive surface than that of the Ni/CeO2 sample prepared by

impregnation. Similarly, the hydrogen consumption for the Ru catalyst prepared by ball
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milling occurs at a lower temperature with respect to the conventional Ru catalyst prepared

by impregnation. For both samples, peaks at about 230 and 100 °C are attributed to the

reduction of RuOx-type oxides, which are distinct
from pure ruthenium oxide [13]. Special attention
merits the spectra of the bimetallic samples. In
addition to a strong shift toward lower temperature
of the peak corresponding to the bulk reduction of
the ceria support, catalyst 1Ru—0.5Ni/CeO./BM
exhibits a sharp and intense hydrogen consumption
at very low temperature (ca. 100 °C), again pointing
out to a particular surface architecture of the sample
prepared by mechanochemistry and indicating that
the simultaneous presence of Ru and Ni has a

positive influence on the reducibility of CeOx.

Fig-5. 2: Hx-TPR results of CeO; monometallic
1Ru/CeO;, 0.5Ni/CeO, samples, and bimetallic 1Ru-
0.5Ni/CeO; catalysts prepared by BM and IWI methods.

Ball mill conditions: 50 Hz and 15 min.
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5.1.3 X-ray Photoelectron Spectroscopy (XPS)

To investigate the surface atomic composition of the monometallic 1Ru/CeO.,
INi/CeO2, and bimetallic 0.5Ru-1Ni/CeQO: catalysts prepared by BM and IWI
methods, X-ray photoelectron spectroscopy (XPS) was employed. The Ce 3d + Ni
2p XPS region of all the samples is depicted in Fig-5.3a. In the Ce 3d spectra, no
significant changes are observed among the different catalysts. The peaks denoted as
v (882.7 eV), v2 (889.0 eV), vz (899.8 eV), u (901.1 eV), u (907.1 eV), and us (916.9
eV) are attributed to the presence of Ce** species, while vo (881.6 V), v1 (885.0 V),
Uo (898.4 eV), and us (903.0 eV) correspond to Ce®* species [14, 15]. As indicated in
Table-5.1, the Ce 3d signal deconvolution for all the monometallic and bimetallic
catalysts revealed that less than ca. 20% of the ceria surface consisted of Ce®* species.

The binding energy value of the Ni 2ps/2 signal at 854.9-855.0 eV observed in the
monometallic 1Ni/CeO, and bimetallic 0.5Ru-1Ni/CeQO, catalysts (Table-5.1),
prepared by both the BM and IWI methods, is consistent and indicative of NiO. No
significant differences are found between the samples prepared by BM and IWI in
terms of the Ni 2pz2 signal. However, it is worth noting that the Ni/Ce surface atomic
ratios are slightly lower in the samples prepared by BM compared to those prepared
by IWI (Table-5.1), which may indicate a better dispersion in the IWI samples or,
alternatively, that Ni is partially incorporated into the subsurface region of the sample
due to the high energy involved in the BM process. All the catalysts exhibit a Ru 3ds,
peak in the range of 280.4-280.9 eV, which corresponds to oxidized Ru species (Fig—
5.3b) [11]. Notably, the binding energies of the samples prepared by BM are

significantly higher than those prepared by IWI, suggesting a stronger electron
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donation between Ru and ceria in the BM samples. Again, the Ru/Ce surface atomic
ratio is higher in the samples prepared by IWI with respect to BM (Table-5.1).

Table-5.1. The percentage of Ce®* and Ce**, binding energies and integrated peak areas of

Ni 2pap, Ru 3ds2, and surface atomic Ni/Ce and Ru/Ce values.

Catalysts Ce3*% Ce* % Ni2ps2 Ru3dsz Ni/Ce Rul/Ce
1Ru-0.5Ni/CeO2/BM 15.8 84.2 854.9 280.7 0.011 0.036
1Ru-0.5Ni/CeO2/1WI 17.9 82 854.9 280.5 0.016 0.038
1Ru/CeO2/BM 19.1 80.9 - 280.9 - 0.014
1Ru/CeO2/IWI 20.1 79.9 - 280.4 - 0.034
1Ni/CeO2/BM 16.27 83.7 854.9 - 0.024 -

1Ni/CeO2/IWI 20.1 79.9 855.0 - 0.027 -

=c

Binding Energy (eV)
NiO

Fig-5. 3: Ce 3d + Ni 2p (a) and Ru 3ds,2 (b) X-ray
photoelectron spectra of monometallic catalysts
1RU/CeO/BM (1),  1Ru/CeOJ/IWI  (2),
INi/CeOo/BM  (5), 1Ni/CeO2/IWI (6), and

bimetallic 1Ru-0.5Ni/CeO- catalysts prepared by

BM (3) and IWI (4) methods. Ball mill conditions:

920 900 880 860 840
Binding Energy (eV) 50 Hz and 15 min.
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5.2 Catalytic tests

The molar flow rates of reactants (CH4 and O2) and products (H2, CO, H20, and
COy) as a function of the reaction temperature from 350 to 600 °C of catalysts 1Ru—
0.5Ni/Ce0O2 and 1Ru/CeO- prepared by both IWI and BM methods are shown in Fig—
5.4. According to the distribution of reactants and products observed and according
to literature [16-20], the POM process occurs in two steps. In the first step, CHs is
first partially oxidized to produce CO, and H.O; then, as the temperature increases,
the remaining unreacted CHjy is reformed with water (SRM, Eq. 1) and CO> (dry
reforming, CH4 + CO, — 2CO + 2H>). Finally, the water gas-shift equilibrium is also
operative (CO + H,O 2 CO2 + Hy). Clearly, the bimetallic Ru—Ni catalyst prepared
by ball milling (Fig-5.4a) showed higher catalytic activity and better syngas
selectivity under the same operation conditions compared with the homologous IWI
catalyst (Fig-5.4b) and also to the monometallic samples (Fig-5.4c and Fig-5.4d),
pointing out to a beneficial effect of the synergy between Ru and Ni and the
importance of the preparation method. The differences are particularly appealing at
low temperature (550 °C). This effect is analogous to those previously described for

ceria—supported bimetallic Ni—Pd catalyst [21].
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Fig-5. 4: Molar flows of bimetallic catalysts 1Ru-0.5Ni/CeO; prepared by IWI (a) and BM
(b) methods, and monometallic catalysts 1Ru/CeQ./IWI (c), 1IRu-CeO2/BM (d). GHSV=12

x 10% h'1, F/W=60 L h-* g-*. Ball mill conditions: 50 Hz and 15 min.

The catalytic results for all samples investigated in this work in terms of CHs
conversion (xcy,), Hz2 selectivity (Sy,), CO selectivity (Sco), COz
selectivity (Sco,), and yield of syngas (Ysg) are compiled in Table-5.2, Table-5.3,

and Table-5.4, as well as the calculated chemical equilibrium values.
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Table-5.2. Methane conversion, hydrogen, carbon monoxide, and carbon dioxide selectivity
values, and syngas yield obtained over milled CeO,, monometallic Ru/CeO, and Ni/CeO,
samples prepared by ball milling (BM) and incipient wetness impregnation (IWI). Metal loading
values are nominal. Reaction conditions: CH4:air:N,=4:11:85, F/W=60 L h* g%, GHSV=12 x

103 h'L.

