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1. PREFACE

Hydrogen is considered one of the most important energy carrier in the development of new
system for energy production because it is very effective, not pollutant and could be obtained
from several sources, such as fossil fuels (methane, carbon), water or biomasses [1].

It has a high energy content [2] and thus it could be considered a valid green alternative to
fossil fuels [1]. However the produced H; could be clean and sustainable only if it is derived
from renewable sources [3].

Nowadays about 48% of the world’s hydrogen gas is generated from natural gas, 30% from
oil, about 18% from coal and only about 4% from electrolysis system, due to high costs of
this process [4]. It is mainly used in refinery processes such as hydrotreating and in the
chemical industry for the production of NH3 and methanol, which is one of the main building-
blocks of the modern chemistry.

In the future H, could be also employed in the automotive industry as fuel-cells, gas
turbines and engines technologies. Its employment as a fuel could lead to an increase in the
efficiency and in the performances of engines with a really important decrease in the
emissions of pollutants, although these aims need a major effort in the research in order to
obtain cheaper and more efficient H, production processes. Moreover two other relevant
issues regarding the hydrogen technology that have to be optimized are the problems
connected to its distribution and storage [5].

Recently there has been an international attention on the development of new hydrogen
technologies as a potential solution to the current fears about energy shortage. For example,
since 2006 the U.S. Department of Energy has developed a multi-year plan with aggressive
milestones and targets for the development of hydrogen infrastructure, fuel cells and storage
technologies [6,7].

The delocalization of H;, production would be the best choice to be developed in order to
avoid the setting up of expensive structures for its distribution and for the advantages with
respect to the market. On the other hand the overall effect of the establishment of a
delocalized production system would lead to an increase of costs and a lower efficiency of
production [5].

1.1 HYDROGEN PRODUCTION

Hydrogen can be produced from a variety of feedstock including fossil as well as renewable
resources. Various chemical, biological, electrolytic, thermolytic, photolytic and
thermochemical processes exist for this purpose and they are in different stages of
development [5].

A brief summary of hydrogen production systems is outlined afterward. They can be
mainly divided in systems employing renewable sources or hydrocarbon fuels processing.



1.1.1 HYDROGEN FROM HYDROCARBON FUELS PROCESSING

Hydrocarbon reforming is the main method employed in H, production and there are four
main used techniques: steam reforming (SR), partial oxidation (POX), autothermal reforming
(ATR) and dry reforming (DR). All of them produce a gas stream composed primarily of H;
and CO (syngas), with also CO,. Steam reforming and catalytic partial oxidation (CPO) are
two different processes will be later described briefly. In the first one methane reacts with
water while in the second one the hydrocarbon is oxidized by oxygen; the routes are
endothermic and exothermic respectively. The autothermal reforming is a combination of two
processes, the POX which provides the heat and the SR which increases the amount of
hydrogen produced [7]. In DR CHy reacts with CO, by an endothermic reaction [8]. Fuel
processing reactors are designed to maximize hydrogen production and minimize carbon
production using appropriate operating conditions such as temperature, pressure, residence
time, etc. [7].

Pyrolysis is another technique that employs hydrocarbon decomposition to produce
hydrogen. It can be applied to any organic substrate and can be also used for the production of
hydrocarbons, carbon spheres and nanotubes production. It does not need the presence of
water or air and so it can be considered a low emission process if the substrate does not
contain humidity or oxygen. On the contrary CO and CO, emissions would be very relevant.
Among the advantages of the process are fuel flexibility, relative simplicity, clean carbon by-
products and reduction in emissions.

Another example of H, production from hydrocarbons is plasma reforming. The overall
reaction is the same involved in the conventional reforming but the energy and the free
radicals used are provided by plasma that is typically generated with electricity or heat. When
water or steam are injected with the fuel, H-, OH- and O- are formed together with electrons
creating the conditions for both reductive and oxidative reaction. It should overcome many
limitations of other methods such as costs and deterioration of catalysts, limitation of
hydrogen production from heavy hydrocarbons, size and weight requirements, and it is more
sulfur tolerant. On the other hand, the electrical requirements and the high electrode erosion at
high pressure are reported to be the main disadvantages [7].

1.1.2 HYDROGEN FROM RENEWABLE SOURCES

These methods employ mainly biomasses or water as feedstock for hydrogen production.
Biomasses are the most likely renewable organic substitute to petroleum and they are
available from a wide range of different sources such as animal and agricultural wastes,
municipal solid wastes, crop residues, sawdust, aquatic plants and many others [2,7].

Gasification technology is a variation of pyrolisis. It is commonly used with biomasses and
coal, and it is based upon partial oxidation of the materials into a mixture of H,, CH4, N2, CO,



CO; and tar. A reformer may be placed downstream the gassifier to increase the H, content.
However, this system requires a massive amount of biomass to be fed continuously in the
reactor and large plants. It can achieve efficiencies between 35-50% but the high logistics
costs limit the number of gasification plants. Development of smaller and efficiently
distributed gasification plants may be required to this technology for cost effective hydrogen
production [7].

Bio-hydrogen production includes different technologies based on the employment of
different microorganisms. This technology that has substantially increased over the last
several years. However nowadays only a small fraction of naturally occurring microorganisms
has been discovered and characterized, but they have been also modified to improve their
characteristics. This kind of technology is at the beginning of its development and many steps
should be make for its optimization [7].

In addition to the previous described approaches, water can be used as feed for many
hydrogen production techniques. Electrolysis consists in the conversion of electrical energy to
chemical energy by passing an electrical current through two electrodes to break water to
produce hydrogen, with oxygen as useful by-product. It is more expensive than large scale
fuel processing techniques and it results in higher emissions respect to other technologies,
such as gas reforming, if non-renewable power generation is used to produce electricity.

In thermochemical water splitting (thermolysis), the heat alone is used to decompose water
to hydrogen and oxygen. There are many projects investigating several processes focused on
improving materials, lowering costs and increasing efficiency of this technology that mainly
suffers from the high decomposition temperature of water.

Finally, another example of a technique employed in hydrogen production from renewable
sources is photoelectrolysis, that uses sunlight to directly decompose water into hydrogen and
oxygen. It employs semiconductor materials similar to those used in photovoltaic technology.
The hydrogen production efficiency is generally limited by the imperfections in the crystalline
structure of the photoelectrodes, bulk and surface properties, and the resistance of materials to
the corrosion from the electrolyte [7].



2. AIM

This work has been focused on the electrochemical synthesis of catalytic precursors for the
steam reforming and the catalytic partial oxidation reactions and their characterization.

The catalytic precursors have been prepared through the synthesis of layered double
hydroxide (LDH) compounds that contain Rh, Mg and Al by a method known as electrobase
generation method. FeCrAlY alloy foams have been used as supports to exploit several
advantages of supported catalysis respect to pellets catalysts.

To achieve a better performance of the electrochemical method, all the parameters that
affect the electrosynthesis such as the applied potential, the time of synthesis and the pH have
been investigated. As far as LDHs precipitation is very sensible to pH, a particular attention
has been given to the correlation between the evolution of pH at the working electrode surface
and the applied potential in order to identify the best working conditions for the synthesis. Pt
gauzes and plates have been used as supports in order to avoid problems caused by the
complex geometry of the foams, and NiAl and MgAIl LDHs have also been investigated in
order to avoid the high costs due to the Rh consumption.

The characterization of each sample has been a key point of the study in order to
understand the modification in morphology and reactivity as result of the change of synthesis
conditions.

The work has been carried out in collaboration with the Department of Industrial and
Materials Chemistry where the catalytic tests have been performed in order to check the
activity of the prepared catalysts in the CPO and SR of methane reactions.



3. INTRODUCTION

A brief overview of catalytic reactions, catalysts and of the synthesis methods is reported
below for a better comprehension of the subsequently described work.

3.1 STEAM REFORMING OF METHANE
The steam reforming of methane is the main commercial route for hydrogen and syngas
production [9] and about 50% of hydrogen demand is satisfied by means of methane SR [10].

It consists of an endothermic reaction between the hydrocarbon and vaporized water that can
be written as:

CH; + H,0 - CO + 3H; AH°=206 KJ/mol [11] (3.1.1)
CO + H,0 - CO; + H, AH°=-41 KJ/mol [11] (3.1.2)
The second reaction is referred as the water gas shift reaction (WGS), that is slightly

exothermic and takes place spontaneously as far as the syngas produced by SR reacts with the
remaining water present in the reactor [5, 7, 11].
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Figure 1: Schematic representation of typical SR reactor

Due to the endothermicity of the reaction, the thermodynamic equilibrium is favored at
high temperature [10]. The steam reforming takes place over catalysts in vertical tubes,
which are supported in parallel rows in a radiant furnace. Reformers are usually operated at



high temperatures and pressure. The thermal efficiency of the process is around 95%, but only
50% is absorbed by SR. The heat is often supplied from the combustion of some of the
methane feed-gas. Usually, it occurs at a temperature of 700-1100 °C [12, 13, 14, 15].

The methane SR offers the best H,/CO molar ratio among hydrocarbon reforming reactions
(3:1), furthermore the carbon monoxide present in the products gas stream can be further
converted to CO; and H; through the WGS reaction (3.1.2).

Carbon dioxide produced in the reformer and WGS reactors is typically removed from the
process gas by chemical solvent absorption or by pressure swing absorption processes. The
level of carbon oxides that remains in the H, stream after the CO, removal absorber is
reduced to a minimum by methanation, that is essentially the reverse reaction of the steam
reforming. This traditional process produces H; at a purity from 95 to 98%, with the impurity
being predominantly methane [11].

In steam reforming plant the reactors suffer from non-uniform distribution of heat fluxes
and from profound effect on high temperature catalyst and tubes lifetime [13].

Generally, the catalysts employed in this reaction can be divided in non-precious metals
based catalysts (tipically Ni), and precious metals (Group VIII) based catalysts (tipically Pt or
Rh) [7]. As far as Ni-like catalysts are concerned, the methane adsorbs dissociatively on Ni
surface with no molecular species as precursor. This requires that the CH; molecule has
enough energy to overcome a barrier of about 50 kJ/mol and that it strikes two adjacent free
Ni sites. The adsorbed methyl group undergoes further step-wise dehydrogenation, yielding
carbon [11]:

CH; = CH3* » CHy* - CH* 5 C* (3.1.3)

Group VIII based catalysts seem to have the same catalytic path as Ni based catalysts, but
they exhibit a much higher specific activity, particulary Rh seems to be the most active metal.
However, the high cost of Rh is driving the researchers to develop alternative catalysts such
as Co based catalysts [7].

One of the main reasons that lead to the deactivation of catalysts is the formation of carbon
over the catalytic surface, particularly at intermediate and high temperatures [7, 11]. Carbon
deposition takes place by the Boudouard reaction and by the direct decomposition of methane:

2CO - C+CO, AH°=-172 kJ/mol [11] (3.1.4)
CH; —» C +2H; AH°=75 kJ/mol [11] (3.1.5)
Moreover, carbon formation is catalyzed by Ni surface and usually takes place in the form

of whiskers with a Ni particle at the top of a fibre. The rate of carbon formation is much more
lower on noble metals than on Ni, which is ascribed to a smaller dissolution of carbon into



those metals. By the way, rhodium and ruthenium display the highest selectivity for the
carbon-free operation, and this can be due to the high reforming activity combined with the
low carbon growth rates [11].

Nickel and noble metal-based catalysts have been reported to be active also for CO;
reforming, without coke formation in the case of precious metal based catalysts [7, 11].

To limit the carbon deposition that poisons the active phase an excess of steam is usually
employed in the feed stream and alkali (K) or alkali earths (Mg, Ca, metals) are introduced in
catalyst formulations to accelerate carbon removal from the catalyst surface [7, 11].

Zeolites and ceramic monoliths have been employed to support catalysts in SR process [16,
17]. Moreover layered double hydroxides with different composition have been used as
catalyst precursors. After calcination they have been used as bulk catalysts in powder [18, 19,
20] and supported catalysts on FeCrAlY foams [21] for this reaction.

3.2 PARTIAL OXIDATION OF METHANE

As the steam reforming is a very intensive energy process, extensive work has been done
over the years in order to develop other more attractive options [11]. The catalytic partial
oxidation of methane offers a promising alternative to the steam reforming for hydrogen and
CO (syngas) production [22] since a process based on this reaction would be much more
energy efficient than the energy intensive SR process [11].

As outlined before, the partial oxidation of methane is a slight exothermic reaction where a
hydrocarbon reacts with oxygen to produce carbon monoxide and hydrogen. During this
process several reactions take place [8], but the general reaction can be written in the case of
methane as:

CHs + 0.50; > CO + 2H, AH°=-36 KJ/mol [11,22] (3.2.1)

Typically the non-catalytic partial oxidation occurs with flame temperatures of 1300-1500
°C while the operating temperature can be lowered if a catalyst is added. However the control
temperature has been proved hard because of coke and hot spots formation due to the
exothermic nature of the reaction [7].
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Figure 2: Schematic representation of typical CPO reactor

The gas stream obtained from this reaction presents a H,/CO molar ratio 2:1, so it can be
further used in the methanol production, in a Fischer-Tropsch reactor for the production of
hydrocarbons or in a water gas shift plant to increase the hydrogen production. The
composition of the product gas depends on temperature, pressure, input gas composition, and
also on kinetic factors too.

The high conversion of CH,4 and the high syngas selectivity for short contact times make it
possible to use this reaction also in small reactors with excellent results [20]. However CPO
has not been able to replace steam reforming in the syngas and hydrogen production. This is
due to its severe reaction conditions such as the high operating temperature and the high gas
flux that may cause the runaway of the reactor and that are a heavy source of mechanical and
thermal stress for the catalysts. In fact since exothermic combustion reactions generate heat in
the catalyst bed, the temperature can substantially increase when high space velocities are
used [8]. Moreover the heat production is really important in the scale-up of the process
because its removal could be a very complex parameter to improve. However, it can be seen
that as the temperature increases the selectivity to CO and H, increses as well. Therefore, very
high methane conversion ( > 90%) and selectivity ( > 90%) to synthesis gas can be obtained
above 1200-1300 °C. Moreover, methane, carbon dioxide and water concentrations increase
at high pressures but the increasing of the reaction temperature can compensate for the effect
of pressure [8].

A debate is still ongoing on the exact mechanism of methane activation and the sequence of
syngas and hydrogen production and two distinct mechanisms are proposed for explaining
this reaction.

The indirect pathway postulates that CH,4 is first totally oxidized to CO;, and H,O (a
strongly exothermic reaction) and then reformed to produce syngas (with endothermic steam



and dry reforming reactions). One major proof of the existence of such an exothermic—
endothermic sequence has been the observation of an axial temperature profile with sharp hot-
spot temperatures at the entrance of the reactor [23].

The direct pathway postulates the formation of H, and CO as primary products. The main
evidence in favor of a direct path is the observation of syngas at extremely short contact
times, in the presence of unreacted O,. H,O and CO, are in this case interpreted as non-
selective oxidation products. The mechanism was proposed to consist of the dissociative
adsorption of CH,4 with formation of carbon species and H adsorbed atoms, followed by the
associative desorption of two H atoms to H, formation and the oxidation of C to CO.