Catalyst i wt.% wt.% Xgl(_]l(:"c X550°C X600°C S600°C SggO°C 5600°C Y600°C

CH, CHy H, €O, Syngas
Ni
Equilibrium - - - - 51.3 77.9 89.4 65.4 30 4.5 85.3
CeO2 = = = - 0 0 0 0 0 0 0
Ni/CeO./BM 50 15 0.5 - 10.8 22 25.9 0 0 100 0
Ni/CeO2/1WI = - 0.5 - 8.6 18.6 28.3 0 0 100 0
Ni/CeO./BM 50 15 1 - 12.3 17 20.5 0 0 100 0
Ni/CeO2/IWI - - 1 - 18.3 28.5 34.3 0 0 100 0
Ni/CeO2/BM 50 15 15 - 20.5 30.3 38.5 0 0 100 0
Ni/CeO2/IWI - - 1.5 - 13.6 31.2 34.3 0 0 100 0
Ru/CeO./BM 50 15 - 0.25 5.4 38.5 52.1 62.0 17.1 20.9 41.2
Ru/CeO2/I1WI = = - 0.25 1.6 7.8 41.8 65.8 9.5 24.7 31.5
Ru/CeO./BM 50 15 - 0.5 9.9 54.5 62 65.0 22.6 124 54.3
Ru/CeOa/IWI - - - 0.5 11.9 24.3 61.8 66.5 15.1 18.4 50.3
Ru/Ce0O2/BM 50 15 - 1 14.9 62 71.8 66.3 20 13.8 61.9
Ru/CeO/IWI — - - 1 33.4 60.4 74.1 65.1 21.7 13.2 64.3

Under the reaction conditions tested in this work, the CeO- support in the absence
of metals (Ru and Ni) is totally inactive for the POM process, even after milling.
Moreover, the catalytic activity of the monometallic Ni/CeO: catalysts prepared by
either IWI or BM methods showed low methane conversion and the formation of

syngas was not observed. In contrast, the catalytic activity of Ru/CeO, was much
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greater than that of Ni/CeOy, irrespective of the preparation method employed. As an
example, the methane conversion values for Ru/CeO: catalysts with 1 wt.% of Ru
prepared by either IWI1 or BM methods at 600 °C are between 70-75%, which is more
than double of those obtained over Ni/CeO: catalysts with 1 wt.% of Ni (20-35%).
Moreover, it is clear that the catalytic activity of monometallic Ru/CeO- catalysts
increased with increasing the wt. % of Ru, as the CH4 conversion values for Ru/CeO>
catalysts with 1 wt. % Ru prepared either by IWI and BM methods at 600 °C are ~70
%, around 10 % higher than those of the monometallic 0.5Ru/CeQ; catalysts, and 20

% higher than monometallic 0.25Ru/CeO, samples.

Table-5.3. Methane conversion, hydrogen, carbon monoxide, and carbon dioxide selectivity
values, and syngas yield obtained over bimetallic Ru—Ni/CeO; catalysts prepared incipient

wetness impregnation (IW1). Metal loading values are nominal. Reaction conditions: CHa:air:N2=

4:11:85, F/W=60 L h't g1, GHSV=12 x 10° h™%.

Catalyst wt.% wt.% xgg‘;"c xgg‘;"c xgg‘fc sggmc sgdo°c SE’S‘Z’°C Yg;’:g;g
Ni Ru

Ru-Ni/CeO2/IWI 0.5 1 37.3 74.1 84.5 67.2 27.1 5.7 79.7
Ni—CeO/IWI/Ru/IWI 0.5 1 13 70.6 81.7 66.9 25.9 7.2 75.8
Ru-CeO2/IWI/Ni/IWI 0.5 1 131 72.9 84.8 67.6 26.5 6 79.7
Ru—Ni/CeO2/IWI 0.75 0.75 14.4 72.6 83.4 67 26.5 6.6 78
Ru—Ni/CeQO2/IWI 1 0.5 7.9 65.1 77.8 66.7 26.4 6.9 72.4
Ru—Ni/CeQO2/IWI 125 0.25 8.3 63.3 75.5 66.9 24.8 8.4 69.2
Ru-Ni/CeO2/IWI 1.38 0.12 7.9 63.2 76.5 66.9 25.6 7.5 70.7

Ru-Ni/CeO2/IWI 1.44  0.06 5.5 56.4 76.4 63.7 20.6 15.8 64.3
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Table-5.4. Methane conversion, hydrogen, carbon monoxide, and carbon dioxide selectivity
values, and syngas yield obtained over bimetallic Ru-Ni/CeO catalysts prepared by ball milling

(BM). Metal loading values are nominal. Reaction conditions: CHa:air:N,= 4:11:85, F/W=60 L

htgl GHSV=12 x 103 h'%,

Catalyst Hz wt.% wt.% xgg‘:"c xgg‘:"c xgg‘fc sg‘z’o"c sgdoc
Ni Ru
Ru—Ni/CeO2/BM 50 10 0.5 1 56.8 72.6 80.9 66.8 26.7 6.5 75.3
Ni—CeO2/BM/Ru/BM 50 10 0.5 1 14.4 72.8 85.1 67 28.1 4.9 80.9
Ru-CeO2/BM/Ni/BM 50 10 0.5 1 54.6 69 82 66.7 26.7 26.7 76.6
Ru-Ni/CeO2/BM 50 5 05 1 52.7 70.7 78.2 66.4 25.7 7.9 72
Ru-Ni/CeO2/BM 50 15 0.5 1 59 72.6 84.7 67.0 27.8 5.2 80.3
Ru—Ni/CeO2/BM 50 20 0.5 1 50.4 69.3 81.6 70.3 21.4 8.3 74.8
Ru—Ni/CeO2/BM 50 40 0.5 1 55.8 71.7 75.6 66.1 24.8 9.1 68.8
Ru—Ni/CeO2/BM 15 15 0.5 1 7.8 64.1 79.1 66.7 26.9 6.4 74
Ru-Ni/CeO2/BM 30 15 0.5 1 14.9 69.8 82.1 67 27.5 5.5 77.6
Ru-Ni/CeO2/BM 50 15 0.75 0.75 50.6 66.3 80 66.8 24.9 8.3 73.3
Ru-Ni/CeO2/BM 50 15 1 0.5 56.6 61.3 75.8 66.1 23.8 10.1 68.1
Ru—Ni/CeO2/BM 50 15 125 0.25 54 62.9 76.2 66.9 24.9 8.1 70.3
Ru—Ni/CeO2/BM 50 15 1.38 0.12 50.9 63 77 67 24.8 8.2 70
Ru—Ni/CeO2/BM 50 15 144 0.06 48.3 53.9 68.1 66.3 22.7 11 60.6

It is evident from the data compiled in Table-5.3 and Table-5.4 that the
synergistic effect of Ru and Ni in the bimetallic catalysts is noteworthy, leading to a
significant enhancement in both CH4 conversion and syngas production compared to
the monometallic catalysts. The IWI—prepared bimetallic Ru-Ni/CeQO, catalysts
(Table-5.3) exhibited methane conversion levels ranging from 75% to 85%. These
catalysts demonstrated a selectivity towards H> of 66% to 68%, selectivity towards

CO of 25% to 28%, and syngas yield ranging between 69% and 80%. Furthermore,
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the bimetallic Ru—Ni/CeO, catalysts prepared via BM exhibited impressive CH4
conversion rates ranging from 76% to 85% at 600 °C (Table-5.4). Additionally, these
catalysts displayed a hydrogen selectivity of 66% to 70%, CO selectivity of 22% to
28%, and syngas yield ranging between 68% and 80%. These values closely resemble
those predicted by thermodynamic equilibrium [22]. Notably, these values surpassed
those obtained from the Ni/CeO. and Ru/CeO: catalysts (Table-5.2). This outcome
clearly illustrates that the synergy between Ru and Ni on CeO- leads to catalysts with
enhanced activity and selectivity for the POM, surpassing the performance of their
monometallic counterparts.

Fig-5.5 illustrates the effect of metal addition (one—step ball milling or co—IWI
vs. two-step ball milling or sequential-IWI) and milling conditions (time and
frequency), for the catalysts synthesized through mechanochemistry, on methane
conversion. In Fig-5.5a, the methane conversion of bimetallic 1Ru—0.5Ni/CeO-
catalysts prepared by co—impregnation (1Ru-0.5Ni/CeQO2/IWI) and sequential
impregnation, either by impregnating Ni first and then Ru (0.5Ni—
CeOo/IWI/IRU/IWI) or by impregnating Ru first and then Ni (1Ru-
CeO2/IWI1/0.5Ni/IW1), is shown. It is observed that while similar methane conversion
values are obtained for the co-IWI and sequential-IWI catalysts at higher reaction
temperature (600 °C), the co-IWI catalyst exhibits higher activity at lower
temperature (500 °C). On the other hand, Fig—5.5b displays the methane conversion
results for the bimetallic 1Ru-0.5Ni/CeO; catalysts prepared using one—step ball
milling (1Ru-0.5Ni/CeO./BM) and two-step ball milling, either by adding Ni first
and then Ru (0.5Ni—CeO2/BM/1Ru/BM) or by adding Ru first and then Ni (1Ru—
Ce02/BM/0.5Ni/BM). Again, at higher reaction temperatures (550-600 °C), similar

methane conversion values are obtained regardless of the order of metal addition.
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However, it is worth highlighting that both the bimetallic 1Ru—0.5Ni/CeO,/BM and
1Ru-CeO>/BM/0.5Ni/BM catalysts exhibit significantly higher catalytic activity at

lower temperature (500 °C).
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Fig-5. 5: Conversion of methane at 500-600 °C of bimetallic 1Ru—0.5Ni/CeQ, catalysts prepared
by co—IWI and sequential-IWI (a) and co-BM and sequential-BM at 50 Hz for 10 min (b).
Conversion of methane at 500-600 °C of 1Ru-0.5Ni/CeO, catalysts prepared with different
milling times at 5 to 40 min (c) and different milling frequencies at 15 to 50 Hz (d). Reaction

conditions: CH4:air:N,=4:11:85, F/W=60 L h't g%, GHSV=12 x 10° h..

This observation suggests that the mechanical forces between the three catalyst
components (ceria, Ni, and Ru) generate different surface architectures, obtaining

exceptional high activity when Ru and CeO: are put in contact first. The methane



&‘Q@% Low-Temperature POM over Ru-Ni supported on CeO>

Page |118

conversion values shown in Fig-5.5a and 5b confirm that, in all cases, the catalytic
activity at low temperature (500 °C) of the samples prepared by ball milling
consistently surpasses that of the corresponding counterparts prepared by incipient
wetness impregnation.

The effect of ball milling parameters on catalytic activity for the 1Ru-—
0.5Ni/CeO2/BM catalyst is shown in Fig-5.5c and 5d (selectivity and syngas yield
values can be found in Table-5.4). At low reaction temperature, the milling frequency
has a significant influence on methane conversion. Overall, the optimal synthesis
conditions for catalysts produced via ball milling are a frequency of 50 Hz and a

milling time of 15 minutes.

Considering the significantly higher cost of Ru compared to Ni, we conducted a
study to examine the influence of the Ru:Ni ratio in bimetallic catalysts on the POM
catalytic performance. Fig-5.6 illustrates the methane conversion and syngas yield at
500 and 600 °C for the bimetallic xRu-yNi/CeO> catalysts prepared using both IWI
and BM methods, with varying amounts of Ru (ranging from 0.06 to 1 wt.%) and Ni
(ranging from 0.5 to 1.44 wt.%), while maintaining a total metal loading of 1.5 wt.%.
Clearly, the Ru:Ni ratio exhibits a noticeable influence on both CH4 conversion and
syngas selectivity, particularly at low temperature (500 °C). A correlation between
the Ru content in the bimetallic samples and the catalytic activity is observed: the
higher the Ru content the higher the methane conversion and selectivity towards
syngas. Also, in all cases, the methane conversion and syngas selectivity values
obtained at low temperature were significantly higher for the BM samples compared
to the catalysts prepared using the IWI method. It is interesting to highlight that

neither the monometallic Ru/CeQO; catalysts prepared by IWI nor BM methods
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Ysyngas (%)

demonstrated syngas production at temperatures below 550 °C. Therefore, the strong

synergistic effect between Ru and Ni facilitates the formation of syngas at low

temperatures, even with low Ru contents.

wt.% Ni
15 1i3 1.|1 0i9 0i7 Oi5
601l :
C P e, ~ ) @
65 | @
40
A4
20~
. 4
Y A (W)
0 i | l 1 I 1
0 0.2 04 0.6 0.8 1
wt.% Ru
wt.% Ni
1i1 0i9 0i7 0;5
|l . @&----®._ Tl
40 C‘i -@°
20
0 0.2 04 0.6 0.8 1
wt.% Ru

wt.% Ni
15 1i3 1.I1 0i9 0i7 0i5
100 - ‘ .
ﬁ

40
0 02 04 06 08 1
wt.% Ru
wt.% Ni
15 13 11 09 07 05
100=s
\{a)

Ysyngas (%)

02 04 06

wt.% Ru

0.8 1

Fig-5. 6: Methane conversion at 500°C (a) and 600 °C (b), and syngas yield at 500 °C (c) and

600 °C (d) for the bimetallic catalysts XRu-yNi/CeO, prepared by BM (red), and IWI (green)

methods. All bimetallic catalysts contain a nominal metal loading of 1.5 wt.%. Reaction

conditions: GHSV=12 x 10° h-* and F/W= 60 L h- g*. Ball mill conditions: 50 Hz for 15 min.
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5.3 Characterization of the catalysts after reaction

Fig-5.7 displays the Raman spectra of the same samples depicted in Fig-5.1, but
after the catalytic test. In comparison to the fresh catalysts, the position of the Faq
band of CeO» remained unchanged in all samples after the reaction, indicating that
no metals were incorporated into the ceria structure during the tested conditions. In
addition to the signals of RuOx, the Raman spectra of the catalysts after reaction
exhibited the distinctive D and G bands of graphitic carbon at approximately ~1343
and ~1590 cm™, respectively [23, 24]. As depicted in the zoomed-in area of the
figure, carbon deposition was clearly more prominent on the monometallic samples,
particularly those prepared using the IW1 method. During the POM process, carbon
deposition can occur through various side reactions, such as CHs—2H>+C,
2CO—>C+CO0», and CO+H,—C+H20 [26]. The bimetallic catalyst prepared by BM,

1Ru-0.5Ni/Ce0,/BM, demonstrated the lowest carbon accumulation.
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Fig-5. 7: Raman spectra of the
monometallic catalysts 1Ru/CeO./BM,
1Ru/CeO,/IWI, 0.5Ni/Ce0,/BM and
0.5Ni/CeQ2/IWI, and bimetallic catalysts
1Ru-0.5Ni/CeO,/BM and 1Ru-
0.5Ni/CeO2/IWI after reaction at 600°C.
Reaction conditions: CHg:air:No=
4:11:85, F/\W=60 L h** g1, GHSV=12 x
102 h™L, Ball mill conditions: 30 Hz for 10

min.
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5.4 Stability tests

The bimetallic catalysts 0.5Ru—-1Ni/CeO2/BM and 0.5Ru—1Ni/CeO2/IWI were
subjected for a long-term stability test at 550 °C for over 100 hours, along with the
monometallic 0.5Ru/CeO2/BM catalyst for comparison purposes. Figs-5. 8a and 8b
show the methane conversion and syngas yield for the three samples, respectively.
As expected from the previous results, the initial methane conversion of the Ru—
Ni/CeO. bimetallic catalysts prepared by IWI (68%) and BM (73%) methods was
significantly higher than that of the Ru monometallic catalyst (57%), and that the
bimetallic catalyst prepared via the BM method exhibited higher methane conversion
compared to the bimetallic counterpart prepared via the IWI method. During the first
50 hours on stream, both Ru-Ni bimetallic catalysts prepared by BM and IWI
methods experienced a consistent decline in the CH4 conversion rate at approximately
0.12% per hour. In contrast, the monometallic Ru-CeO2/BM catalyst showed a
considerably higher deactivation rate of approximately 0.29% per hour. After this
period, the methane conversion stabilized on the bimetallic catalysts, while it

continued to decrease on the Ru monometallic sample.