Depending on the sampling technique, on the type of reactor and on the operating
conditions, different product distributions were obtained and different mechanisms were thus
inferred, either direct, indirect, or mixed [23].

However in recent works the collected data seems to indicate that a “mixed” pathway, as
the one occurring on Rh-based catalysts, takes place. The division of the reactor in an
oxidation and a reforming zone has been observed, and the length of the oxidation zone
depends on the total flow rate and the stoichiometry of the reactants [23, 24]. The oxidation
zone is located in the first part of the reactor, where H, and CO are produced by direct
oxidation in the presence of gas phase O, together with CO, and H,O (produced by total
oxidation). In the reforming zone, only steam reforming is active [23, 24], no dry reforming
was observed. If a CO molecule stays long enough at the surface of the catalyst then CO; is
formed by reaction with a O adsorbed atom [24] and the contribution of WGS varies with the
C to O feed ratio [23].

As for the SR process, carbon formation occurs on the metal catalysts. This behavior cannot
be avoided by increasing the O,/CHj, ratio or by increasing the operating temperature without
increasing also the potential explosion hazards, separation problems, gas phase reactions and
decreased the synthesis gas selectivities. Carbon deposition evolves as for the SR process by
the Boudouard reaction (3.1.4) or by catalytic methane decomposition (3.1.5) [8].

In catalytic partial oxidation, catalysts are based on transition metals such as Ni or Co and
on noble metals (Rh, Ru, Pt, ...) similarly to those employed in SR.

High yields and selectivities to synthesis gas ( > 85%) can be obtained over nickel and
cobalt supported on various oxides, under conditions of apparently low temperature and very
short residence times. However, some noble metals could, on a laboratory scale, catalyze
methane partial oxidation to the thermodynamic equilibrium composition of product gases
with little or no carbon deposition. It was found that the relative rate of carbon deposition
follows the order Ni > Pd > Rh, Ru, Pt, Ir.

In CPO reaction bulk catalysts, where the active phase is supported on alumina powder,
could be employed [23]. However, several supported catalysts have been developed on
different structures, such as Al,O3; [24, 25,26] and zirconia [25] foams, pellets [25, 26],
cordierite monoliths [25, 26], due to the problems related to heat diffusion and optimization of
the catalyst employment. Mixed oxides obtained from LHD precursors of various



compositions has also been employed for CPO reaction as bulk catalysts [27, 28, 20, 29].
Moreover, the same compounds have been used to develop structured catalysts on FeCrAlY
foams [20, 21].

3.3 LAYERED DOUBLE HYDROXIDES (LDH) COMPOUNDS

LDHs have been used as catalyst precursors for the SR [18, 19, 30] and CPO [23,24, 27,
28, 29] of natural gas.

In this work layered double hydroxides have been studied and employed as catalytic
precursors, after deposition on FeCrAlY foams. They belong to a family of compounds called
clays that could be mainly divided in two large groups: anionic and cationic clays. Both types
are made up of several hydroxide layers. In cationic clays these layers present a negative
charge and they are mostly composed by Si and Al hydroxides. The negative charge is
balanced by cations situated in the interlayer region. On the contrary, anionic clays are
characterized by positive charge layers and interlayer anions to obtain the electroneutrality.

LDHs or hydrotalcite-like (HT-like) compounds are anionic clays materials. A few kinds of
anionic clays have been found in nature but most of them could be artificially synthesized in
the laboratory [31]. These layered materials have rich intercalation properties. The structure
of most of them corresponds to that of the mineral hydrotalcite which is a natural magnesium-
aluminum hydroxycarbonate (MgsAl2(OH)16CO3-4H,0). These compounds consist of
positively charged brucite-type octahedral sheets alternating with interlayers containing
carbonate anions, in the natural mineral, or other exchangeable anions in the synthetic HT-like
compounds, together with water molecules [32]. Brucite is the common magnesium
hydroxide Mg(OH),.
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Figure 3: Schematic representation of LDH compounds structures

LDHSs can be represented by the general formula [M1,2*M,*(OH)2]** (A™)xn-mH,0, where

*and M** are divalent and trivalent cations, respectively. The value of x is equal to the
molar ratio of M**/(M**+M®"), whereas A is the interlayer anion of valence n. The identity of
M?*, M**, x and A", and the x value may vary over a wide range, thus giving rise to a large
class of isostructural materials with different physicochemical properties [33].

The divalent and trivalent metal listed in Table 1 are all found to form LDHs through
replacing, fully or partially, Mg®* or AF*, in the brucite-like layer [31]. In general ions that
can be accommodated in the holes of the close-
packed OH groups in the brucite-like sheets to form LDHs [31,33].

have ionic radius similar to that of Mg**

M2+ Radius (nm) M3t Radius (nm)
Fe 0.061 Al 0.054
Co 0.065 Co 0.055
Ni 0.069 Fe 0.055
Mg 0.072 Mn 0.058
Cu 0.073 Ga 0.062
Zn 0.074 Rh 0.067
Mn 0.083 Ru 0.068
Pd 0.086 Cr 0.069
Ti 0.086 \ 0.074
cd 0.095 In 0.080
Ca 0.100 Y 0.090
La 0.103
V4t 0.058
Ti** 0.061 Li* 0.076
Sn** 0.069 Na™® 0.102
Zr*t 0.072

Table 1: Divalent and trivalent metals found in LDH compounds



Some tetravalent cations such as V**, Ti**, Zr** or Sn** may also be incorporated in to the
HT-like layers [31, 34]. However, some evidences reveal that M** cations form amorphous
oxide particles instead of incorporating into the layers [31]. In a very similar way, monovalent
cations, Li* or LiixNay, together with AP, can form a similar series of LDH compounds,
with atomic ratio Al/Li or Al/(Li + Na) fixed at 2 and various counteranions intercalated
among the sheets [34]. A more outstanding feature is that multi-metal cations can be
incorporated simultaneously into the LDH structure if an x value in the general formula is
chosen in a valid range [31]. The value of x is reported to be between 0.2 and 0.33 [34] or 0.4
[31] to obtain a pure LDH phase. If x values are outside this range, hydroxides or other
impurities may be formed [31].

The anion located in the interlayer gallery can be anyone as far as it has a sufficient charge
density. Up to now, many kinds of anions have been intercalated into the LDH interlayer,
including common inorganic anions (CI-, F, COs*, NOs;, etc.), organic anions
(carboxylates, dicarboxylates, alkylsulfates, alkanesulfonates, etc.), complex anions
(Fe(CN)s* /Fe(CN)s*~, metal-porphyrin and phthalocyanine complexes), iso- and hetero-
polyoxometalates (POMSs) (Mo7024°", W702,"", V10028°, 004>, PM01:040°", PW12040°,
PWsMogOu4o®~, etc.) [31, 34], polymeric anions (polyvinylsulfonate, polystyrenesulfonate,
polyacrylate, polyaniline, ionized polyvinyl alcohol, polyethylene glycol, etc.) and
biochemical anions (amino acids, DNA with 500-1000 base pairs, CMP, AMP, GMP, ATP,
ADP, etc.) [34].

LDH materials can be directly synthesized using precipitation at a varying or constant pH.
The pH is one of the most important parameters in the precipitation of this kind of materials
and a defined interval of pH corresponds to the precipitation of a hydroxide or a LDH.
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Figure 4: Precipitation intervals of LDH compounds



Layered double hydroxides are highly insoluble materials, at least at the relatively high pH
used in their preparation. Thus, in principle, all that appears necessary is to mix together
soluble precursor salts, and, if convenient, to replace the initially incorporated anion with the
one desired. The reality is much more complicated, as it is so often with seemingly simple
inorganic materials. Nonetheless, nearly all the used preparative methods are variants of these
reactions of precipitation by base and selective displacement of anions from precursors. For
reasons explained later, the exact form of the product, including such important features as
particle size and crystallinity and the base strength of the material, is expected to be extremely
sensitive to the precise preparative details. Several LDH materials have been prepared while
allowing the pH to vary in order to study their formation.

If a titration is carried out from a solution containing divalent and trivalent metals, that has
usually an acid pH, some interesting behaviors could be noticed. LDH forms at a pH well
below that necessary to form the most soluble hydroxide (as far as the pH of the solution is
concerned), a fact that leads to the initial recognition of LDH as a distinct phase. The common
pH curve exhibits, in fact, two plateau. The first plateau is associated with the formation of
the least soluble metal hydroxide, with the second plateau occurring during LDH formation.
This type of titration curve has been observed for almost all materials containing Al as the
trivalent metal. AI(OH); is formed first at a pH of about 4, with LDH resulting from
conversion of this initial precipitate to the final product. The materials formed in this way are
initially in the form of aggregates of poor crystallinity, and presumably they arise from the
adherence of divalent metal and additional hydroxide ions to the AI(OH)s; precipitate,
followed by rearrangement, heteronucleation of the LDH, and dissolution of the initial
Al(OH); precipitate.

One common refinement of this technique is precipitation at a nominally constant pH [34].
It is the simplest and most commonly used method and it is called co-precipitation method.
Aqueous solutions of M** and M** cations and of the anion that is to be incorporated into the
LDHs are used as precursors. In order to ensure simultaneous precipitation of two or more
cations, it is necessary to carry out the synthesis under conditions of supersaturation. There
are generally two types of co-precipitation conditions, namely co-precipitation at low
supersaturation and co-precipitation at high supersaturation. Co-precipitation at low
supersaturation is performed by slow addition of mixed solutions of divalent and trivalent
metal salts, at the selected ratio, into a reactor containing an aqueous solution of the desired
interlayer anion. A second solution of a base is then added into the reactor, simultaneously, at
such a rate as to maintain the desired pH for co-precipitation of the two metal salts. In slight
contrast to the former method, co-precipitation at high supersaturation requires the addition of
a mixed salt solution to an alkaline solution containing the desired interlayer anion. Co-
precipitation at high supersaturation generally gives rise to less crystalline materials compared
to those obtained at low supersaturation, due to the formation of a large number of
crystallization nuclei. After precipitation at low and high supersaturation, an aging process is



conducted for a period, ranging from a few hours to several days, to increase the yields and
crystallinity of the materials [33].

A number of studies have reported the synthesis of LDHs using the urea hydrolysis method.
Urea has a few unique properties, such as its weak Bronsted base characteristic and high
solubility in water. Furthermore its hydrolysis rate that can be easily controlled, making it an
attractive agent to precipitate several metal ions as hydroxides or as insoluble salts a suitable
anion is present in the solution. The optimum conditions to prepare LDHs with good crystal
quality, in a relatively short time, have been suggested to involve dissolving solid urea in a
0.5M solution of the chosen metal chlorides to give a urea/metal ion molar ratio of 3.3. The
compounds prepared using this method display homogeneous sizes and platelet-like primary
particles with well-defined hexagonal shapes, which may be very interesting from the
viewpoint of nanotechnology since LDHs offer nano-size two-dimensional spaces for the
creation of functional materials.

LDHs can be also prepared by the ion exchange method. This method is useful when the
co-precipitation method is not applicable, e.g. when the involved divalent or trivalent metal
cations or the anions are unstable in the alkaline solution, or when the direct reaction between
the metal ions and the guest anions is more favorable. In this method, the guests are
exchanged with the anions present in the interlayer regions of the LDHs to produce specific
anion-pillared LDHSs [33].

Another common method to produce LDHSs is rehydration/reconstruction using the
structural ““‘memory effect’’. This method involves calcination of LDHs to remove the
interlayer water, interlayer anions, and the hydroxyl groups, resulting in mixed metal oxides.
It is interesting to note that the calcined LDHs are able to regenerate the layered structure
when they are exposed to water and anions. In addition, the intercalated anions do not need to
be the same species originally present in the interlayer of the uncalcined LDHSs. Therefore this
is an important method to synthesize LDHs with desired inorganic or organic anions to fulfill
specific application requirements [33].

Besides the aforementioned methods, other reported synthesis methods of LDHs include
the secondary intercalation method (involving dissolution of LDH and the re-co-precipitation
method), salt-oxide method, surface synthesis, template synthesis, and so on [33].

Moreover, electrochemical methods have also been developed in the last years for the
synthesis of LDH compounds [35]. The electrobase generation is one of them, and it consists
in the production of an alkaline pH next to the surface of an electrode immersed in a metal
solution, allowing the precipitation of mixed hydroxides on the electrode surface. It is
however deeply described afterward.

A LDH can be transformed to the corresponding mixed oxide by a high temperature
treatment, which typically involves reaction such as dehydration, dehydroxylation,
decomposition of anions and oxide segregation. This process is of great importance in
deriving oxide and oxide-supported catalysts [31]. In fact, hydrotalcites allow the formation
of highly-dispersed and stable metal particles on the surface after calcination and reduction. It



is known that metal species highly dispersed over supports, are less involved in sintering, so
that the rate of carbon deposition is reduced, since large metal particles stimulate carbon
formation [29].

3.4 STRUCTURED CATALYSTS

In recent years structured catalysts have been developed for several reactions in order to
obtain more efficient processes exploiting some peculiarities of the employed materials such
as mechanical resistance or thermal conductivity.

They are essentially defined solid structures such as monoliths, foams or fibers on which
the active catalytic phase is deposited. In this way it is possible to avoid some disadvantages
of the classic packed-bed catalyst as below outlined. The substrates are usually composed of
ceramic or metallic materials. Factors such as cost, weight, thermal resistance, heat
management, and so on dictate which material is used in a specific application [36]. Through
the application of these new structures, traditional unit operations and reactors can be replaced
by new, highly productive and energy-efficient reactors [37].

In this work only gas-phase processes have been considered, so some advantages of
structured catalysts employment for these systems will be discussed. The geometry and the
physicochemical properties of the supporting material are very important features in the
choice of the support. The most important physical characteristics of material, when used as a
catalyst support, is the size of the channels or pores through which the gaseous reactants and
products traverse. The catalyst coating the structured support is usually composed of a high
surface area inorganic oxide carrier, for example Al,O3, upon which catalytic centers of
metals or metal oxides are dispersed [38].

The structured catalytic system most widely used is the monolithic reactor. Monoliths are
also called honeycombs because the first monoliths had a cross-section like a honeycomb
structure [38, 39]. Monolith structures are essentially a single structure with many thin,
vertical, parallel channels, separated from each other by walls. The channels are usually
rectangular, but triangles, hexagons, or more complex geometries also exist. To increase the
surface area, internal fins can also be provided. To enhance turbulence inside monolith
channels, patented monolith structures have also been developed in which either corrugation
has been provided or channels have been interconnected for radial transport [37]. They offer
great advantages over pellet catalysts but the most important one being the low-pressure drop
associated with the high flow rates [38, 39].



Figure 5: Metallic (a) and ceramic (b) monoliths

Foams are characterized by irregular, open pore structure (~75-85% porosity), which
allows improved radial mixing, attrition/crushing resistance, as well as low pressure drop
[40]. It is thus possible to produce foams with a very low volume density that enables their
material requirements and, consequently, the production costs are greatly reduced [41].

Figure 6: Metallic (a) and ceramic (b) foams

Felts and fibres are not deeply studied yet; the very open nature of these materials result in
low pressure drop, while the fibrous structure offers a high surface area for coating active
catalyst material. Additionally, the malleable nature of the felt offers a benefit in terms of
flexible catalyst design [40].

Extrusion method is actually the main procedure to manufacture ceramic monoliths at an
industrial scale. The progressive perfection of this technique has permitted the preparation of
monoliths with high cell densities, the optimization of the fluid dynamic properties and the



design with different shapes that lead to an improved behavior of the catalysts with respect to
phenomena such as the mass or heat transfer [39]. Amongst the various processing methods
for fabricating ceramics foams, the most common one consists of the incorporation of organic
phases, that are then eliminated during firing, and of the partial sintering of ceramics. Another
approach is the replication of polymer foams by impregnation or CVD coating [42].

Structured ceramic catalysts have been classified as coated and incorporated [39]. “Coated-
type” catalysts are based on an inert ceramic substrate of low-surface area, which is coated
with a thin film of porous material allowing the dispersion of the corresponding active phases.
The “incorporated” catalysts are instead characterized by having their active phases
distributed, not only on the exterior walls of the monolith but also within them [39].

An important difference between ceramic and metallic structures is the thermal
conductance of metallic support which is much larger [43]. Thus is a very important feature as
heat diffusion plays a key role in the development of the process of interests. An additional
advantage of the metal substrates is the easy way to produce different and complicated forms
adapted to a wide variety of problems and uses.

Metallic monoliths are conventionally made from rolled layers of corrugated (usually
sinusoidal or triangular) and flat sheets [44]. The metallic foams have been mainly produced
by the nucleation and subsequent growth of gas bubbles in a liquid or semi-liquid metal,
which leads to a non-uniform pore structure in size and orientation. Moreover, some
imperfections such as corrugated or broken walls may occur during the cooling process.
Another method is based on the employment of templates that could be removed after the
casting or the deposition of the metal. With this method the porous structure could be adjusted
according to the template and no pore obstruction occurs [45].

The metallic foam combines a high heat conductivity, porosity and geometric surface area
that make the overall heat transfer coefficients of foam-based catalysts be up to two orders of
magnitude greater than conventional catalysts. With respect to more-common ceramic
reticulated materials, the use of metal foams is expected to minimize the occurrence of hot
spots in the catalyst when highly exotermic reactions are performed, while avoiding
mechanical strength and thermal shock limitations due to their physicochemical
characteristics [46, 47]. The high thermal conductivity makes them interesting candidates also
for endothermic and exothermic reactions because they allow a better heat diffusion [47].

The choice of a metal alloy to be used as metallic catalytic substrate depends on the
properties related to the use of the catalyst (mechanical, thermal and chemical resistance
under operation conditions) and on the properties related to the catalytic coating adhesion, and
to the fabrication process. High temperature oxidation resistant alloys were developed in the
1960s, based on Fe, Cr, Al and Y. The formation of a self-healing protective “skin” of
alumina allows the ultra-thin steel to withstand the high temperatures and corrosive conditions
in auto exhaust and other environmental uses. These materials have also a particularly high
thermal shock resistance and high melting and softening points respect to others, and facilitate
the development of high cell densities with very low-pressure losses. In addition to the main



components of these ferritic steels, chromium (17-22%) and aluminum (5-8%), other reactive
elements (Y or others) are present in small quantities because they are fundamental to
improve the oxidation resistance of the alloy and to aid oxide adhesion.

3.5 COATING METHODS

Several methods for the coating of the previously described structured supports have been
developed, and some of them are outlined below.

As far as metallic structures are concerned, in some cases a pretreatment of the metallic
surface could allow a better adhesion of the catalytic layer. One of these is the anodic
oxidation method that is generally applied to structures containing aluminum with the aim to
obtain a porous alumina layer on the surface. It consists in the application of a direct current
(or a direct voltage) to an electrolyte in contact with an aluminum surface. There is a
competitive formation of an oxide layer and dissolution of the substrate, generating a porous
layer. The method is either used as a pretreatment before another coating method or as a way
to obtain a thin porous layer than can be directly impregnated with the active phase [48]. Like
anodic oxidation, thermal oxidation is another method for a surface modification. It can be
used either as a pretreatment step to increase the catalyst adhesion or as a catalyst support
preparation. It is often applied to FeCrAl substrates where during segregation at high
temperature, aluminum oxides are preferably formed on the upper part of the substrate in the
range of 1 um thickness. Finally, a chemical oxidation of the substrate is sometimes carried
out. The substrate is immersed in HCI solution to increase the surface roughness and then in
HNOj to favor the formation of an Al O3 layer [48]. However, the exact procedures vary with
the type of structure and the specific application [38, 39].

With respect to the coating techniques, wash-coating is probably the most widely used for
coating catalyst supporting structures. In these procedures, the involved structures are dipped
into suitable slurries, kept in the particle dispersion for a certain period of time and finally
withdrawn. Once the metallic monolith is withdrawn, the excess slurry must be drained. To
form a thin oxide layer on the metal surface the metallic structure has to be dried and calcined
to suitable temperatures [49].

Pulsed laser deposition is another technique employed for the film growth. A short
ultraviolet laser pulse of high light intensity is used to vaporize material from a target and to
deposit thin layers in a vacuum chamber. Depending on the broad spectrum of wavelengths as
well as on the pulse energy, this process can be used to deposit a large variety of different
compounds [48].

In chemical vapor deposition one or more molecular precursors of the desired species are
vaporized by heating the solid and then they react or decompose on the surface of the
substrate to produce the desired film.



High-surface area ceramic coatings can be prepared via sol-gel methods from liquid organic
or inorganic precursor materials. Impregnation of the structure can be done directly with a sol
and upon drying and calcination, a well-adhered coating layer can be formed in situ upon the
support walls [48, 51].

As far as conductive supports such as metallic structures are concerned several
electrochemical methods could be employed to cover the structure surface with metal,
hydroxides or oxides in addition to the previously described methods.

Electrophoretic deposition is a colloidal process wherein a direct current electric field is
applied across a stable suspension of charged particles attracting them to an oppositely
charged electrode. The cathode consists of the substrate to coat. The thickness of the coating
depends on the working conditions [48].

Among these methods, electrochemical syntheses are achieved when a reaction occurs
passing an electric current between two electrodes in an electrolyte solution and the synthesis
reaction takes place at the electrode-electrolyte interface [35].

Electrochemical deposition uses ionic solutions and produces a coating, usually metallic, on
a surface by the action of electric current. The deposition of a metallic coating onto a
conductive support may be\ achieved by the reduction, on the negative charged support, of the
positively charged metallic ions to their metallic form [48].

In anodic oxidation a metal ion, in a lower oxidation state, is oxidized to a higher oxidation
state at the anode while hydrogen is produced at the cathode. The pH of the electrolyte is
chosen in such a way that the lower oxidation state is stable while the higher oxidation state
readily undergoes hydrolysis to yield the metal oxide or hydroxide. The anodic oxidation
technique is especially suited for the synthesis of compounds with metal ions in unusual high
oxidation states. An example is the stabilization of Fe(1V), Co(1V), Ni(IV), or Cu(lll) which
can be achieved only partially in complex ternary oxide systems by conventional ceramic
techniques [35].

On the contrary, electrobase generation method exploits several reduction reactions to
increase the pH next to the working electrode surface, allowing the precipitation of single and
multiple hydroxides. It has been employed in this work for the covering of FeCrAlY foams
with a LDH layer that constitute the catalytic precursor. For this reason, a deeper explanation
of the method and its advantages is given.

3.5.1 ELECTROBASE GENERATION METHOD

There are several techniques for the electrochemical synthesis of hydroxides or LDHs and
some of them have been listed previously. As outlined before, LDHs can be prepared by the
electrobase generation method. In this process when a current or a potential is applied to the
electrochemical cell several reactions, that involve the electrolyte ions and water, occurs and



lead to a raise of pH occurs. They obviously change in respect with the choice of the
electrolyte. In the case of nitrates the main reactions should be:

H* + & — Hags or Haps \ (3.5.1)
2H" + 26" > H, E°=0.000 V (3.5.2)
NOy + 2H* + 2" NO; + H,0 E°=0.934 V (3.5.3)
NOz + 10H" + 8¢ - NH," + 3H,0 E°=0.360 V (3.5.4)
2H,0 + 26" > H, + 20H" E°=-0.828 V/ (3.5.5)
NO;3 + H,0 + 26" > NO, + 20H" E°=0.010 V (3.5.6)
NO3 + 7H,0 + 8¢" — NH," + 100H" E°=-0.120 VV (3.5.7)

These reactions are effectively competitive in respect to the metal ion reduction reaction:
M™ + ne” - M°

From a thermodynamic point of view, the reactions with a more positive E° would be
preferred if a negative current or potential is applied to the electrochemical system. In the case
of nitrates, usually metal deposition does not take place. On the contrary, metal ions
precipitate in the form of hydroxide or LDH if a multi-metal system is involved [35].

The reactions involved in this process could be divided into three classes: reactions that
consume H" (3.5.1, 3.5.2, 3.5.3, 3.5.4), water electrolysis (3.5.5), and anion reduction
reactions (3.5.6, 3.5.7). The relative importance of the three classes in the base
electrogeneration is not known.

Most of the investigations on the mechanism assume the overwhelming role of nitrate [35].
However, a study [52] on the electrosynthesis of Mg(OH), as a model reaction have shown
that the yield of magnesium hydroxide is much higher from a Mg-chloride than from a Mg-
nitrate bath, under all deposition conditions. Since the chloride ion does not participate in any
anion reduction reactions, reactions 3.5.1, 3.5.2 and 3.5.5 are the only ones responsible for
electrogeneration of base in a chloride bath. It appears that these reactions are important as
nitrate reduction in the electrosynthesis of hydroxides. Extending this technique, nickel
hydroxide has been electrosynthesized from chloride and sulfate baths [53] with comparable
yields as from a nitrate bath. Other experiments where Cu®**, TI*, Bi**, and Pb®* hydroxides
where synthesized in a perchlorate bath showed that E° value is not the only crucial parameter



for the success of this class of electrosynthetic reactions, but other unknown kinetic factors
also play a crucial role [54].

For easily reducible metals, such as Rh**, the reduction to metal may become competitive
In acid solution, the formal potential of Rh reduction is 0.76 V, but it decreases when
increasing pH, according to the relative Pourbaix’s diagram. A control and, if necessary, an
adjustment of the initial pH of the solution is therefore needed in order to avoid the metal
precipitation [20].

In an actual synthesis, one or more of these synthetic parameters have to be empirically
selected by performing a large number of trials, keeping in view the product quality [35].
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Figure 7: Pourbaix’s diagram for rhodium

The electrochemical synthesis can be divided in galvanostatic and potentiostatic synthesis.
In a galvanostatic experiment a delicate control can be performed over the rate of the reaction
leading to deposits with good adhesion and a controlled morphology. However, the cell
potential drifts as the reactant activity decreases and this may lead to a multiplicity of
products. On the other hand, a potentiostatic synthesis is carried out with a three-electrode cell
by polarizing the electrode to a desired potential with respect to a reference electrode. In this
case the cell current usually decays rapidly as the reaction proceeds, both due to low rates of
diffusion of the reactant molecules from the bulk to the electrode surface as well as due to



decrease in activity of the reactant. However, the reaction is likely to yield a pure single-phase
product depending on the applied potential [35]. In this work the potentiostatic route has been
applied in order to achieve electrobase generation at the surface of the working electrode.

. There are several features that make this technique interesting in respect to others. It takes
place really close to the electrode and the product deposited is in the form of a thin film or a
coating [35]. The thickness of the film can be modified from about 100 nm to a few microns,
just changing the deposition time [55]. Further, a solid-liquid interface facilitates the growth
of homogeneous coatings on substrates of any shape, especially if a suitably shaped counter
electrode is employed to provide uniform polarization. It is a low-temperature technique, the
kinetic control can be exercised by controlling the current passed through the cell, while
thermodynamic control can be exercised by choosing the applied potential. In an
electrochemical synthesis the main reaction must be an oxidation or a reduction reaction. By
fine-tuning the applied cell potential, the oxidizing or reducing power can be continuously
varied and suitably selected, that is not a so simple feature to obtain in a chemical synthesis.
The film composition can be controlled by varying the bath composition, the experiments are
simple to perform, and the instruments are inexpensive and readily available [35]. Moreover,
it does not need expensive equipment and it is cost-effective.

There are, however, some disadvantages. Being an ambient temperature technique,
electrosynthesis often leads to poorly ordered products, making unequivocal structural
characterization difficult. Often, the product comes with X-ray amorphous impurities. Further
electrodeposition can only be carried out on conducting substrates [35].

Therefore, the success of an electrosynthetic reaction depends on several parameters such
as the choice of electrodes and electrolytes, the type of cell to be employed, the temperature,
the pH, the concentration, and the composition of the working solution and the
electrochemical technique employed [35].

In the last years, this method has been already applied to electrodes modification in order to
increase the electrocatalytic activity for methanol oxidation [56] and to develop amperometric
enzymatic [57, 58] sensors.



4. EXPERIMENTAL

All the solutions have been prepared with distilled water, and the pH adjustment is
achieved (when requested) by adding a few HNO3 1 M drops to the stirred solution. The pH is
monitored with a 338 pH-meter (Amel).

The electrochemical measurements have been performed using an AUTOLAB
PGSTAT128N (Metrohm) and different electrochemical cells as will be outlined later. The
explanation of the set ups is described in chapter 5. A Pt gauze (Sigma Aldrich) and a
saturated calomel electrode (Amel) have been used as counter electrode (CE) reference
electrode (RE), respectively.

All the metallic foams have been cut from sheet (thickness = 1.2 cm) with a brass cylinder
of the desired diameter. The pores per inch (ppi) and the diameter of the foams have been
varied for reasons later discussed in chapter 5. The contact with the potentiostat is always
achieved by sticking a Pt wire (Sigma Aldrich) in the center of the foam cylinder.

41 pHMEASUREMENTS

The measurement of the overpotential in a nitrate solution between the metallic foam
(diameter 0.8 or 1.0 cm, 80 ppi or 60 ppi) and the Pt plate has been carried out in a classical
three electrode electrochemical cell. A 0.3 M KNOj (Sigma Aldrich) solution has been
employed as both supporting electrolyte and nitrates source. The two working electrodes
(WE) have been cleaned before the measurement. The Pt plate (Sigma Aldrich) is sonicated
for 10 min in a HNOj3 (Carlo Erba) 0.1 M solution, while the FeCrAlY foam is immersed for
10 min in acetone (Aldrich). The cyclic voltammetry has been performed from0to -1.3V at a
0.05 V/s scan rate.

A rough estimation of the evolution of the pH near to the electrode surface when a cathodic
potential was applied (from -0.9 V to -1.3 V) in a nitrates solution was obtained by adding a
few drops of acid-base indicators to a KNO3 0.3 M solution. The employed indicators and the
relative toning intervals are shown in Table 2.

Indicator Toning interval
Cresol Red 6.8/7.9
Fenolftalein 8.2
Timolftalein 9.8

Alizarin 11

Table 2: Acid-base indicators and toning pH



A foam with a diameter of 0.8 cm and a 80 ppi has been employed as WE after a 10 min
immersion in acetone. The chronoamperometry is not carried out for 2000 s, but it has been
stopped if the color change of the indicator is detected before.