Following the long-term stability test, Raman spectra were recorded (Figs-5. 8c).
The intensity of the D and G bands of carbon at approximately ~1347 and ~1603 cm’
! respectively, exhibited an opposite trend to stability: 0.5Ru-CeO2/BM >> 0.5Ru—
1INi/CeO2/IWI > 0.5Ru-1Ni/CeO2/BM. This suggests that the presence of carbon
deposition can account for the deactivation of the catalysts during the stability test.
The minimal carbon deposition observed on the bimetallic 0.5Ru-1Ni/CeO- catalyst

prepared via the BM method is particularly noteworthy.
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Fig-5. 8: Conversion of methane (a) and yield of syngas (b) in a long—term stability test at 550
°C on monometallic 0.5Ru/CeO./BM (red) catalyst, and bimetallic catalysts 0.5Ru—
INi/CeO2/BM (black) and 0.5Ru-1Ni/CeO2/IWI (green). Raman spectra recorded for the
samples after the long—term stability test (c). Reaction conditions: CHa:air:No= 4:11:85,

F/W=60 L ht g1, GHSV=12x10% h-%. Ball mill conditions: 30 Hz for 10 min.
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5.5 Conclusions

This study involved the preparation of series of monometallic Ru and Ni catalysts,
as well as bimetallic Ru-Ni catalysts supported on CeOg2, using both ball milling
(BM) and incipient wetness impregnation (IWI) methods. The catalysts were
characterized using Raman and X-ray photoelectron spectroscopy and H—TPR, and
tested for the production of syngas through the POM reaction at atmospheric pressure
at low temperature (350 to 600 °C). The catalytic results clearly demonstrated that
bimetallic Ru—Ni catalysts exhibited superior activity and selectivity compared to
monometallic Ru and Ni samples. The CH4 conversion and syngas yield observed for
various catalysts followed the trend: Ru-Ni/CeO2/BM > Ru-Ni/CeO/IWI >>
Ru/CeO2/BM > Ru/CeO2/IWI1 >> Ni/CeO2/BM = Ni/CeO2/IWI ~ CeO.. Notably, a
remarkable synergy between Ru and Ni on CeO. was observed in the bimetallic
samples prepared via BM, resulting in significantly more active POM active sites,
particularly at temperatures below 550 °C, and stable catalyst performance, which

was related to the absence of carbon deposition on the catalyst surface.
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i Abstract

[ .

In the last chapter, a series of monometallic Ru, Pd, and bimetallic Ru—Pd
catalysts loaded on CeO> support have been prepared via BM and IWI methods and
used in the POM process to produce syngas. The preparation of the monometallic
XRu/CeO2, yPd/CeO2 and bimetallic xRu-yPd/CeO catalysts have been described in
Chapter 2. As in the previous chapters, at first, we discussed about the
characterization of the fresh samples by Raman spectroscopy, Temperature
programmed reduction (H>—TPR), and X-ray photoelectron spectroscopy (XPS).
Then, we concentrated on the influence of the preparation method, the sequence in
which the metals are added, the milling energy and time for samples prepared by the
mechanochemical method, and the Ru:Pd metal ratio which have been evaluated for
the POM between 300-600 °C. At the end, Raman spectroscopy, and high—resolution
transmission electron microscopy (HRTEM) were investigated to characterize the
catalysts after reaction and the most importantly the long stability test result that

obtained by the best bimetallic Ru—Pd/CeO; catalysts.
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6.1 Characterization of fresh catalysts

6.1.1 Raman spectroscopy

Fig—6.1 displays the Raman spectra for fresh monometallic Ru, Pd, and bimetallic
Ru—Pd catalysts supported on CeO» prepared by BM and IWI methods. Similar to
previous chapters, various spectra were recorded for each sample at several locations
and no differences were noted, indicating homogeneity of the samples. The Raman
spectra were dominated by the characteristic Fog band of the ceria lattice structure at
~460 cm™ [157]. In addition, the defect-induced vibrational mode at about ~595 cm™
1 (D band) of ceria lattice defects, such as oxygen vacancies, was nearly absent in all
catalysts, which suggested that the incorporation of Pd and Ru did not result in the

formation of lattice defects in the ceria structure [158].

The Raman spectra of the monometallic 1Pd/CeQ> catalysts prepared either by
IWI and BM methods and bimetallic 0.5Ru—CeQO/IWI/1Pd/IWI catalyst showed a
band at ~650 cm™, which correspond to the Big mode of PdO and suggests that these
samples contain well-defined PdO nanoparticles [161]. Moreover, for the catalysts
containing Pd and prepared by mechanochemistry (1Pd/CeO./BM and 0.5Ru-—
Ce02/BM/1Pd/BM), a weak band was observed at ~1050 cm™, which is ascribed to
the symmetric v1 stretching mode of the nitrate anion [174]. For the catalysts prepared
by the IWI method the NO3 band was absent, because nitrate residues disappeared
following the calcination treatment performed at 650 °C. Additionally, for the
monometallic 0.5Ru/CeO; catalyst prepared by IWI method a broadband at about

645-700 cmis found, which is attributed to the Bzg mode of RuO2 [193].
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Fig-6. 1: Raman spectra of 1Pd/CeO;
and 0.5Ru/CeO; samples prepared by
BM and IWI methods, and bimetallic
catalysts 0.5Ru-CeO,/BM/1Pd/BM and
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6.1.2 Temperature programmed reduction (H>-TPR)

H>—TPR profiles are shown in Fig—6.2. As already discussed in previous chapters,

the profile of the CeO, support presents two peaks at around 530 and 780 °C,

corresponding to the surface reduction of ceria and

the reduction of bulk Ce(1V) to

Ce(11), respectively [193]. The bulk reduction peak of CeO> were detected in all the

other samples analyzed, and it is quite clear, compared with monometallic Pd/CeO>

catalysts prepared by both BM and IWI methods, that the bulk CeO> reduction peak

for the bimetallic Ru—Pd catalysts are shifted to lower temperatures, which reveals

that the simultaneous presence of Ru and Pd exerts a strong influence on the CeO>
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reduction. Generally, the reduction profile of pure PdO is reported typically between
20 and 100 °C [181, 199]. The reduction profile of the monometallic Pd/CeQ: catalyst
prepared by BM exhibits two Hz consumption peaks at about 150 and 293 °C. The
reduction peak at ~150 °C is attributable to the reduction of surface PdO [200], while
the intense consumption at ~293°C can be assigned to the reduction of PdO—-CeO>
species strongly interacting with each other [201].

In contrast, the monometallic Pd/CeQO> catalyst prepared by IWI did not show
significant hydrogen consumption at low temperature. This represents a remarkable
difference between the two Pd/CeO: catalyst and indicates that mechanochemistry
originates a catalyst containing a strong interaction between Pd and CeO. [202].
Three reduction peaks were observed for the monometallic Ru/CeO> and bimetallic
Ru—Pd/CeO: catalysts prepared by both IWI and BM methods in the range of 100—
380 °C. According to literature data, the reduction peaks between 100 and 150 °C
correspond to the reduction of RuOx—type oxides (e.g. Ru203) different from RuO>
[197], while the peaks at 210-380 °C are assigned to the reduction of well-dispersed
ruthenium oxide particles on the surface of the ceria support [197].

Interestingly, the hydrogen consumption for the bimetallic Ru-Pd/CeO. catalyst
prepared by ball milling is much higher than that of the bimetallic sample prepared
by incipient wetness impregnation, particularly at low temperature. This again points
out to a particular strong interaction between Pd and Ru and between the metals and

the ceria support.
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Fig-6. 2: Hx-TPR results of CeO; 1Pd/CeO, and
0.5Ru/CeO, samples prepared by BM and IWI methods,
and bimetallic catalysts 0.5Ru-CeO,/BM/1Pd/BM and
0.5Ru-CeO/IWI/1Pd/IWI. Ball milling conditions: 30

Hz and 10 min.
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6.1.3 X-ray Photoelectron Spectroscopy (XPS)

As shown in Fig-6.3, X-ray photoelectron spectroscopy (XPS) was used to

determine the surface atomic composition of monometallic 1Pd/CeO2, prepared by

BM and IWI methods, and bimetallic 0.5Ru-CeQO,/BM/1Pd/BM and 0.5Ru-

CeO2/IWI/1Pd/IWI catalysts. Ru could not be identified on the surface of the

bimetallic catalysts because of the low amount of ruthenium (< 0.5 wt. %). Fig—6.3a

displays the Ce 3d spectra, and no significant changes are observed for all the

catalysts. As discussed in the previous chapters, the fitted components labeled V and
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U arise from the spin-orbit coupling of 3ds;2 and 3day2, respectively. Three doublets
are attributed to the presence of Ce**: v (~882.7 eV), v2 (~889 eV), v3 (~898.3 eV),
u (~900.9 eV), u2 (~907.6 eV), and uz (~916.9 eV) [183]. Two doublets are ascribed
to the presence of Ce3*: vo (~880.5 eV), vi (~885.6 eV), uo (~889.2 eV), and ux
(~903.8 eV) [203]. The analysis of the Ce 3d signals revealed that for all
monometallic and bimetallic catalysts the percentage of Ce*" species calculated as
Ce*/(Ce*+ Ce*) is, in all cases, higher than 78%.