The measure of the pH with the glass electrode (Metrohm) has been achieved using a
pX1000 module (Metrohm) of the Autolab. In order to register the value nearby the surface of
the WE, a Pt gauze (Sigma Aldrich) has been rolled around the membrane of a glass electrode
connected to the pX1000 module. In this way the pH of the small amount of liquid in close
contact with the electrode is measured. The pX1000 module with the relative glass electrode
has been calibrated before every measurement with a pH 2.00 and a pH 9.21 buffer solutions
(Hamilton). The pH generated in the closeness of the working electrode immersed in pure
water, 0.3 M KNOs3, 0.3 M NH4NO3 and in the solutions containing the nitrates of the metals
(0.03 M) used for the synthesis have been measured. A screening of potentials ranging from -
0.5 V to -1.3 V has been made. For comparison purposes, titrations with NaOH 0.1 M
(Aldrich) have been carried out for each working solution.

The electrosynthesis of single hydroxides and LDH compounds have been carried out on Pt
plates. All the syntheses have been carried out using an aqueous solution containing the salts
of the metals to be deposited (0.03 M) and KNO;3; (0.3 M) as supporting electrolyte. The
electrosynthesis of the Ni**, Mg®* and A" single hydroxides, and NiAl and MgAl LDHs in
2:1 and 3:1 molar ratios have been performed. The initial pH of the plating solution was
adjusted to 3.8, when necessary, to optimize the efficiency of the base generation. The
electrochemical syntheses have been performed by chronoamperometry applying a cathodic
potential in the -0.5 V and -1.3 V range for 1000 s.



4.2 CATALYSTS PREPARATION

The catalysts preparation consists in different phases and could be outlined as indicated in
the following scheme:

LDH ELECTROSYNTHESYS ———>——— CHARACTERIZATION

'

DRYING(LO°C)

l

CALCINATION (900°C) —— = CHARACTERIZATION
REDUCTION (750°C)

|

CATALYTIC TESTS ——————  CHARACTERIZATION

Figure 8: Schematic representation of the synthesis of the catalyst

As said before in this work the main interest is given to the first step, but also some useful
informations from subsequent characterization are discussed.

In the first step the synthesis is conducted by electrogeneration of base method, and the
drying process in a oven at 40°C is needed to eliminate the water and to slightly enhance the
adhesion of the LDH to the support. A first characterization is performed in order to check the
quality of the HT-like phase deposited. Then during the calcination process at high
temperature the mixed hydroxides have been turned into mixed oxide. Another
characterization step is performed to check the transformation process and to study the
differences in the surface coatings caused by the chemical transformation and the thermal
stress. The reduction step is needed in order to reduce the Rh®" present in the mixed oxides
structure into well dispersed metallic Rh that constitutes the real catalytic active phase.
Another characterization session has been performed in order to check the presence of Rh’.
Finally catalytic tests have been performed in order to check the activity of catalysts in CPO
and SR reactions. The last characterization session is performed to control possible



modifications on the catalyst structure due to the operative conditions and the formation of
carbon on the catalyst surface.

Catalysts has been synthesized by cronoamperometry technique at room temperature and
this mean that a constant potential (in the -0.9/-1.3 V range) has been applied to the foam for a
defined time (in the 1000-3000 s range). The electrochemical cell geometry has been varied
during the work, and further informations and explanations are given in chapter 5.

The working solution contains nitrates of the desired metals, with a variable atomic ratio
and a total concentration of 0.03 M. The composition of the different solution ands the
relative molar ratios have been reported in Table 3.

Elements Molar ratio
Mg:Al 31
Rh:Mg:Al 11:70:19
Rh:Mg:Al 5:70:25
Rh:Mg:Al 2:70:28
Rh:Ni:Mg:Al 5:15:55:25

Table 3: Electrolytic solution composition and molar ratios

When the supporting electrolyte was 0.3 M KNOg, only a few measurements have been
carried out without the adjustment of the pH of the initial solution. Normally the pH has been
adjusted to 3.8 with concentrated KOH (Sigma Aldrich). All the potentials have been
measured with respect to a SCE. The working electrode is the FeCrAlY foam (80 or 60 ppi)
with a diameter of 0.8 cm or 1 cm. The contact with the potentiostat has been obtained by
sticking one or three Pt wires, dependly on the experiment, into the foam.

After electrodeposition, the foams have been gently rinsed with distilled water and then
dried at 40°C in oven. The catalysts were obtained by calcination at 900 °C for 12 h of coated
foam pellets in a muffle.

Catalytic partial oxidation of methane tests have been carried out in a quartz reactor (inner
diameter 8mm or 10 mm) operating at atmospheric pressure. Two cylinders of the foams
(8mmx10mm or 10mmx10mm) have been loaded in the isothermal zone of the reactor. The
foams fit well with the diameter of the reactor to minimize any by-pass. Catalysts have been
reduced in situ before the tests in an equimolar H,/N, mixture (7.0 L/h) for 2 h at 750 °C.
Catalytic tests were performed keeping the temperature of the oven constant at 750 'C and
allowing the temperature of the catalyst to vary depending on the
endothermicity/exothermicity of the process. The effect of the concentration of the gas
mixture was studied, CH4/O,/He = 2/1/20 and 2/1/4 (v/v), while keeping constant the gas-
hourly-space-velocity (GHSV) values, 28,000 h™ for the 8mmx10mm foams and 17500 h*
for the 10mmx10mm foams. No large pressure drop was observed during the tests. The gas
phase temperature at the inlet of the catalytic bed was measured by a moveable chromel—



alumel thermocouple sliding in a quartz wire inside the catalytic bed. The reaction products
were analysed online after water condensation by a PerkinElmer Autosystem XL gas
chromatograph, equipped with two thermal conductivity detectors (TCD) and two
Carbosphere columns using He as the carrier gas for the analysis of CH,4, O,, CO and CO, and
N for the H; analysis.

Steam reforming tests were performed in an Incolloy 800 HT reactor (inner diameter 10
mm), placed inside an electric oven. 6 foam cylinders (10mmx10mm) were loaded in the
isothermal zone of the reactor whilst the bottom and top section of the tube were filled with
beads of corundum. A thermocouple wire was inserted along the axial direction of the reactor,
into which a chromel-aluminum thermocouple could be slid to measure the temperature at the
inlet of the reactor. Catalytic tests were performed at Toven = 920 °C, P = 10 bar, steam-to-
carbon ratio S/C = 2.5 and T = 3 s The feed was provided by a cylinder for the gas and a
HPLC pump for water. Water was vaporized using a heater at 280°C and then mixed with the
gas before entering the reactor. Catalysts were activated by in situ reduction at 750°C for 2 h
with a Ha/N, equimolar flow. Wet syngas passed through a water condenser to separate the
major amount of non-reacted water. Dry syngas was then analyzed on line by using two gas-
chromatographs equipped with TCD: a Thermo Focus GC and a Perkin ElImer CLARUS 500,
equipped with Carbosieve S-11 100-120 mesh-packed columns. The Focus GC analyzed the
H, and used N, as carrier gas. The CLARUS was used to measure the other products (CO,
CO2, and CH4) and the carrier gas was He.

4.3 SAMPLES CHARACTERIZATION

Most of the samples synthesized on Pt plates and on FeCrAlY foams have been
morphologically analyzed by scanning electron microscope (SEM) and an indication of
composition has been obtained by EDS analysis. This technique can give in fact just an
indication and not a precise quantification of the elements present in the sample, particularly
as far as foams are concerned mainly because of their complex and not planar structure. SEM
and EDS characterization has been performed by using an EVO 50 Series Instrument (LEO
ZEISS) equipped with both an INCAEnergy 350 EDS micro-analysis system and an
INCASmartMap for imaging the spatial variation of elements (Oxford Instruments
Analytical). The accelerating voltage was 25 kV, the beam current 1.5 nA, and the spectra
collection time 100 s.

X-ray diffraction patterns have been collected mainly for the sample synthesized on Pt
plates in order to check the real presence of a hydrotalcite phase. Not always was possible to
collect a good XRD pattern because of the small amount of sample deposited on the plate. As
far as metallic foam samples are concerned the diffraction patterns were not collected because
this kind of measurement requires a planar surface to be analyzed. X-ray diffraction (XRD)
patterns were collected with Cu K_radiation (. = 1.5418 A) by means of a X’PertPro



PANalytical diffractometer diffractometer equipped with a fast X’Celerator detector. The 3—
80° 20 range was measured performing steps of 0.07° (20) and counting 120 s/step. The
analyses were performed on a powder that was gently removed from a FeCrAlloy plate. A
“zero background” sample holder (The Gem Dugout, State College, PA, USA) was used.

To understand the best reducing conditions Temperature Programmed Reduction (TPR)
measurements have been carried out on calcind foams. TPR analyses were carried out with a
Ha/Ar (5/95 v/v) gas mixture (total flow rate 1.2 L/h) in the 100950 °C temperature range by
using ThermoQuest CE Instruments TPDRO 1100.

For a few sample also p-XRF/XRD tomographic measurements have been performed with
synchrotron radiation thanks to the collaboration with dr. Wout de Nolf and dr. Gert Nuyts of
the University of Antwerp at ANKA (Karlsruhe, Germany), SLS (Villigen, Switzerland) and
ESRF (Grenoble, France) synchrotrons.

The experiments at ANKA synchrotron were conducted using a p-XRF/p-XRPD
tomography setup at the FLUO beamline. A W/B4C double multilayer monochromator
produces at "pink™ beam of 25keV. A polymer CRL focuses the beam down to a 8x5um? spot
size. Diffraction patterns are collected with a 2kx2k CCD camera (Quad-RO 4320, Princeton
Instruments). Fluorescence spectra were recorded with a Si(Li) detector.

The experiments at SLS synchrotron were performed at the micro-XAS beamline. A 18
KeV beam was foused on the sample by means of a Kirkpatrick—Baez mirror system,
achieving a spot size of 1.5 x 3 u m (h x v). A Pilatus 100K camera was used to record the
diffraction pattern. Two KETEK SDD's (Silicon Drift Detectors) with Helium flux collected
the fluorescence data.

In both beamtimes a strut from the foam was translated (Y) and rotated (o) in the
microfocussed X-ray beam. The energy dispersive detector collects fluorescence spectra for
each translation and rotation step, while the area detector registers diffraction patterns.
Diffraction data were processed using XRDUA software [59]. Fluorescence spectra were
processed by means of PyMCA software. From the XRF spectra it is possible to extract a
signal proportional to the amount of each chemical element present in the material, as a
function of Y and . The result is called a sinogram and can be transformed into an element
distribution map (XY). This map visualizes the elements in a virtual cross-section of the foam
strut. From the diffraction patterns, an analog result can be obtained for crystalline phases.



5. RESULTS AND DISCUSSION

5.1 MEASUREMENT COMPARISON AND OVERPOTENTIALS

Different working electrodes (Pt plates and gauzes, FeCrAlY foams) have been used in the
measurements later discussed. Therefore, a direct comparison among these measurements is
not possible because of the different reactivity and conductivity of the two electrode
materials. In particular, both the different nature and shape of the working electrode modifies
the synthesis conditions required to precipitate the LDH phase.

At first the right overpotential for the two supports has been evaluated by cyclic
voltammetry in a KNO3 0.3 M solution. The current vs potential recorded on both supports is
shown in Figure 9. The main increase of the cathodic current is related to the nitrates
reduction discharge. A small peak is also observed in the curve referred to the foam and it is
ascribable to the reduction of Cr®* (-0.74 V) contained in the alloy. If feet of the cathodic
waves are considered, the difference between the two values (about -0.9 V for the metallic
foam and -0.7 V for the Pt plate) is about 0.2 V. Therefore the foam should have behavior a
quite similar to that obtained with Pt by applying a more cathodic potential. This was
confirmed by comparing the pH measured near the foam surface with that at Pt electrode,
after applying a negative potential in a KNO3 solution and adjusting the initial pH to 3.8.
However those results will be discussed in the following.
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Figure 9: Nitrates reduction potential on a Pt plate (solid line) or on a FeCrAlY foam (dotted line)



5.2 CELL DESIGN, PREFERENTIAL DEPOSITION AND DIFFUSION

As previously said different electrochemical cells have been used in this work.

At first a classical electrochemical cell was used. It consists of a Pt plate or a FeCrAlY
foam as working electrode, a Pt gauze as counter and a SCE as reference electrodes
geometrically disposed as outlined in Figure 10.

Pt wire

Pt GAUZE (contact CE-AUTOLAB)

(CE)
AN

/

Pt wire
(contact WE-AUTOLAB)

Figure 10: Schematic representation of a classical three-electrode cell

As far as the CE is in front of a side of the metallic foam a preferential deposition occurs:
an important difference in the amount of the material between the ‘front’ side and the ‘back’
side of the foam has been noticed. In particular the covering on the ‘back’ part is very poor
with a difference that could be noticed without a microanalysis system. This is obviously a
really undesired side-problem since the uniformity of the covering is one of the aims that has
to be achieved. This problem is linked to the different distance of the two sides of the WE
from the RE and the CE which causes a different ohmic drop. In particular, the back side of
the WE suffers from and enhanced ohmic drop and, therefore, the charge exchange is more
hindered than at the ‘front’ side.

In order to obtain a better performance with the whole foam surface, allowing a more
uniform deposition, a modification on the CE was done. A larger Pt gauze was fixed to the
whole internal wall of the cell, creating a sort of cylindrical counter electrode with the
reference and the working electrodes more or less at the centre of the Pt gauze, as shown in
Figure 11.
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Figure 11: Round-CE electrochemical cell

With this modified three electrode electrochemical cell the preferential deposition of the
solid on one side of the foam was avoided and a more uniform covering of the outer surface
was obtained. Almost all the tests discussed below have been performed with this kind of
electrochemical cell.

5.3 THE pH MEASUREMENTS

5.3.1 EVALUATION OF pH BY ACID-BASE INDICATORS

At first, a rough estimation of the evolution of the pH near to the electrode surface when a
cathodic potential was applied in a nitrates solution was obtained by adding a few drops of
acid-base indicators to the (acidified) KNO3 0.3 M solution. The characteristic of indicators to
change color in a defined pH interval was exploited to detect OH" production.

As an example, figure 12 shows the measurement carried out using fenolftalein and
timolftalein.



Figure 12: Monitoring of the evolution pH at the foam surface with fenolftalein (right) and timolftalein (left)

However, this estimation is not really accurate and it allows to determine a quite large pH
interval. Moreover, the change of color was detected visually; therefore OH" diffusion layer
had to become enough large to be observed. For these reasons a strong influence of the acidic
bulk solution was expected with the consequent underestimation of the pH generated at the
electrode surface. The used indicators and they toning interval have been reported in Table 2
in the ‘Experimental’ section. In Table 4 the pH interval observed during the application of
different potentials have been reported.

E (V) Pt WIRE FOAM
-09 | 82<pH<98 |65<pH<75
-10 | 82<pH<98 | 75<pH<8.2
-1.2 | 98<pH<11 | 82<pH<938
-1.3 | 98<pH<11 | 98<pH<11

Table 4: Difference of pH reached at Pt and foam surface after the application of different potentials

As already said this kind of measurement is not really accurate; anyway it confirms some
previously described results. In fact, it is possible to notice that to reach the same interval of
pH a -0.2 V overpotential has to be applied to the foam with respect to the Pt wire, as
expected from the discussion in Paragraph 5.1. An interval 8.2 < pH < 9.8 is in fact obtained
with an applied potential of -1.0 V if a Pt wire is employed as WE, while it is necessary an
applied potential of -1.2 V if the WE is a FeCrAlY foam.



5.3.2 MONITORING OF pH EVOLUTION WITH A GLASS ELECTRODE
5.3.2.1 CHOICE OF THE SUPPORTING ELECTROLITE

The electrochemical route for the synthesis of hydroxides by base electrogeneration mainly
proceeds by the nitrate reduction; KNOgs is usually used both as supporting electrolyte and
nitrate source; however, the deposition of K* cations together with the expected hydroxides
may take place simultaneously [55]. Other species may be used as supporting electrolyte, such
as NH;NOs3; however some modifications may occur in the electrochemical reactions, so
altering the pH values and, consequently, the precipitation process. Therefore, the effect of the
replacement of KNO3; by NH4NO3 on the pH generation in the electrode-electrolyte interface
was firstly studied. To this aim different cathodic potentials were applied (from -0.7 V to -1.1
V) to a Pt wire immersed in a KNO3z or NH4sNO3 0.3 M solution. The evolution of the pH and
the current during the application of constant potential values is reported in Figure 13.
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Figure 13: Evolution of pH vs time for KNO; (a) and NH;NO; (b) at different applied potentials

The curves are characterized by a fast increase of the pH at the beginning of the
measurements (ca. 30-60 s) after which a plateau is reached. Regardless of the supporting
electrolyte, the more cathodic is the applied potential the steeper is the pH increase and the
higher the pH plateau reached. This is due to the highest speed the nitrate reduction as
confirmed by the current increase with the applied potential. However, it is worth noting that
at a selected potential value some differences are observed depending on the electrolyte both
in the time required to reach the plateau and in the pH value. For instance, at low potentials (E
< -1.0 V) about 60 s are required to reach the steady-state for KNO3 while about 90 s for
NH4NO3. Moreover, at the same applied potential, higher pHs are obtained if KNOj is the
supporting electrolyte. Finally, it should be remarked that the use of NH4NO; leads to a
destabilization of the signal, which increases as the applied potential becomes more cathodic.
This behavior is due to a massive H, bubble evolution at the WE surface caused by the
reduction of hydrogen and water. Both reactions lead to an increase of the pH in the closeness
of the WE [60, 61].

The lower pH increase obtained with NH4;NO3 is likely caused by to the neutralization of
part of the OH™ generated at the WE surface, because of the weak acidity of NH,*. Moreover,
NH," is also a product of the nitrate reduction and thus its presence may shift the equilibrium
of the reaction. For all these reasons KNO3 was chosen as the supporting electrolyte for the
subsequent electrodeposition tests.

The measurements above described were carried out at the pH of the bulk solution (5.5-6)
containing KNOj3. Since the addition of metals leads to an increase of the acidity, to better
simulate the actual synthesis conditions, the initial pH of the bulk solution was corrected to
3.8 in the following measurements. This value have been previously chosen to perform the
electrosynthesis of Rh/Mg/Al compounds [20]; it was considered as the highest value suitable



for the electrosynthesis that did not allow the precipitation of any considered element and
avoided the rhodium reduction. The adjustment of the initial pH with HNO;3; (Figure 14)
results in a lower slope in the first part of the curves pH vs time, especially at less cathodic
potential values, whereas in only slight differences of the steady state pH reached after the
application of every potential are observed.

—+— .06V
0.10 ] T " T T T ) T T T ' T 14_.__0‘7\’,
0.08 - —+—.0,8V

] —+—.0,0V
0.06 F12_._ qov

1 —e— 11V
0.04 ,

] —e— 12V
0.02 10— 1 3v
0.00 4

Q ] B he]

= 0.02- 8 T
-0.04 -

-0.06 | B
-0.08 |
] : L4
-0.10 ‘
T v T T T T T T T T
0 200 400 600 800 1000
t(s)

Figure 14: Evolution of pH vs time for KNO; after pH adjustment at different applied potentials

The currents measured become a little more cathodic than the ones in the previous tests
carried out at higher initial pH; however it is worth noting that the trend followed by the
current is exactly the same. More accurate comparisons among recorded current values are
not possible in this work because some differences could be due to a not costant surface area
of the Pt gauze employed as WE. This fact is acribable to the mounting procedure repeated for
every measurement the loss of some wires from the gauze sometimes occurred. However a
strict correlation between the evolution of current and pH is always observed.

In this case the oscillations ascribed to the hydrogen bubble can be also observed in the
current signal. These results may be related to the more acidic starting conditions that slow
down the increase of pH. Moreover, the higher H* concentration in the bulk solution may also
explain the large bubbles production and signal oscillations at the most cathodic potentials
suchas-1.2Vand -1.3V.

The monitoring of pH evolution in a solution of KNO3 0.3 M, after the adjustment of pH to
3.8 at the surface of a metallic foam, was also carried out. This measurement has been
achieved by digging a hole in the center of the foam itself in order to insert the sensible bulb
of the glass electrode inside the foam. The connection between the potentiostat and the foam
was obtained in the same way as in the experiments carried out with the Pt wire. Also in this
case the pH increases when a higher potential is applied to the working electrode. From the



comparison with the data obtained in the same conditions when a Pt gauze is employed as
WE, it was possible to observe that similar pH values was reached when a 0.2 V overpotential
is applied to the metallic foam (Figure 15), in agreement with results previously discussed. In
fact, when a potential of -1.3 V or -1.0 V was applied to the foam the pH values were very
similar to those obtained with a Pt gauze at -1,1 V and -0,8 V, respectively. The small
deviation of this trend obtained when a potential of -1.2 VV was applied to the metallic foam,
could be explained by the slightly different closeness of the glass electrode to the foam during
the measurement.
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Figure 15: Comparison between pH plateau value for Pt and foam at different applied potentials

5.3.2.2 HYDROXIDES

It should be remembered that one of the main goals of the present research work is to define
the optimal working potential for the electrosynthesis of a selected compound and to verify
how the pH established at the electrode surface affects the properties of the deposited solids.
However, in the measurements first described the pH increases due to the nitrate, H* or H,0
reduction and the pH value in the vicinity of the electrode depends only on the potential
applied since no OH" consumption occurs. On the contrary, during the electrosynthesis the
precipitation of the cations as hydroxides makes the OH™ concentration decrease. The ratio
between the rates OH™ formation and consumption determines the pH within the
electrode/electrolyte interface; the former is related to the accessibility of the electrode to the
nitrates as the electrosynthesis proceeds, whereas the latter depends on the cation
concentration in the vicinity of the electrode, which is due to the bulk concentration and
diffusion of cations towards the electrode. Therefore, to optimize the applied potential,



measurements of the interfacial pH in the presence of the precipitating cations were carried
out. To this aim the electrosynthesis of three single hydroxides (AI(OH)s;, Ni(OH),, and
Mg(OH),) were studied, first of all.

For every test a 0.03 M solution of the metal has been prepared in 0.3 M KNO3 and its pH
has been adjusted to 3.8. To determine the pH interval where the considered compounds
precipitate, a titration with 0.1 M NaOH has been carried out for each nitrate solution.

53.22.1 AI(OH)3

From the titration curve it is possible to notice a single plateau as expected during the
deposition of a single hydroxide. In agreement with the data reported in the literature [62] it
takes place at a pH about 4 (Figure 16a).

In Figure 16a the symbols added to the titration curve correspond to the pH values near to
the precipitation interval reached at the surface of the WE after the application of the
corresponding potential to give an immediate correlation between the two experiments. The
global evolution of pH vs time during the electrosynthesis of Al(OH); at different cathodic
potentials is displayed in Figure 16b.
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Figure 16: Titration (a) and pH evolution vs time at different applied potentials (b) for Al(OH);

As shown in Figure 16, by applying a potential in the range between -0.6 and -0.8 V the
shape of the curves is similar to those previously reported during the monitoring of the pH
when only the supporting electrolyte is present in solution. They present an increase of pH at
the beginning of the measurement due to the OH" production at the electrode surface until the
plateau is reached. Comparing between the data obtained by titration (Figure 16a) and those
related to the screening of applied potentials it is possible to observe that if a -0.5 V potential
is applied to the WE almost no variation of the pH occurs. Therefore, pH (about 3.9) does not
reach the value necessary for the precipitation of aluminum as hydroxide. The interval
between -0.6 and -0.8 V instead corresponds to pH values in the proper range for the
precipitation of Al(OH)s; it would appear that the rate of OH™ production equals the rate of
OH" consumption. At a potential value of -0.9 V instead a remarkable increase of pH is
observed during the first 100-200 s of the synthesis and a subsequent decrease is noticed
during the remaining time of the measurement. This trend is amplified with the increase of the
applied potential and it could be explainable as follows. The nitrate reductions takes place in a
larger extent as the applied overpotential is higher that leads to the alkalinization of the
solution near the electrode. In the meantime AI(OH); start precipitating and, therefore, ions
are promptly consumed. At higher cathodic potentials a slight decrease is observed. The
plateau is not really reached probably because the OH™ production becomes less efficient. This
is due to the poor conductivity of the Al(OH)3 layer deposited on the electrode surface which
also hinders the accessibility of NO3™ ions. Moreover the recorded signal is more disturbed,
probably due to the larger H, production at the WE, influencing the performance of the glass
electrode. The current observed in every measurement has the typical evolution expected in



cronoaperometry with plateau values becoming more negative when the applied potential is
more cathodic (Figure 17). The current signal is a bit disturbed for a potential of -1.3 V
analogously to what observed during pH monitoring.
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Figure 17: Current observed at different applied potentials during the synthesis of Al(OH);

53.2.22 Ni(OH),

From the titration with NaOH the precipitation interval for nickel hydroxide was observed
to be comprised in the interval 7.5-8.5, as shown in Figure 18.
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Figure 18: Titration of Ni(OH), and pH plateau values obtained at different applied potentials

A different trend is observed in the screening of the applied potentials during the
precipitation of Ni(OH), in respect to that observed for Al(OH)s, and the curves relative to
evolution of pH vs time are reported in Figure 18. It could be noticed that the shape of all the

curves is the same for every applied potential: an increase in the pH takes place at the

beginning of the measurement and then the plateau is reached. The pH in the

electrode/electrolyte layer steadily increases with the application of a more cathodic potential
range (-0.5/-0.8 V). For example a -0.7 V cathodic pulse is required to reach a pH value of 8,
which is included in the precipitation interval indentified by the titration, and at -0.8 V a
slightly larger value (8.7) is achieved. However, the best working potentials seem to be -0.6 V
and -0.7 V because they lead to a pH value that fits perfectly the interval determined by

titration (Figure 18).



13 — 1.4V
: — 10V
129 0.9V
11 —— 08V
: 0.7V
101 -0.6V
- -0.5V
5T 8
7
6 <
54
o
3 4

T T T T T T T T T T T
0 200 400 600 800 1000
t(s)

Figure 19: pH evolution vs time at different applied potentials during the synthesis of Ni(OH),

For E >-0.9 V there is a very strong increase of the pH, after stabilization. Probably in this
case the rate of OH™ formation exceeds its consumption and a strong increase in the interfacial
pH occurs. pH stabilizes at around 12 with a slight increment during the increasing of E
applied. The difference between the two kinetics of OH™ formation could be observed also
comparing the time employed to reach the pH plateau. It is about 400 s at -0.9 V, 350 s at -1.0
V and 320 s at -1.1 V; that indicates that the ‘steady state’ could be reached more easily and
the precipitation of the hydroxide has a lower influence.

Registered currents become more cathodic when the applied potential is increased, as
expected, but there is not a significant difference between those recoded for E >-0.9 V and
those observed when -0.5 < E < -0.8 V as noticed instead for the evolution curves of the pH.
However a lower decrease is observed when the applied potential lies in the interval -0.9 <V
<-1.1V.
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Figure 20: Current observed at different applied potentials during the synthesis of Ni(OH),

53.2.23 Mg(OH),

Also in the case Mg(OH), the interval of precipitation was determined by titration, and it
resulted to be comprised in the range 10.3-11 (Figure 21).
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Figure 21: Titration of Mg(OH), and pH plateau values obtained at different applied potentials

It can be noticed from the pH evolution curves reported in Figure 22, Mg(OH), shows a
trend similar to the one outlined for Ni(OH),. When a potential lower than -0.7 V is applied to
the working electrode, the pH increases with the potential but it does not reach a value high
enough to allow the precipitation of Mg(OH),. If the cathodic potential is higher and inside
the range -0.8/-1.1 V, the pH values in the plateau lie in the interval of magnesium hydroxide
precipitation as determined by titration. Moreover, a perfect overlapping with the titration
curve is obtained with an applied potential of -1.0 V for which a pH=10.6is reached.
Therefore, the potential can be considered the best for magnesium hydroxide synthesis
reaching a pH of 10.6 (Figure 21). For potentials of -1.2 V and -1.3 V the pH stabilizes
around 12.5, i.e. out of the precipitation range of the hydroxide. The H, evolution is observed
mainly at potentials above -1.1 V and the curves become more dirty as in the previous
described experiments.
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Figure 22: pH evolution vs time at different applied potentials during the synthesis of Mg(OH),

As far as the recorded currents (Figure 23) are concerned, a good correlation between the
increase of potential and then increasing intensity was observed, confirming high OH"
production or H* consumption from the reduction reactions listed in chapter 3.5.1.. Also in
this case the signal starts to oscillate at high applied pontentials due to bubbles evolution in a
way similar to the pH evolution curves.
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Figure 23: Current observed at different applied potentials during the synthesis of Mg(OH),

5.3.2.3 LAYERED DOUBLE HYDROXIDES

The same procedure was applied for the study of LDH compounds. NiAl-LDH and MgAl-
LDH were studied with M?*:M>* in the molar ratios 2:1 and 3:1. As far as hydrotalcite-like
compounds are concerned, the titrations with NaOH showed the presence of two plateaus
indicating a sequential precipitation as already reported in literature [62]; the first plateau, at
about pH 4, corresponds to the precipitation of AI(OH)s;, according to the experiments
previously conducted (5.3.1), whereas the one at higher pH is due to the precipitation of the
LDH (5.3.2).

M* +30H s M(OH);  [62] (5.3.1)
M(OH); + XM** + (x+1)OH™ + NO3 > M(IIN[M(I]«(OH)(+9NO3  [62] (5.3.2)

The data about the registered currents have not been reported because they do not provide
more information than the one obtainable from the comparison between the pH evolution and
the titration curves. However in every experiment the trend of the recorded currents was the
same showed by pH evolution curves, i.e. more intense currents were obtained when a higher
pH was reached as expected.

The study of pH evolution during single hydroxides synthesis shows that the applied
potential affects significantly the pH reached at the electrode surface. Therefore, great



differences in the nature and morphology of the deposited LDH compounds should be
expected in respect to the synthesis conditions. A complete characterization of the materials
was carried out in order to highlight the differences. The morphology and chemical
composition of the films were characterized by SEM/EDS, whereas by XRD the presence of
crystalline phases was demonstrated after their synthesis on Pt plates.