The Pd 3d core level XPS spectra for all samples were composed of two main
doublets (Fig—6.3b), indicating that there are two different Pd species present on the
surface [203]. There are two bands at about 336.3 and 337.9 eV for the Pd 3ds.
spectra, which correspond to Pd?" and Pd—O-Ce species, respectively [156].
Similarly, the Pd 3da/2 spectra contain two bands related to Pd?* (~341.5 eV) and Pd—
O-Ce (~343.2 eV) species [90]. Interestingly, the Pd 3d core level XPS spectra reveal
distinct differences between the monometallic and bimetallic catalysts, where the
intensity of Pd—O—Ce species in the bimetallic Ru—Pd/CeOQ: catalysts is greater when

compared to monometallic Pd/CeO> catalysts, independently of the preparation

Pd-0-Ce

method. The surface atomic ratio calculated by (m

) for these samples are:

1Pd/Ce02/BM (= 0.63), 1Pd/CeO./IWI (= 0.49), 0.5Ru-CeO,/BM/1Pd/BM (= 0.89),
and 0.5Ru-CeQ2/IWI/1Pd/IWI (= 0.75). Therefore, it is claimed that that Pd species
strongly interacting with ceria (Pd—O—Ce) are easily accommodated on the surface of

bimetallic Ru—Pd/CeO; catalysts.
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6.2 Catalytic tests

Fig-6. 3: Ce 3d (a) and Pd 3d (b)
X-ray photoelectron spectra of
monometallic 1Pd/CeQO; catalysts
prepared by BM (1) and IWI (2)
methods, and bimetallic 0.5Ru-
Ce0,/BM/1Pd/BM (3) and 0.5Ru—
CeO/IWI/IPA/IWI (4) catalysts.
Ball mill conditions: 30 Hz and 10

min.

Fig—6.4 shows the molar flow rates of reactants (methane and oxygen) and

products (hydrogen, carbon monoxide, water, and carbon dioxide) from 300 to 600

°C recorded on monometallic Ru, Pd, and bimetallic Ru-Pd catalysts supported on

CeO> prepared by BM and IWI methods. According to thermodynamics, all samples

followed similar trends in the disappearance of the reactants (CH4 and O2) and

appearance of the products (H2and CO). As expected, CH4 conversion increased with
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increasing reaction temperature. In all cases, the distribution of intermediates and
products is in accordance with the well-known combustion and reforming reaction
(CRR) mechanism, where methane is first partially oxidized to yield H>O and CO>
and, as the temperature increases, the unreacted methane combines with H.O and CO»
to yield Hz and CO through the steam reforming and dry reforming reactions (Eq-1.6
and Eg-1.7, respectively) [92, 165].

However, there is a significant difference between the Ru and Pd monometallic
samples and the Ru—Pd bimetallic catalysts. Clearly, the bimetallic Ru-Pd catalysts
exhibited higher catalytic activity and better syngas selectivity compared to
monometallic Ru and Pd samples under the same operation conditions, pointing out
to a beneficial effect of the synergy between the two metals. On the other hand, it
should be noted that for all samples prepared by the IWI method the production of
syngas occurred at higher temperature with respect to the samples prepared by the
BM method. Considering the Ho—TPR and XPS results discussed above, it can be
concluded that the strong interaction between Pd, Ru and CeO; that takes place in the
catalysts prepared by ball milling with respect to those prepared by the conventional
IWI method is responsible for a better catalytic performance.

Taking account these results, we prepared a series of monometallic and bimetallic
catalysts varying the metal loading, the order of incorporation of metals and, for those
samples prepared by mechanochemistry, the milling conditions (frequency and time)
and the Pd:Ru elemental ratio. Tables—6. 1, 2 and 3 compile the catalytic results for

all the samples at 450-600 °C in terms of methane conversion (xcy,), H2

selectivity (Sy,), COselectivity (S¢o), and yield of syngas (Ysg). Similar to previous
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chapters, chemical equilibrium values and catalytic results of milled CeO; are also
included for comparison.
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Fig-6. 4: Molar flows of bimetallic catalysts 0.5Ru-CeO,/BM/1Pd/BM (a), 0.5Ru-
CeO /IWI/IPA/IWI  (b),

and monometallic 1Pd/CeO./BM  (c),

1Pd/CeO2/IWI  (d),
0.5Ru/Ce0/BM (e) and 0.5Ru/CeQ,/IWI (f) catalysts. GHSV=12 x 10% h-!, F/W=60 L h-* g*.
Ball mill conditions: 30 Hz and 10 min.
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Table-6.1. Methane conversion, hydrogen, carbon monoxide, and carbon dioxide selectivity
values, and syngas yield obtained over milled CeO, and monometallic Ru/CeO, and Pd/CeO>
samples prepared by ball milling (BM) and incipient wetness impregnation (IWI). Metal loading
values are nominal. Reaction conditions: CH4:air:N,= 4:11:85, F/W=60 L h™* g1, GHSV=12 x

103 h'L,

i 0, [v) 450 °C 550 °C 600 °C 600 °C 600 °C 600 °C 600 °C
Catalyst wt.% wt%  Xcq, XZh, XCH, S, Sco S¢o, Y,

Syngas

Equilibrium - - - - 51.3 77.9 894 654 30 4.5 85.3
CeO2 = = 0 0 0 0 0 0 0 100 0

Ru/CeO2/BM 30 10 0 0.25 54 385 521 620 17.1 20.9 41.2
Ru/CeO2/IWI = = 0 0.25 1.9 7.8 418  65.8 9.5 24.7 31.5
Ru/CeO2/BM 30 10 0 0.5 5.6 54.5 62 65.0 22.6 12.4 54.3
Ru/CeO2/1WI = = 0 0.5 7.8 24.3 61.8 66.5 15.1 18.4 50.5
Ru/CeO2/BM 30 10 0 1 10.9 62 718  66.3 20 13.8 61.9
Ru/CeO2/1WI = = 0 1 16.3 60.4 741 65.1 21.7 13.2 64.3
Pd/CeO2/BM 30 10 0.5 0 32.6 52.7 516 629 17.9 19.2 41.7
Pd/CeO2/IWI = — 0.5 0 39.7 51.0 552 6438 23.9 11.3 49.0
Pd/CeO2/BM 30 10 1 0 315 51.0 546 64.6 19.7 15.7 46.0
Pd/CeO2/IWI = = 1 0 34.5 50.3 58.0 654 16.6 17.9 47.6
Pd/CeO2/BM 30 10 2 0 39.9 66.8 68.2 643 24.2 115 60.2
Pd/CeO2/IWI = - 2 0 32.8 56 642 64.6 23.3 12.1 56.4

As already discussed in previous chapters, the CeO2 support in the absence of
metals is inactive for the POM process under the reaction conditions tested. It is clear
that the catalytic activity of monometallic Pd/CeO: is greater than that of Ru/CeO> at
temperatures < 500°C, as the CH4 conversion values for Pd/CeO; catalysts with 0.5
wt.% Pd prepared either by BM or IWI methods at 450 °C is ~30 % higher than those

of the 0.5Ru/CeO2 monometallic catalysts.
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Table-6.2. Methane conversion, hydrogen, carbon monoxide, and carbon dioxide selectivity
values, and syngas yield obtained over bimetallic Ru-Pd/CeO; catalysts prepared by ball milling.