5.3.2.3.1 NiAI-LDHs

From the titration the interval of precipitation of the HT-like compounds was defined and it
resulted within 6.7 < pH < 7.5 and 6.4 < pH < 7.2 ranges for 2:1 and 3:1 molar ratios,
respectively (Figure 24). So we can state that a not remarkable difference in precipitation
conditions is associated with the stoichiometry of this compound.
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Figura 24: Titration and pH plateau values obtained at different applied potentials

of NiAl-LDH with 2:1 (a) and 3:1 (b) molar ratio

On the whole, the pH profiles during electrosynthesis were nearly identical (Figure 25).
The time required to reach the stabilization plateau was about 100 s at -0.9 V while it was
longer for both higher and lower (> 150 s) potentials. The best working potential resulted -0.9
V, regardless of the Ni/Al ratio, and it allowed to attain a pH value of about 7.

For lower potentials it should be remarked that the obtained pH (< 6) is too low in respect
to the value pointed out by titration (about 6.5-7.5), so they should not be suitable for the
synthesis of a pure LDH. For higher potentials (above -1.1 V) the basicity in the electrode-
electrolyte interface is strongly increased in every situation similarly to what has been
observed during the precipitiation of Ni(OH),, and pH values are above 12. This probably
means the applied potential allows the production of an amount of OH™ higher than the one
consumed during the LDH precipitation.
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Figura 25: Evolution of pH vs time at different applied potentials of NiAl-LDH with 2:1 (a) and 3:1 (b) molar ratio

As far as the characterization of the compounds deposited at different potentials,
morphology and chemical composition are discussed for Ni,Al;-LDH considering applied
potentials in the interval -0.8 V<E <-1.1V.



If a potential of -0.8 V is applied to the Pt plate, mainly aluminum precipitates, as
expected, since the value of pH is lower than the precipitation plateau of the LDH. A thin film
is deposited but some differences in the morphology and composition of the film have been
pointed out in some parts of the plate. On less covered areas rounded particles arrays have
been noticed and the EDS analysis indicate a Ni:Al molar ratio varying from 1.46 to 2.61
(Figure 26 a and b), although from the pH study discussed before the value reached in this
condition (about 5) should not allow the Ni(OH), precipitation. In other zones larger
agglomerates have been detected, and from the SEM images they seem to have grown on the
surface of another layer, that could be the one observed in the less covered areas (Figure 26 ¢
and d). In this case, a Ni:Al molar ratio between 0.15 and 0.26 has been measured by EDS,
suggesting that the agglomerates in the top layer are enriched in Al. Moreover, compact zones
with cracks development have been also noticed on the Pt plate surface (Figure 26 €), and an
underneath layer has been detected inside the cracks (Figure 26 f). In this more compact parts
the molar ratio is furthermore decreased, ranging between 0.02 and 0.1.
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Figure 26: SEM images of the film obtained at -0.8 V for 1000 s from a electrolytic solution containing Ni and Al in 2:1 molar ratio

These observations suggest that a sequential precipitation occurs. Before a mized layer is
deposited and then AlI(OH)3 precipitates.
The best coverage degree is, however, obtained at -0.9 V, as expected from the pH study

results; however, several morphologies have been observed in different points of the plates
(Figures 27 a, b and c).
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Figure 27: SEM images of the film obtained at -0.9 V for 1000 s from a electrolytic solution containing Ni and Al in 2:1 molar ratio

An aluminum hydroxide layer on the top of a nickel-rich layer is electrosynthesized also in
this case. This is confirmed from Figure 27d, for which also EDS measurements suggest the
evolution of sequential deposition. The particular structure observed in Figure 27d is probably
due to the formation of an hydrogen bubble which is normally undesired, but in this case it
allows to evaluate the differences among the observed layers. However when morphologies
shown in Figures 27a and 27b are analyzed by EDS the measured molar ratio is just a little
below the ideal value of 2, in particular it ranges from 1.52 to 2.17.

After the synthesis at -1.1 V the cracking (Figure 28a) and detaching (Figure 28b) of the
film take place together with the deposition of large quantities of potassium. However when a
very thin layer is observed (Figure 28c), the EDS analysis gives a Ni: Al molar ratio very next
to 2 (1.93-2.05). Probably, it was possible to see the layer due to the detaching of a thicker
crust. If no removal of the upper layer occurs the morphology and chemical composition is in
according to that observed for other potentials in the outer layer (Figures 28 a and d).



Date 15 Oct 2011 - . Date 11 Oct 2011
Time 134020 . = Tewe 124801

v | A
"k £ W

Date 15 Oet 2011

Figure 28: SEM images of the film obtained at -1.1 V for 1000 s from a electrolytic solution containing Ni and Al in 2:1
molar ratio

The modification of the Ni:Al ratio in the plating solution does not largely affect the
precipitation sequence. SEM images of the 3:1 NiAl samples electrosynthesised for 1000 s in
the cathodic potential range -0.7 V < E < -1.1 V are displayed in following figures (Figure
29).

After the application of the cathodic pulse at -0.7 V, the plate is covered by a thin layer
with round particles laying on its surface even if some thicker cracked crusts can be observed
too. EDS analyses reveal that the solid is enriched in Al, Ni:Al ratio values ranging from 0.7
to 0.4, according to what observed during the synthesis at a lower Ni:Al molar ratio. Also in
this case the study of pH evolution suggests that at this potential Ni deposition should not take
place, but only in some zones no nickel has been measured.
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Figure 29: SEM images of the film obtained at -0.7 V for 1000 s from a electrolytic solution containing Ni and Al in 3:1
molar ratio

By increasing the applied potential to -0.9 V, the value selected as the most suitable for
performing the Ni/Al LDH electrosynthesis, a thicker film is obtained as for the previous
sample. A careful inspection of the surface at high magnification reveals the presence of two
layers: that close to the electrode surface is composed by arrays of small particles and
contains a larger amount of Ni than Al (Figure 30a); whereas the layer on the top is formed by
aggregates of rounded particles, enriched in Al (Figure 30Db).
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Figure 30: SEM images of the film obtained at -0.9 V for 1000 s from a electrolytic solution containing Ni and Al in 3:1
molar ratio

Also at higher Ni:Al molar ratio, the results confirm a sequential precipitation that can be
clearly observed in Figure 30c, where two different layers are effectively distinguished. The
particular conformation shown in Figure 30d is again the result of the evolution of a hydrogen
bubble. The EDS analyses of several points from the central point of the crater, where a very
small amount of material has been found, to the external part show the change of the
composition that confirms the hypothesis of the sequential precipitation.

No damage of the layer was observed indicating that no H, formation occurs. Although the
same deposition sequence is observed for a more cathodic potential as -1.1 V, the increase of
the potential applied has a negative effect on the coverage degree: the film thickness
decreases, the solid detaches and a large number of cracks are observed. This behavior may be
related to the massive hydrogen evolution at the cathode surface. Moreover, it would appear
that at more negative potentials the K deposition is favored.
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Figure 31: SEM images of the film obtained at -1.1 V for 1000 s from a electrolytic solution containing Ni and Al in 3:1
molar ratio

We can conclude that there is no direct correlation between the composition of electrolytic
solution and the composition of the electrosynthesized film. It means that the increase of the
Ni?* concentration in the solution does not lead to significant differences in the film
composition, for long synthesis times, such as 1000 s.

Diffraction patterns of 2:1 and 3:1 NiAl samples are displayed in Figure 32. Regardless of
the divalent to trivalent ratio in the samples prepared at -0.9 and -1.1 V it is possible to
observe broad diffraction lines of a poorly crystallized hydrotalcite phase. Some not identified
peaks can be also observed in the diffraction patterns. The basal spacing depends on the
synthesis conditions: it is ca. 8.0 A for the 2:1 NiAl sample prepared at -0.9 V for 1000 s,
suggesting the presence of anions adopting a “flat lying” configuration with the nitrate plane
lying parallel to the brucite-type layers [63]; whereas by increasing the potential applied (-1.1
V) the value is close to 7.8 A, characteristic of carbonate intercalated samples. The higher pH
reached during the syntheses at -1.1 V may favor the nitrate exchange by carbonate anions
[64].
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Figure 32: XRD patterns of Ni;Al, synthesized at -0.9V (a), and of Ni,Al, synthesized at-0.9V (b) and
1.1V (c)

5.3.23.2 MgAI-LDHs

Also in the case of MgAI-LDHSs the molar ratio does not affect the pH of precipitation
obtained by titration that was found to be in the 8.5-9.5 range (Figure 33).
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Figure 33: Titration and pH plateau values obtained at different applied potentials of MgAI-LDH with 2:1 (a) and 3:1
(b) molar ratio

However, when Ni is substituted by Mg some differences could be noticed in the pH
evolution curves during the electrosynthesis (Figure 34): the time required to reach the steady
state is about 100 s for every potential in the case of 2:1 MgAl sample. For 3:1 MgAl sample
the time is about 300 s or longer for potential lower than -0.9 V and about 150-200 s for
higher potential. Mg®* is the most difficult cation to be precipitated because of its high pH of
precipitation, and so the increase in the time required to reach the steady state is probably due
to the increase of its concentration that subtracts more OH™ per time unit. The best working
conditions are -1.1 V for 2:1 MgAI compounds and in the -0.9 < E < -1.0 V range for those
for which the molar ration is 3:1. It could be observed that similar pH values are always
obtained for 3:1 molar ratio when a potential lower than 0.1 V was applied in respect to the
solution where the molar ratio was 2:1. That indicates that the precipitation of the MgsAl;-
LDH is favoured, but it has not been possible to give a bright explanation of this behavior.
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Figura 34: Evolution of pH vs time at different applied potentials of MgAI-LDH with 2:1 (a) and 3:1 (b) molar ratio

The trends observed from SEM and EDS characterization of MgAI-LDHs are similar to
those described in the case of NiAl-LDHs.

The analysis of the sample deposited at -0.8 V pointed out the presence of various layers of
different morphology and composition: a high amount of Mg is observed for a very thin
coating (Figure 35a). The molar ratio MgAl results higher than 3 for both the upper large



aggregates and the smaller round particles. A massive presence of Al when the film is thicker
and a noticeable cracks development could be noticed (Figure 35b).
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Figure 35: SEM images of the film obtained at -0.8 V for 1000 s from a electrolytic solution containing Mg and Al in 2:1
molar ratio

At a more cathodic potential, such as -0.9 V, a thin layer formed by aggregates of small
particles was observed (Figures 36 a and b) with a MgAIl molar ratio close to 2. However the
coating is not homogeneous and in some zones of the plate very important crack development
and crusts detaching were noticed (Figure 36 ¢ and d). In this case also, the phenomena just
described make more visible the underlying thin film, which results enriched in Mg?* in
respect to the outer layers that display a strong presence of AI**. The molar ratio is in fact
close to 2 also in the adherent layer, while a strong presence of Al has been found in the
crusts.
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Figura 36: SEM images of the film obtained at -0.9 V for 1000 s from a electrolytic solution containing Mg and Al in 2:1
molar ratio

The film thickness increases and the morphology of the surface changes with the
application of a more negative potential, -1.0 V. Several particle morphologies may be
observed and as occurring for NiAl electrosynthesized samples the morphology of the coating
undergoes a gradual change depending on the region of interest. The morphology shown in
Figures 37a and 37b has been found to grow directly on the bare Pt and the EDS analysis
indicates a Mg-rich layer (Mg:Al > 3). As far as the film becomes thicker the presence of Al
increase (molar ratio < 1) and a compact layer, constituted by round particles aggregates, is
observed. Also these observations seem to confirm the hypothesis of a sequential
precipitation.
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Figure 37:SEM images of the film obtained at -1.0 V for 1000 s from a electrolytic solution containing Mg and Al in 2:1
molar ratio

At -1.1 V the coating is not homogeneous even if this potential was chosen as the best one
for the synthesis. In fact the layer growing directly on the bare Pt plate surface is Mg-enriched
and it is formed by rounded and platelet-like particles, the latter being characteristic of both
Mg(OH), and LDH compounds (Figures 38a and 38b); although some uncovered or partially
covered zones have been detected (Figure 38c). As already pointed out for the previous
described deposition a more compact, thick, and Al enriched layer is found in the uppermost
layer (Figure 38d).
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Figure 38:SEM images of the film obtained at -1.1 V for 1000 s from a electrolytic solution containing Mg and Al in 2:1
molar ratio

By applying a more cathodic potential (-1.2 V) the coating becomes less efficient and
several uncovered zones are detected (Figures 39a and 39b); however, when a thin film is
observed the Mg/Al ratio is generally close the expected one.

Figure 39:SEM images of the film obtained at -1.2 V for 1000 s from a electrolytic solution containing Mg and Al in 2:1
molar ratio

As far as MgsAl;-LDH is concerned, SEM/EDS analyses of the sample deposited at -0.7 V
indicate that no Mg?* precipitates as hydroxide and just a very thin Al(OH)s layer is formed
(Figures 40a and 40b), in agreement with the results obtained during the pH study vs time.



Figure 40:SEM images of the film obtained at -0.7 V for 1000 s from a electrolytic solution containing Mg and Al in 3:1
molar ratio

At a higher deposition potential, i.e. -0.9 V, a thin layer, formed by aggregates of small
particles, grows; however the coating is not homogeneous and some zones of the plate remain
uncovered. Under these working conditions both Mg?* and AI** species precipitate and the
Mg** /AP average ratio is close to 2 (Figures 41a and 41b). However, as occurring for the
molar ratio 2:1, a detaching process of some compact crusts was observed, in particular next
to the border of the plate (Figure 41c and 41d). The composition of the crusts is enriched in
Al, as expected from the previous observations.

fum T = 2000w Sgrel A« 380
F—— wosesm Mag = Q200K X

Date 14 Sep 2011 Dute 14 Sep 2011 f—
Teme 113218 Teve 110120

Figure 41:SEM images of the film obtained at -0.9 V for 1000 s from a electrolytic solution containing Mg and Al in 3:1
molar ratio



The film thickness increases and the morphology of the surface changes with the
application of a more negative potential than -1.0 V, the one that generates the right pH for
the precipitation of the LDH. Several particle morphologies may be observed and,
analogously to the NiAl electrosynthesised samples, the morphology of the coating undergoes
a gradual change depending on the region of interest and a stratified deposition can be
evidenced. As for the previous sample,the layer growing directly on the bare Pt is Mg-
enriched and formed by rounded and platelet-like particles (Figure 42a and 42b); the molar
ratio MgAl is close to 3 or slightly higher. It would appear that the growing of the aluminium-
rich layer occurs by the precipitation of isolated solid islands at the beginning (Figure 42c and
42d), then a net of particles is formed and finally the empty spaces are filled, leading to a
compact layer (Figure 42e and 42f). Under these conditions the film seems to be rather
homogeneous both in composition and morphology, as observed for the sample synthesized
with a lower molar ratio in the same conditions.
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Figure 42:SEM images of the film obtained at -1.0 V for 1000 s from a electrolytic solution containing Mg and Al in 3:1
molar ratio

By applying a more cathodic potential (-1.2 V) the coating more and more uncovered
zones, as observed for the sample with a lower Mg content; however, the Mg/Al ratio is closer
to the one expected (Figures 43a and 43b).
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Figure 43:SEM images of the film obtained at -1.2 V for 1000 s from a electrolytic solution containing Mg and Al in 3:1
molar ratio

From the previous observations it seems clear that a sequential deposition occurs in spite of
the elemental composition and molar ratio of the plating solution. However, some of the
results obtained with SEM and EDS analyses are in contrast with the study of the pH
evolution at the WE surface in respect to the applied potential. In order to understand these
differences and to obtain more information about the precipitation sequence, the
electrosynthesis of 3:1 MgAIl LDHs was performed for shorter synthesis times, i.e. 100, 250
and 500 s. At 100 s a very thin film is deposited on the Pt plate, and the Mg:Al ratio has an
average value of 2 (Figures 44a and 44b). For this short synthesis time the pH plateau for
precipitating the LDH can not be reached, so explaining the low magnesium content. The
increase of the synthesis time yielded to both a better coverage and an increase in the Mg/Al
ratio, average value was about after 250 s (Figures 44c and 44d). After 500s the Mg:Al ratio
overcomes the theoretical value, i.e 4.5 vs 3. Rounded and platelet-like particles are observed
in the layer in close contact with the Pt surface, whereas the aluminum hydroxide layer
growing over looks like a net of small particles (Figure 44e and 44f).
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Figure 44: SEM images of the film obtained at-1.0 V for 100 s (a and b), 250 s (c and d) and 500 s (e and f)
from a electrolytic solution containing Ni and Al in 3:1 molar ratio

Time seems to be the key parameter to obtain an LDH or mixed hydroxides with a proper
molar ratio, although the measured pH, that should be the main parameter affecting LDH
precipitation, was shown to be constant for the entire 1000 s synthesis.

Concerning MgAl LDHs (Figure 45), for the 2/1 sample prepared at -1.0 V for 1000 s, the
(003) and (006) diffraction lines are splitted, indicating the presence of NO3™ anions with their
main axis tilted (d(os) = 8.7 A) or parallel (dgo3) = 8.0 A) to the brucite-type layers [Xu]. In
the sample prepared at a more cathodic potential, -1.1 VV, NO3™ anions are intercalated giving
rise to a basal spacing of 8.0 A. For 3:1 MgAl samples, even at a very short time such as 100
s, the diffraction lines of the hydrotalcite phase are identified, although they are not intense
due to the small amount of solid deposited, as previously observed by SEM. In fact its
intensity increases with the synthesis time until reach the maximum at 500 s, then it starts to
decrease. Neither Mg(OH), nor Al(OH)3; phases are detected.
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Figure 45: XRD patterns of Mg,Al,; synthesized at-0.9 V (a) and -1.1 V (b), and of MgsAl, synthesized at -1.1V (c)

5.3.2.4 pHIN THE VICINITY OF THE COUNTER ELECTRODE

The evolution of bubbles was observed at both CE and WE. As said before at the working
electrode the production of hydrogen bubbles takes place due to the reduction of H* (3.5.2),
NOj3 (3.5.3) and H,0 (3.5.5). Their presence at the counter electrode was quite unexpected. A
measurement of pH evolution nearby the CE surface has been achieved by positioning the
glass electrode in its proximity. It is not a accurate measurement because of the great
influence of the bulk solution; however, it could give an idea of what is happening near to the
cylindrical Pt gauze. The results are shown in Figure 46.

A decrease of pH is observed for every applied potential with an increasing ApH vs time
along with the increase of applied potential. A reaction that lead to a consumption of OH" is
supposed to take place. The oxidation of the hydroxide ions to oxygen can explain both the
evolution of bubbles on the Pt gauze and the decrease of pH. However, this reaction should
just occur next to the counter electrode surface and should not affect the monitoring of the
evolution of pH at the WE, and therefore the described electrosyntheses. However, the
influence of the bulk solution surely dilutes this acidification effect.
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Figure 46: Evolution of pH next to the surface of the CE (solid line) and relative current intensities (dot line)

5.4 ELECTROSYNTHESIS OF LDHs ON FeCrAlY FOAMS

The development of the catalysts as far as the synthesis conditions are concerned was based
on the analyses of morphology and composition of the deposited layer obtained by SEM/EDS,
as well as on the results of the catalytic tests, performed at the Department of Industrial and
Materials Chemistry.

In some cases the characterization by XRD and Temperature Programmed Reduction (TPR)
has been performed too.

The data from the EDS analyses for the experiments described below were taken into
account just for a qualitative evaluation of the composition of the material deposited on the
foam. A precise more analysis, that could be employed for a quantitative evaluation, needs
necessary flat surfaces to be analyzed, and this requirement was impossible to be achieved
with the just prepared samples, due to the complex geometry of the metallic foams.

The characterization with the porosimeter was tried for the following described samples,
but no useful results were obtained due to the low amount of deposited material.

For the same reason, any result was obtained from ultrasonic tests to check the adhesion of
the film on the foam. Since the amount of deposited material is very low, no significant
difference after the treatment was noticed. Moreover an ultrasonic treatment was seen to
damage partially the metallic foam, since it leads to breaking of its microstructures. The SEM
and EDS characterizations of the samples were employed also to evaluate the stability of the
film after the employment in the reactor.



In carrying out this research work on the foams, different experimental set ups were tested
in order to obtain more uniformity and homogeneity of the synthesized films. At first, a
classical three electrode cell was employed for the syntheses.

5.4.1 CHARACTERIZATION OF BARE FOAMS

The characterization of a bare foam by SEM and EDS analysis shows a pores dimension
between 200 and 800 um, and a great variability in the composition of the FeCrAlY alloy,
depending on the analyzed point. However Fe is the main element of the alloy (52-64%),
followed by Cr (17-26%) and Al (12-20%). Y (<1%) was detected in a very low amount and
it is not present in all the tested points. This variability could lead to some problems for the
electrosynthesis because of the different electrical conductivity of the zones with different
composition.

The presence of Al in the foam alloy causes to an overestimation of the Al present in the
deposited layer. Some calculations have been tried to subtract the Al signal coming from the
support in order to obtain more accurate values for the calculation of the M**/M** molar ratio.
They are mainly based on the amount of detected Fe and Cr, and the subsequent subtraction of
a proportional quantity of Al. However, the considerable variability of the composition of
metallic foams did not allow to obtain a good evaluation of the Al signal.

Figure 47: SEM images of a bare FeCrAlY foam

After calcination at 900 °C, a remarkable increase of Al content was observed by EDS. It is
due to the typical formation of an alumina layer on FeCrAl surfaces after thermal treatment
[65], as also outlined in the ‘Introduction’ chapter. In fact some needles attributed to alumina
are observed in the SEM pictures (Figure 48b). This behavior leads to an overestimation of
the Al content obtained by the subsequent EDS analyses of calcined samples.



Figure 48: SEM images of a calcined bare foam

5.4.2 SYNTHESIS OF MgAI-LDH ON FOAMS

MgAI samples have been synthesized at -1.2 V for 1000s from a solution containing the
nitrates of Mg?* and AI** at a 3:1 molar ratio. The potential applied was chosen taking into
account the data obtained from the study of pH evolution of MgAI-LDH compounds and the
evaluation of the overpotantial between a Pt plate and a FeCrAlY foam discussed before.

SEM characterization of the resulting layer shows a not uniform coating, with the
deposition of a higher amount of materials on the tips (Figure 49b) in respect to the flat zones
(Figure 49a). The morphological analysis of the film shows that it is composed of aggregated
small round particles on all the surface and no cracks are evident. However, a difference in
composition is observed in the two zones. In the thinner film present on flat areas a low
Mg:Al molar ratio (next to 1.5) is recorded. However, it has to be remarked again that the
presence of Al in the metallic foam alloy leads to an overestimation of its quantification.
Taking into account the high amount of Fe and Cr revealed by EDS, a lower value ofAl can
be calculated, thus Mg:Al a molar ratio similar to that of the electrolytic solution could be
considered to be achieved in this case. On the tips, instead, the thickness of the film allows a
lower influence of the composition of the support to the EDS analysis. In this case a higher
amount of Mg is detected and a Mg: Al molar ratio of about 4 (instead of the ideal value of 3),
probably because of the formation of a pH gradient. Higher pH would be on the tips, favoring
the precipitation of a higher Mg amount. The presence of K was detected in an unexpected
level. The reasons for this presence could be the electrostatic attraction of the K* ions towards
the negatively polarized WE that leads to the migration and subsequent absorption on the
foam surface and for the entrapping of some potassium during the precipitation of the
hydroxides on the foams.
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Figure 49: SEM images of a MgAI LDH synthesized at -1.2 V for 1000 s on a FeCrAlY foam

After calcination, crack development is observed, but the differences between tips and flat
zones are still present. The processes taking place during calcination should be considered for
explaining the crack development. A noticeable weight loss, about 40-50%, is observed for
the LDH precursors during the thermal treatment, and it is mainly due to the removal of COs,
H,0 and NO,. The formation of compact oxides leads to a great shrinkage of the deposited
material, which may be responsible for the formation of cracks. Moreover, the differences in
thermal expansion coefficients of the ceramic and metallic materials may be also considered
to explain the crack development. Calcination, however, may favour the adhesion of the
wash-coat to the support, because of the reaction between alumina from the support and the
cations of the mixed oxides layer. In fact the total amount of detected Al is noticeably
increased by the growth of an alumina film on the foam surface, coming from the oxidation of
the FeCr alloy [65]. Moreover, the amount of K is strongly decreased, probably because of its
thermal degradation during the calcination process (900 °C, for 12 h).

Two more syntheses were performed both at a lower (-0.9 V) and a higher (-1.3 V) cathodic
potential. The synthesis at -0.9 V resulted in a rather uncovered foam, whereas the application
for 1000 s of a more cathodic potential, such as -1.3 V, led to a coverage degree of the foam
surface similar to the one obtained at -1.2 V, and the same differences between tips and flat
zones were observed (Figures 50a and 50b).
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Figura 50: SEM images of a MgAIl LDH synthesized at -1.3 V for 1000 s on a FeCrAlY foam



These results are in agreement with the study of pH evolution during MgAI-LDH
precipitation on Pt plates, considering the overpotential of about -0.2 V previously measured
for the metallic foam vs Pt plates. In fact, by applying a potential of -1.0 VV and —1.1 V at the
WE, the values of pH reached about 9 after 1000 s were very close to the precipitation
interval of the LDH.

Last but not least, it should be remarked that no pore blockage occurred after the syntheses
in every working condition reported in this study. This is a really important feature from a
catalytic point of view, because a reduction in porosity would limit the performances of
metallic foam as catalytic supports, as described in chapter 3.4.

5.4.3 INFLUENCE OF POTENTIAL AND INTIAL pH OF THE ELECTROLYTIC
SOLUTION

At first two of the main parameters that have be controlled during the electrosynthesis, i.e.
the pH of the solution and the applied potential, were considered. RnMgAIl compounds have
been electrosynthesized on metallic foams with a diameter of 0.8 cm and a 80 ppi (pore per
inch) porosity. These moreover were tested for their activity as the catalysts towards CPO
reaction.

As said before, the Pourbaix’s diagram of a metal outlines the relation between the
electrochemical potential and the pH that allows the formation of a specific phase. The control
of the initial pH of the working solution is a main feature when easy reducible metals, such as
rhodium, are involved in the electrosynthetic process. Two sets of foams were used for the
electrosynthesis at -1.2 V for 1000s in order to check the pH influence, keeping the initial pH
of the plating solution at 2.1 and 3.8. The plating solution was a 0.03 M Rh:Mg:Al nitrates
solution with a molar ratio 11:70:19 in KNO3 0.3M, as supporting electrolyte.

The pH of the plating solution containing the nitrates (spontaneous pH) is about 2.1. SEM
images after the electrosynthesis are shown in Figure 51. They indicate that the sample is
poorly homogeneous, as also observed by a visual inspection of the foams. During the
electrosynthesis, the whole or a part of the foam turns black, pointing out the reduction of
Rh**whose characteristic color is yellow, to Rh®. Moreover, SEM images of some parts of the
foam show the formation of arrays of rounded particles and EDS analysis reveals that they are
composed of Rh and Al, while no Mg is detected.



Figure 51: SEM images black (a and c) and yellow (b and d) zones in the sample synthesized at -1.2 V for 1000 s at the
spontaneous pH

In other parts of the foam, the coating is made up of small particles containing Rh, Mg and
Al. It can, therefore, be hypothesized that the application of a potential of —1.2 V to the
plating solution at its spontaneous pH leads to the precipitation of different phases due to the
formation of potential gradients, leading to pH gradients, within the foam. In particular, it is
clear that these experimental conditions do not ensure, at least in some zones of the foam, a
sufficiently basic pH to avoid the precipitation of Rh° as weel as of the aluminum hydroxide
[66]. In order to suppress the reduction of Rh*" cations, the pH of the solution was adjusted
before the electrochemical experiments to of 3.8, which is the highest value avoiding AI(OH);
bulk precipitation, as demonstrated by titration curves, before discussed.

SEM images of the sample prepared at pH= 3.8 show a coverage that is not uniform:
uncoated or partially coated zones are observed on the flat surfaces of the foam and a larger
amount of solid is observed on the tips.

Inspection of the sample at higher magnifications reveals that the coating is made up of
small particles. The composition of the deposited solid (qualitatively obtained by EDS) is also
not homogenous, but the trend in the values is related to the surface coverage. On the flat
surfaces of the foam the amounts of Rh and Al (as atomic ratio) are larger than the expected
values, while the Mg-content is lower. On the other hand, where the thickness of the solid is
higher, the solid appears enriched in Mg with a M?*/M** atomic ratio >3 (instead of 3.0).
These results agree with those obtained during the synthesis of MgAl samples at -1.2 V for
2000 s.



After calcination, the morphology of both samples does not change to a great extent, but
some uncovered zones where alumina grows are observed, while crack development is
noticed on the covered areas (Figure 52).

Figure 52: SEM images of a sample synthesized at -1.2 V for 1000s, at pH=3,8, after calcination

To improve the coating quality, some samples were prepared at -1.3 V for 1000 s after the
adjustment of the pH of the working solution to 3.8 in order to check the effect of a more
cathodic applied potential.

In such conditions the pH increases faster and higher values are obtained, as previously
reported in the study of pH evolution. A thick layer is deposited on the surface of the most
exposed parts of the foam (Figure 53a) and a thin layer coats the support on the flat surfaces.
The chemical composition of the film is closer to that of the plating solution. It should be
noted, however, that some cracks are present in the thicker layers (Figure 53a), which may be
related to:

- the formation of H, bubbles during the synthesis on the foam surface as the applied
potential increases;

- the drying of the HT phase;

- the shearing stresses between the support and the deposit [67].

After calcination, coatings exhibit an arrangement of flakes and interconnected surface
cracks (Figure 53b) that may be related to a shrinkage mechanism, as previously reported.



Figure 53: SEM images of a sample synthesized at -1.3 Vfor 1000 s before (a) and after (b) calcination

It should be noted that the morphology and size of the particles are similar regardless of the
potential applied (-1.2 V or -1.3 V). In the initial stage, nucleation and particles growth
compete each other. The nucleation reaction rate may be high and exceed that of particle
growth [67], justifying the similar sizes of the particles. The deposition of small particles
would also increase their adhesion to the substrate [68].

To obtain information about the nature of the solid precipitated during the
electrodeposition, several syntheses was performed in a FeCrAl plate, immersed in a solution
containing the salts of the cations at a corrected pH value, at -1.2 and -1.3 V for 1000 s. The
powder was scratched with a lanzet and XRD measurements were carried out (Figure 54).