Metal loading values are nominal. Reaction conditions: CHa:air:N2= 4:11:85, F/\W=60 L ht g1,

GHSV=12 x 10 h%,

Catalyst min - wt%  wt% XE2C | XG0 XEC SRa0C SE0C SNt Yemas
Ru
Ru-Pd/CeQ2/BM 50 10 1 0.5 4.9 72.6 83.2 665 26.7 6.8 77.5
Pd-CeO2/BM/Ru/BM 50 10 1 0.5 10.3 74.1 83.1  66.5 27.0 6.4 77.8
Ru-CeO2/BM/Pd/BM 50 10 1 0.5 38.6 74.5 844  66.6 27.1 6.3 79.0
Ru-CeO2/BM/Pd/BM 15 10 1 0.5 38.7 69.7 79.3  66.5 26.8 6.8 73.9
Ru-CeO2/BM/Pd/BM 30 10 1 0.5 43.3 74.7 835 670 21.7 53 79.1
Ru-CeO2/BM/Pd/BM 30 5 1 0.5 39.9 70.6 82.6  66.8 28.0 5.2 78.3
Ru-CeO2/BM/Pd/BM 30 20 1 0.5 38.8 69.6 81.0 66.7 27.2 6.1 76.1
Ru-CeO2/BM/Pd/BM 30 10 0.5 1 42.5 71.8 82.6  66.9 27.5 5.6 78.0

Ru-CeO2/BM/Pd/BM 30 10 0.75 0.75 41.8 72.0 81.8 66.9 274 5.7 77.2

Ru-CeO2/BM/Pd/BM 30 10 1.25 0.25 46.7 2.7 81.6 66.6 24.9 8.6 74.6

Ru-CeO2/BM/Pd/BM 30 10 1.38 0.12 41.8 67.2 81.6 66.7 27.0 6.2 76.5

Ru-CeO2/BM/Pd/BM 30 10 1.44 0.06 41.7 65.3 78.7 66.4 26.1 7.6 72.7
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Table-6.3. Methane conversion, hydrogen, carbon monoxide, and carbon dioxide selectivity
values, and syngas yield obtained over bimetallic Ru—Pd/CeO. catalysts prepared by incipient
wetness impregnation (IWI). Metal loading values are nominal. Reaction conditions: CHa:air:N,=

4:11:85, F/IW=60 L h't g1, GHSV=12 x 10 h%.

[» o) 450 °C 550 °C 600 °C 600 °C 600 °C 600 °C
Catalyst wt%Pd  wt%Ru - Xg) Xeh, Xch, Sh, S& S¢o,

Ru-Pd/CeO2/1WI 1 0.5 2.7 72.7 82.0 66.7 27.1 6.1 77.0
Pd—CeO2/ IWI/Ru/IWI 1 0.5 4.8 72.9 84.3 67.2 27.7 5.1 80.0
Ru—CeO2/IWI/Pd/1WI 1 0.5 18.5 71.8 83.2 67.1 27.5 54 78.7
Ru—CeO2/IWI/Pd/1WI 0.5 1 43.2 73.5 83.4 68.2 23.0 8.9 76.0
Ru-CeO2/IWI/Pd/1WI 0.75 0.75 42.8 71.4 82.9 67.3 25.8 7 77.2
Ru-CeO2/IWI/Pd/1WI1 1.25 0.25 23.0 66.5 67.7 66.0 19.0 149  57.7
Ru-CeO2/ IWI/Pd/1WI 1.38 0.12 16.5 55.4 68.9 65.6 21.7 12.7  60.1
Ru—CeO2/IWI/Pd/1WI 1.44 0.06 17.1 54.0 54.2 66.7 26.0 7.3 50.1

Compared to monometallic catalysts, it should be highlighted that the cooperative
effect between Ru and Pd in the bimetallic catalysts is remarkable, with a dramatic
increase in both the methane conversion and the syngas yield. At 600 °C, the
bimetallic Ru-Pd/CeO: catalysts prepared by BM shows CH4 conversion levels from
79 to 85%, with selectivity towards H, of 66-67%, selectivity towards CO of 26—
28%, and syngas Yyield between 71 and 80%, very close to the values corresponding
to the thermodynamic equilibrium. In contrast, the bimetallic Ru—Pd/CeO: catalysts
prepared by the IWI method show methane conversion levels from 54 to 85% with a
hydrogen selectivity of 66-68%, CO selectivity of 19-28%, and syngas yield between
50 to 79%. These values obtained over the bimetallic samples are significantly higher
than those of the Pd/CeO> and Ru/CeO> catalysts (Table—6.1) and demonstrate that

the synergy between Ru and Pd on CeO yields catalysts with improved activity and
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selectivity for the POM with respect to the monometallic counterparts. Fig—6.5
illustrates the influence of the catalyst preparation method (co—-IWI or co-BM vs.
sequential-IW1 or sequential-BM) as well as the effect of the milling conditions

(frequency and time) for those catalysts prepared by mechanochemistry.

Fig—6.5a shows the methane conversion at different temperatures (450 to 600 °C)
for the bimetallic 0.5Ru-1Pd/CeO: catalysts prepared by co-IWI (0.5Ru-
1Pd/CeO2/IWI) and by se—IWI by either impregnating first Pd and then Ru (1Pd—
CeO2/IWI1/0.5Ru/IWI), or first Ru and then Pd (0.5Ru—CeO2/IWI/1Pd/IWI). It is
remarkable that the catalyst 0.5Ru-CeOJ/IWI/1Pd/IWI prepared by se-IWI
(impregnating first Ru and then Pd) exhibits much higher catalytic activity at 450—
500 °C than the catalysts prepared by co—IWI or the catalyst prepared by sequential
IWI when Pd is impregnated first on CeOx. In contrast, at higher reaction temperature
(550-600 °C), all catalysts prepared by IWI show a similar activity regardless of the

order of metal addition.

In a similar way, the bimetallic 0.5Ru-1Pd/CeO- catalyst prepared by sequential
BM adding first Ru (0.5Ru-CeO>/BM/1Pd/BM) indicates a considerable higher
catalytic activity at low temperature (Fig—6.5b, 450 °C) than those of the catalyst
prepared by co-BM (0.5Ru-1Pd/CeO./BM) and two steps adding Pd first (1Pd-
Ce0./BM/0.5Ru/BM), whereas at higher reaction temperature (550-600 °C) similar
methane conversion values are recorded, regardless of the order of metal addition.
This result suggests that the effect of mechanical forces between the three components
of the catalyst (ceria, Ru and Pd) originates a particular catalytic architecture that is
extraordinarily active at low temperature. The methane conversion values shown in

Figs—6. 5a and 5b confirm that the samples prepared by ball milling always have
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higher catalytic activity than the respective counterparts prepared by IWI method, and

that these differences are particularly evident at low reaction temperature.

Figs—6. 5c and 5d illustrate the conversion of methane of the 0.5Ru-—
CeO2/BM/1Pd/BM catalyst prepared with different milling frequency and different
milling time, respectively, to infer on the influence of the ball milling parameters on
the catalytic activity (selectivity values and syngas yield are reported in Table—6.2).
Both the milling frequency and time have a strong effect on the conversion of
methane, especially at a low reaction temperature, which follows the order 30 Hz~ 50
Hz > 15 Hz and 10 min > 5 min~ 20 min. Hence, ideal synthesis conditions for the

catalysts produced by BM can be established as 30 Hz and 10 min.

A crucial aspect regarding bimetallic catalysts is the relative amount of the two
metals involved. In our case, it should also be considered that the cost of Ru is much
higher than that of Pd, which has a direct impact on the final cost of the catalyst. Figs—
6. 6a and 6b show the methane conversion and syngas yield, respectively, at 450 and
600 °C for bimetallic xRu-CeO2/BM/yPd/BM and xRu—CeO/IWI/yPd/IWI catalysts
containing different amounts of Ru (x = from 0.06 to 1 wt.%) and Pd (y = from 0.5 to

1.44 wt.%), keeping the total metal loading (x + y) at 1.5 wt.%.
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Fig-6. 5: Conversion of methane at 450-600 °C of bimetallic 0.5Ru-1Pd/CeQ; catalysts
prepared by co—IWI and sequential-IWI (a) and co-BM and sequential-BM at 50 Hz for 10
min (b). Conversion of methane at 450-600 °C of 0.5Ru-CeO,/BM/1Pd/BM catalyst prepared
with different milling frequencies (c) and different milling times (d). Reaction conditions:

CHg:air:N»= 4:11:85, F/W=60 L h g7}, GHSV=12 x 103 h™™.

There is a correlation between catalytic activity and the Ru content in the
bimetallic samples produced by IWI method, being the catalysts with a progressive
Ru loading more active in the transformation of methane and more selective to
syngas. The bimetallic BM samples, in sharp contrast, do not follow this trend and no

large differences in methane conversion and syngas selectivity are encountered, being
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methane conversion and syngas selectivity values much higher than those recorded
on the catalysts prepared by the IWI method with the same composition, particularly

at low temperature and low Ru content.

It is important to note that the selectivity to syngas is maintained approximately
constant at each temperature for the catalysts prepared by the BM method regardless
of the relative metal content, whereas for the catalysts prepared by the IWI method
the selectivity to syngas is strongly influenced by the relative amounts of the metals,
being large quantities of Ru necessary to attain syngas selectivity values similar to
those attained by the samples prepared by mechanochemistry. It should be
highlighted that no syngas production was observed for temperatures lower than
550°C for the Ru/CeO./BM (Table-6.1). Certainly, the bimetallic Ru-Pd system
appears as a particularly appealing metal combination to conduct POM at low
temperature, where very reactive and specific active sites are created by ball milling

with ceria [204].
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Fig-6. 6: Methane conversion at 450 °C (a) and 600 °C (b) and syngas yield at 450 °C (c) and

600 °C (d) for bimetallic catalysts xRu-yPd/CeO, prepared by sequential-BM (red), and

sequential-IWI (green) methods. All catalysts contain a total nominal metal loading of 1.5

wt.%. Reaction conditions: GHSV= 12 x 10° h, F/W= 60 L h* g* and CHa:air:N,= 4:11:85

Ball mill conditions: 30 Hz for 10 min.
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6.3 Characterization of catalysts after reaction

Fig—6.7 displays the Raman spectra recorded for the monometallic Ru and Pd
samples and bimetallic Ru-Pd catalysts prepared by BM and IWI methods after the
catalytic test discussed above. In all cases, the position of the F2g band of CeO>
remained constant and did not shift after the catalytic test with respect to the values
recorded before reaction (Fig—6.1), suggesting that there is no incorporation of metals
in the ceria structure during the reaction under the conditions tested. As anticipated,
the symmetric v1 stretching mode of the nitrate anion and the Big mode of PdO in the
monometallic Pd/CeO, produced by both IWI and BM methods disappeared after
reaction due to decomposition. Additionally, the two characteristic graphite D and G
bands at about ~1345 and ~1595 cm 1 [187, 188] were observed in the Raman spectra
for the catalysts after reaction. Even if their relative contribution in the spectra is
certainly weak, it is reasonable to draw the conclusion that carbon deposition is more
abundant on the monometallic samples and, in particular, on samples prepared by the
IWI method. This constitutes another crucial issue that supports the benefits of using

the ball milling for preparing Ru—Pd/CeQ; catalysts.
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Fig-6. 7: Raman spectra of the monometallic catalysts 1Pd/CeO2/BM, 1Pd/CeO./IWI,

0.5Ru/Ce0./BM  and0.5Ru/CeO./IWI, and bimetallic catalysts 0.5Ru-

Ce0,/BM/1Pd/BM and 0.5Ru—CeO2/IWI/1Pd/IWI after reaction at 600 °C. Reaction

conditions: CHg:air:N,= 4:11:85, F/W= 60 L h-* g%, GHSV=12 x 102 h-%. Ball mill

conditions: 30 Hz for 10 min.

Fig—6.8 shows high-resolution transmission electron microscopy (HRTEM)

images corresponding to monometallic Pd/CeO, and bimetallic Ru-Pd/CeO>

catalysts prepared by both BM and IWI methods after reaction. A representative

image of the monometallic 1Pd/CeO> prepared by the BM is shown in Fig—6.8a. The
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sample contains Pd nanoparticles that measure about 3—4 nm and are well dispersed
over the CeO: support (highlighted by circles). The Fourier Transform (FT) analysis
of the lattice fringes reveals the presence of spots at 1.94 A from Pd® (200) planes and
at 2.04 A from PdO (101) crystallographic planes. Fig—6.8b shows representative
HRTEM images of the monometallic 1Pd/CeO2/IWI catalyst. Similar to the
1Pd/CeO2/BM sample, both Pd® and PdO nanoparticles are identified, but their size
is larger, about 4-7 nm. Additionally, this catalyst shows the occurrence of carbon
deposition, which is in accordance to the Raman results. Fig—6.8c corresponds to the
bimetallic Ru-CeO2/BM/Pd/BM catalysts, and for this sample it is difficult to
distinguish any Ru, Pd or Ru—Pd particle in the HRTEM analysis, which indicates an
excellent dispersion of Ru and Pd on the CeO, support. Moreover, the
mechanochemical synthesis of the Ru-CeO»/BM/Pd/BM catalyst creates an
amorphous layer on the ceria crystallites, similar to Pd/CeO: catalysts prepared by
BM and reported in chapter 3 [90], which is kept under reaction. This shell exhibits
an average thickness of about 1-2 nm (marked between arrows). Finally, Fig—6.8d
corresponds to the bimetallic Ru—CeO2/IWI1/Pd/IW1 catalyst, and the HRTEM images
for this sample show the presence of PdO and RuO:> particles after reaction, with a

size distribution of about 4—7 nm.
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Fig-6. 8: HRTEM images of catalysts 1Pd/CeO./BM (a), 1Pd/CeO./IWI (b), 0.5Ru-

Ce0./BM/1Pd/BM (c) and 0.5Ru-CeOx/IWI/1Pd/WI (d) after reaction at 600 °C.
Reaction conditions: CH4:air:N,= 4:11:85, F/W= 60 L h* g1, GHSV=12 x 10% h'..

Ball mill conditions: 30 Hz for 10 min.
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The presence of reduced metal after reaction suggests that due to the formation of

syngas the catalysts are progressively reduced under reaction conditions.

Consequently, in order to understand the synergistic effect that Ru—Pd plays, we

reduced the sample 0.5Ru-CeO2/BM/1Pd/BM at 550 °C for 1h before reaction (10%

Hz in Ar, 20 mL min™). Figs—6. 9a and 9b shows the results of methane conversion

and syngas yield at different temperatures, respectively. It obviously demonstrates

that the reduction treatment is detrimental to the reaction. It can be claimed that a

direct reduction treatment is not advantageous for the synergistic effect between Ru

and Pd in the BM samples, whereas the progressive reduction of the sample under

reaction yields an optimum Ru-Pd interaction, being this effect particularly important

at low reaction temperature.
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Fig-6. 9: Conversion of methane and yield of syngas on bimetallic catalyst 0.5Ru—

Ce0,/BM/1Pd/BM reduced at 550 °C for 1 h. Reaction conditions: CH4:air:N,= 4:11:85, F/W=

60 L h't g%, GHSV=12 x 103 h™*. Ball mill conditions: 30 Hz for 10 min.
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6.4 Stability test

Fig—6.10 shows the stability test which was carried out for more than 100 h at 550
°C on the bimetallic catalysts 0.5Ru-CeO2/BM/1Pd/BM and 0.5Ru-
CeO2/IWI/1Pd/WI, since these two catalysts exhibited good methane conversion and
selectivity to syngas (see Tables—6. 2 and 3). For comparative purposes, the

monometallic 0.5Ru/CeO,/BM and 1Pd/CeO,/BM samples also were also examined.

Figs—6. 10a and 10b show the methane conversion and syngas yield, respectively.
As expected, the initial CH4 conversion and syngas yield of both Ru—Pd/CeO>
bimetallic catalysts were remarkably higher than those of the monometallic samples,
and the bimetallic catalyst prepared by the BM method performed better than the
bimetallic counterpart prepared by the IWI method. Up to the first 50 h on stream, the
catalytic performance of both Ru—Pd bimetallic catalysts produced by either BM vs.
IWI methods exhibited a steady decrease of the CH4 conversion rate of ~0.03 % h™.
On the other side, for the monometallic Ru/CeO2/BM and Pd/CeO./BM the
deactivation rates of methane conversion were much higher, ~0.24 % h™* and ~0.26

% ht, respectively.

In the following 50 h on stream, the catalytic performance of the Ru—Pd bimetallic
catalyst prepared by BM reached a steady-state in both CH4 conversion and syngas
yield, and the deactivation rate was practically zero (0.01 % h™). The methane
conversion and syngas yield for this bimetallic catalyst stabilized at ~70% and ~60%,
respectively. In contrast, the catalytic performance of the Ru—Pd bimetallic catalyst
prepared by the IWI method and the Ru and Pd monometallic samples did not
stabilize, and deactivation continued progressing, especially for the monometallic

1Pd/CeO,/BM sample. As a conclusion, the catalysts activity and stability follow the
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order: Ru-CeO2/BM/Pd/BM > Ru-CeO2/IWI/Pd/IWI > Ru/CeO/BM >>
Pd/CeO2/BM. Thus, the bimetallic sample prepared by BM not only exhibited higher

methane conversion and syngas production, but also significantly higher stability.

Raman spectra was recorded on the Pd/CeO2/BM, Ru—-CeO>/BM/Pd/BM and Ru-
CeO2/IWI/PA/IWI catalysts after the long-term stability test (Fig—6.10c), since the
methane dry reforming is part of the POM reaction mechanism and commonly causes
carbon deposition on the catalyst. The intensity of the D and G bands of carbon were
observed at about ~1410 and ~1650 cm™?, respectively [90, 157], and follows the
trend Pd/CeO2/BM >> Ru-CeO/IWI/Pd/IWI > Ru-CeO2/BM/Pd/BM, which is
exactly the opposite trend of stability result. Consequently, it can be concluded that
the presence of carbon deposition can explain the catalysts' deactivation during the
stability test, and that the almost absence of carbon deposition on the 0.5Ru-—
Ce0O2/BM/1Pd/BM catalyst indicates its suitability to carry out POM under practical

conditions.
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Fig-6. 10: Conversion of methane (a) and yield of syngas (b) in a long—term stability test at 550

°C on monometallic catalysts 1Pd/CeO2/BM and 0.5Ru/CeO2/BM, and bimetallic catalysts

0.5Ru-Ce02/BM/1Pd/BM and 0.5Ru-CeO/IWI/1Pd/IWI. Raman spectra recorded on the

samples after the long-term stability test (c). Reaction conditions: CHa:air:N,= 4:11:85, F/W=

60 L h't g%, GHSV=12 x 10° h-L. Ball mill conditions: 30 Hz for 10 min.
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6.5 Conclusions

In this chapter, monometallic Pd and Ru and bimetallic Pd—Ru catalysts supported
on CeOz have been prepared by BM and IWI methods, and have been characterized
and tested for the POM reaction at atmospheric pressure to produce syngas between
300 and 600 °C. The catalytic results clearly demonstrated that the bimetallic Ru—Pd
catalysts showed a greater activity and selectivity in comparison to monometallic Ru
or Pd catalysts, and that the CH4 conversion and syngas yield observed for different
catalysts followed the order: Ru—CeO2/BM/Pd/BM > Ru-CeO/IWI/Pd/IWI >>

Ru/CeO2/BM ~ Pd/CeO2/IWI > Ru/CeO2/IWI ~ Pd/CeO2/BM >> CeOs.

The catalytic results confirm a strong synergy between Ru and Pd on CeO:
occurring in the bimetallic samples produced by sequential-BM, resulting in much
more active sites for POM, particularly at temperatures below 500 °C. In addition,
the bimetallic Ru-Pd catalysts prepared by two sequential-BM not only produced
syngas at lower temperature, but also revealed excellent stability in long-term
experiments during 100 h on stream at 550 °C, with no carbon deposition,
outperforming by a large extent those of the bimetallic Ru-Pd catalysts produced by
sequential-IWI, and the monometallic Ru/CeO- and Pd/CeO; catalysts. Moreover, by
studying the effect of Ru and Pd loadings in the bimetallic Ru-CeO./BM-
IWI/Pd/BM-IWI catalysts prepared by sequential-IWI and sequential-BM, it has
been confirmed that while the methane conversion increased gradually with the Ru
content for the Ru—CeO./IWI/Pd/IWI catalysts, it was maintained approximately
constant for the Ru—CeO>/BM/Pd/BM samples. The best catalytic performance with
maximum methane conversion and syngas yield values was achieved with catalysts

containing 0.25 wt.% Ru and 1.25 wt.% Pd (0.25Ru-CeO./BM/1.25Pd/BM). Based
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on these results, highly active catalysts for POM can be designed and prepared by ball

milling, a simple and scalable method, by using small amounts of Pd and Ru.
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7. Conclusions

@ A series of CeO2-supported monometallic (Pd, Ni and Ru) and bimetallic (Pd—Ni,
Ru-Ni and Pd-Ru) catalysts have been prepared by mechanochemistry (BM) and
incipient wetness impregnation (IWI), characterized, and tested in the partial
oxidation of methane (POM) to obtain syngas.

@ The preparation method (BM vs. IW1), the order of incorporation of the metals
(one or two steps), and the experimental conditions (frequency and time) for the
samples prepared by BM play an important role on the catalytic performance.

@ The CeO2 support and the monometallic Ni/CeO; catalysts in the absence of noble
metals are totally inactive for the POM process under the reaction conditions
tested. On the other hand, the monometallic Pd/CeO; catalyst prepared by BM
shows the best catalytic performance among the monometallic catalysts.

@ The bimetallic Pd-Ni, Ru-Ni, and Pd-Ru catalysts exhibited a dramatic increase
in both the methane conversion and the syngas yield compared to monometallic
Pd, Ru, and Ni samples under the same operation conditions, pointing out to a
beneficial effect of the synergy between the two metals.

@ The bimetallic catalysts prepared by BM produce syngas at a lower temperature
and are much more stable than those prepared by the conventional IW1 method.

@ The higher stability of bimetallic samples prepared by BM is related to its ability
to suppress the deposition of carbon during the POM process.

@ The selectivity to syngas is maintained approximately constant for the bimetallic
catalysts prepared by the BM method regardless of the relative metal content

(same total metal loading), whereas for the catalysts prepared by IWI the
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selectivity to syngas is strongly influenced by the relative amounts of the metals,
being large quantities of Ru or Pd necessary to attain syngas selectivity values
similar to those attained by the samples prepared by mechanochemistry.

Raman spectra reveal that defect-induced vibrational modes are nearly absent in
almost all samples, which means that the incorporation of metals does not result
in the formation of lattice defects in the ceria structure, such as oxygen vacancies.
Temperature—programmed reduction (H>—TPR) demonstrates that the reduction
of CeO: in the bimetallic catalysts is shifted to lower temperatures with respect
to the monometallic counterparts, which means the simultaneous presence of
metals exerts a positive influence on the CeO> reduction.

In contrast with conventional catalysts, high-resolution transmission electron
microscopy (HRTEM) shows poorly-defined nanometric and subnanometric
structures on the ceria crystallites in the catalysts prepared by mechanochemistry.
As a general rule, X—ray photoelectron spectroscopy (XPS) shows higher M/Ce
surface atomic ratios in the samples prepared by BM with respect to the catalyst
prepared by IWI; therefore, it is concluded that metal species strongly interacting
with ceria are easily accommodated on the surface of the catalysts prepared by
mechanochemical methods.

The characterization of post-reacted samples demonstrates that the high
dispersion of the metals is maintained during the catalytic reaction.

Overall, these results encourage the use of mechanochemistry as a simple,
scalable, fast, cost-effective, and environmentally friendly methodology to

prepare a new generation of active catalysts for the POM process to obtain syngas.