The hydrotalcite structure was obtained performing the synthesis at both potentials, being
more intense the diffraction lines for the sample obtained at a more cathodic potential.
Furthermore, the brucite (Mg(OH),) phase was detected as side-phase. The differences
between these results and those obtained in the previous chapter, where no brucite was
observed, may be related to the different nature of the support used as working electrode
(FeCrAl vs Pt).
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Figure 54: XRD patterns of powders synthesized after the initial pH adjustment

After calcination, MgO and spinel-type (MgAl,O4 and MgAIRhO,) phases are identified.
The formation of the MgAIRhO, phase, not observed in catalysts obtained from LDH
compounds was related to the high content of Rh in the catalysts [69]. However, it should be
remarked that the final products from calcination can also results from the possible reaction
between the cations of the LDH and the alumina formed during the oxidation of the foam,
therefore the actual oxide/spinel ratio may be modified.
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Figure 55: XRD patterns of powders synthesized after the initial pH adjustment after calcination

TPR analyses of the coated foams were performed to show the reducibility of the rhodium
species (Figure 56). Two different behaviours were observed in the TPR profiles depending
on the pH of the plating solution. The catalyst prepared at a pH value of 2.1 is formed by Rh**
species which are easily reducible. A single H, consumption with maximum at approximately
200 °C is observed. The reduction temperature is similar to that reported for rhodium oxide



species with low interaction with alumina [70] in agreement with EDS data. Conversely,
catalysts prepared at —1.2 and —1.3V adjusting to 3.8 the initial pH, show the characteristic
profiles of well stabilized Rh-containing particles [69, 71], with a H, consumption with
maximum at about 550 °C, and a shoulder at lower temperature, together with a rather
complex reduction at temperatures above 700 °C.
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Figure 56: TPR analysis of samples synthesized at -1.2 V and -1.3 V at initial pH=3.8, and at -1.2 V at initial pH=2.1

The effect of feed mixture concentrations (CH4/O,/He =2/1/4 and 2/1/20 v/v) on the
catalytic performances was also investigated. In Figure 57 the conversion of CHj ang
selectivity to CO and H; are plotted. O, conversion was complete during all the tests. First of
all, blank tests were performed with two bare metal foam pellets, and a low CH, conversion to
CO, Hy, CO, and H,0 was observed during the test with the most concentrated mixture.

Catalytic data indicate that the catalysts prepared at spontaneous pH and at controlled pH at
-1.3 V for 1000s are active and stable during catalytic tests. High conversions of methane a
and selectivity in syngas are displayed by both catalysts regardless of the concentration of the
gas mixture, although the sample prepared at a more cathodic potential shows a slightly
higher activity. On the other hand, the catalyst obtained from the LDH precursor synthesized
at —1.2V with the initial pH adjustment to 3.8 shows poorer performances with a different
trend as a function of the test conditions. An increase of the CH,4 conversion is obtained
feeding the concentrated (2/1/4 v/v) mixture since higher temperatures are reached in the
catalytic bed.
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Figure 57: CPO performances of sample synthesized for 1000 s at -1.2 V and -1.3 V at intial pH=3.8, and at -1.2 V at initial
pH=2.1

The morphology of the samples after performingcatalytic tests was investigated by SEM
and EDS analyses. The one coming from the precursor synthesized at -1.2 V, at the
spontaneous pH of the plating solution, is formed by flakes of catalyst and many cracks
(Figures 58a and 58b); furthermore, some flakes appeared detached during catalytic tests.
They are compact and EDS analyses indicate that they are mainly composed by Al and Rh,
with a relatively low content of Mg, as already observed for the fresh catalyst. Small particles
are present in the cracks, which may be related to the formation of alumina, although, EDS
and backscattering images point out the additional presence of Rh (Figures 58c and 58d).
Furthermore, some carbon nanotubes and amorphous carbon (Figures 58e and 58f) are
detected both in the catalyst and in a larger amount, on the foam surface. SEM images of the
spent catalyst prepared at-1.2 V, after the pH correction, show that the morphology of the
original catalyst film is mainly retained (Figures 58g and 58h). In the uncovered zones,
already observed in the fresh sample, EDS analyses reveal a small carbon content, but no
carbon structures have been detected.



In the case of the samples prepared at-1.3 V, the characterization of the used catalyst
shows, the cracks are not propagated, thus indicating a high adhesion of the coating to the
surface; furthermore, Rh particles are observed in the catalyst flakes. Some morphological
differences, however, are observed in dependence of the analyzed the section of the catalyst,
that may be related to their position in the catalytic bed or to differences in the morphology of
the catalyst during the preparation. Part of the foam pellets placed in the inlet of the catalytic
bed is exposed to high temperatures, leading to the sintering of rhodium particles and to the
formation of cracks in the catalytic film. Because of the lower temperatures close to the outlet,
the morphology of the film may be retained.
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Figure 58: SEM images of a used sample synthesized at -1.2 V for 1000 s at the spontaneous (a-f) and adjusted pH (g
and h)

By taking into account the characterization of the catalysts before and after the catalytic
tests as well as the catalytic results, it may be stated that the performances of the structured
catalysts are strongly related to the amount of active phase, homogeneity and stability of the
catalytic coating. The good performance of the catalyst obtained from the LDH precursor,
synthesized without controlling the pH, may be ascribed to a large Rh amount, despite of the
low stability of the catalytic layer. Likewise, the poor activity of the catalyst prepared under
the same synthesis conditions, but adjusting the pH of the plating solution, may be related to
both the lower Rh content and to the poor coverage of the foam by the catalyst.

These comparisons confirm that the chemical nature and morphology of the coating, as well
as the degree of coverage of the metallic foam, depend on the pH of the electrolytic solution.
Consequently, also the catalytic performances (methane conversion and syngas selectivity)
are strongly related to the synthesis parameters. The control of the pH of the plating solution
(2.1 or 3.8) plays a key role in the formation of LDH phases vs the Rh®* reduction. For these
reasons, all the subsequent syntheses were always carried out after the adjustment of the pH at
3.8.

The best performances and stability of the catalyst prepared by applying a higher cathodic
potential may be attributed to a larger Rh amount, a better dispersion and higher interaction
between support and catalyst as well as between Rh metal particles and the oxide matrix
which are present inside the catalyst. The applied potential also affects the nature and the
thickness of the layer together with the degree of coverage of the support. However, the
catalytic layer obtained in these conditions is more exposed to cracks.

5.4.4 INFLUENCE OF TIME

The synthesis time may influence the characteristics of the deposited film too. Therefore
the dependence on the time for which the electrosynthesis is carried out was investigated for
the applied potentials-1.2 V and -1.3 V. In these experiments the diameter of the foams was



increased to 1 cm due to technical issues in the catalytic reactor. A higher diameter causes a
slightly higher resistance exhibited by the electrode material, that could lead to some
differences in respect to the previously described samples electrosynthesized for 1000 s. The
catalysts have been tested in SR reaction.

As far as the lower potential is concerned three set of foams were tested by performing the
synthesis for 1000, 1500 and 2000 s, respectively, after the adjustment of the pH of the bulk
solution to 3.8.

From the SEM images of the precursor samples a clear correlation between the synthesis
time and the amount of deposited material can be established. An increase in the thickness of
the layer is observed when the synthesis is carried out for longer times on both tips and flat
zones, but a better and thicker coverage is still observed on the tips, as showed in Figure 59.
Although, the thickening of the deposited layer with the increasing of time induces cracks
development also on the precursor samples (Figure 59h), particularly on flat zones. Probably
it is caused by the drying in oven, where the loss of water and the shrinkage of the layer,more
probable if it is thick, can occur.

A more uniform coating is obtained for higher deposition times as well. However, in the
sample synthesized for 2000 s, poorly covered zones were observed inside the cracks (Figure
591), where the presence of some round particles was also detected.

An evolution in the morphology was noticed on the tips. For low deposition time the film
was composed by compact clusters (Figure 59d), that became smaller when the synthesis is
going on longer (Figures 59f and 59h).

The composition of the film, evaluated by EDS analyses, is not homogeneous in all the
samples, although a better coating seems to be achieved with longer synthesis time. The
Mg:Rh molar ratio is always higher than expected, i.e. the value of about 6.4 of the plating
solution value of about 6.4. Minor differences in respect to the ideal value (3.7) were
observed for the Mg:Al molar ratio, but it must be remarked that Al is also present in the
foam alloy and so its amount in the layer composition is always overestimated. Moreover, a
strong presence of K is pointed out particularly in the sample synthesized for 1000 s, which
decreases for longer times. It is an unexpected behavior, but it could be explained by the
higher dilution of the electrostatically adsorbed potassium due to the greater quntity of
deposited material.
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Figure 59: SEM images of samples synthesized at -1.2 V for 1000 s (a-d), 1500 s (e and f) and 2000 s (g-I)

After calcination, the cracks development and the content of aluminum are increased, while
K presence is strongly decreased, as expected. A compaction of the small particles is
observed, which produces a more compact layer (Figures 60a and 60b) for all the analyzed
samples. The main differences observed with the lengthening of the synthesis time are those
described for the samples precursors. For higher time, where the deposited layer is thicker, the
crack development is more favored because it the film is subjected to a higher shrinkage. The
Mg:Rh ratio is still higher than expected, according to the data collected for the precursor
samples.

Figure 60:SEM images after calcination of a sample synthesized at -1.2 V for 2000 s



The distribution of the elements in the catalytic coating was obtained by mapping selected
zones of the film by EDS. In Figure 61 a map of the elements is displayed: a good dispersion
of the element and a good homogeneity of the coating are evident, particularly where the
presence of thick film is observed.
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Figure 61: EDS mapping of a thick layer in a calcined sample. In order are shown O, K, Al, Mg, Fe and Rh dispersions

The calcined samples, in the case of the synthesis carried out for 2000 s, has been
characterized by u-XRF/XRD tomography at synchrotron (Figure 62). This analysis is really
important to detect the phases present on the sample, because it can be carried out directly on
the metallic foam structure, without employing a plate, as for other reported XRD patterns.
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Figure 62: u-XRD/XRF tomography performed at synchrotron of a calcined sample synthesized at-1.2 V for 2000 s

The XRF gives information about the distribution of the elements, whereas the distribution
of the crystalline phase was obtained by u-XRD. The XRF tomography confirms the presence



of Cr and Fe in the foam. Moreover it is clear the presence of K and Rh in the catalytic
coating. The catalyst is composed by MgAl,O, and a good correlation between Rh and the
spinel phase is observed.

When a more cathodic potential is applied to the foam, the effect of a longer
electrosynthesis time are different: a higher coating degree is observed for the sample
synthesized for 1000 s in respect to the sample prepared for 1500 s. Several uncoated zones
were, however, detected in both samples by back scattering images (Figure 63), and this
behavior is probably due to an increase in H, bubble evolution at the surface of the foam
because of the higher applied potential. This can also induce the detaching of the deposited
layer during synthesis (Figure 63c).

Concerning the morphology of the electrosynthesized solid, aggregates of small particles
were observed on flat zones (Figure 63a and 63b), while a more compact coating was
obtained on the tips, in according with data collected for an applied potential of -1.2 V.

In both samples the Mg:Rh molar ratio is generally higher than expected. However, on
some covered tips a value between 6.3 and 6.7 is detemined in the 1500 s sample, that is close
to the expected 6.4. It decreases down to 2 if the synthesis time is shorter, pointing to the
formation of aggregates of particles rich in Rh. Also the K content decreases for longer
synthesis time, confirming the effect of bubbles evolution also on the electrostatic cation
adsorption.
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Figure 63: SEM images of sample prepared at -1.3 V for 1000 s (a and b) and 1500 s (c and d)



After calcination, in addition to the expected enhancement of cracks development, some
crusts, mostly located on tips, were observed, as shown in Figure 64. This morphology was
not so definitely detected in the fresh samples. In these zones, the layer seems to be more
compact and uniform, and a low Mg:Rh molar ratio was detected. The lowering of K* content
and the growth of the alumina layer were observed as well.
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Figure 64: SEM images of calcined samples prepared at -1.3 V for 1000 s (a and b) and 1500 s (c and d)

The catalysts prepared at different potential and synthesis time were tested in the steam
reforming of CH,4 under industrial-like conditions. Six foam pellets were used and tests were
performed at Toven = 920 °C, P = 10 bar, S/C = 2.5 and t© = 3 s. The methane conversion and
H, yield obtained with the different catalysts are displayed in Figure 65.
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Figure 65: SR performances of catalysts synthesizes at -1.2 V for 1000, 1500 and 2000s, and at -1.3 V for 1000 and 1500 s

The methane conversion and H; yield strongly depend on the synthesis conditions and the
same trend previously observed during CPO tests is here reported. The increase of the
potential applied from -1.2 V to -1.3 V improved the performances; however, 1000 s is a short
synthesis time: methane conversion and H; yield values are low, and the catalyst prepared at -
1.2 V deactivates with time-on-stream. The increase of the synthesis time has two different
effects depending on the potential applied. Concerning the catalysts obtained from the
samples prepared at -1.2 V the longer the electrosynthesis the better the catalytic
performances. The catalysts prepared for 2000 s show a high and stable methane conversion
(ca. 95 %); however the H, yield decreases during the tests. On the other hand, for the
samples prepared at -1.3 V, it would appear that performing the syntheses for longer times
does not improve the performances but decrease them.

SEM and EDS analyses of the used samples show that the morphology of the deposited
films is retained in respect to the relevant analyses carried out after calcination for the
conditions of synthesis. Round Rh particles are better detected on the film surface from back
scattering images. However, the dispersion of the particles is different depending on the
synthesis conditions. In agreement to the higher activity found out in the catalytic test, more
and better dispersed Rh particles were detected in the samples synthesized at -1.2 V with
respect to -1.3 V (Figures 66b, 66d and 66f), with an increase in number and dimension in the
sample synthesized for 2000 s in comparison to the one deposited for 1500 s. A low number
of particles is instead observed for a synthesis time of 1000 s, according to the lower amount
of deposited material detected in the analysis of the precursor sample. When a more cathodic
potential is applied a lower number of particles with a higher agglomeration is obtained
(Figure 66f), resulting in a less active catalyst. However, the number of Rh particles increases
when longer syntheses are carried out. The hydrogen evolution that leads to a less covered
surface, as described before, may be responsible for the not increased activity of the catalyst
synthesized for 1500 s.
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Figura 66: SEM images of a calcined sample prepared at -1.2 V for 1000 s(a and b), 2000 s (c and d),

and at -1.3V for 1000 s (e and f)

The characterization by p-XRD analysis has been carried out also on the catalyst after the
use in the reactor (Figure 67). It shows the presence of all the phases found in the calcined
catalyst, suggesting that no loss of catalyst occurs during the use in the reactor. In this case the
presence of a-Al,O3coming from the oxidation of the foam is observed.



Figure 67: u1-XRD/XRF tomography performed at synchrotron of a used sample prepared at-1.2 V for 2000 s

5.45 USE OF THE CELL WITH A CYLINDRICAL CE

The previous syntheses were carried out in a common three-electrode electrochemical cell.
However, a not homogeneous covering of whole foam was always observed. This could be
due to the cell geometry (Figure 10) that does not allow the same charge exchange in every
point of the cylindrical foam. To overcome these drawbacks, the electrochemical cell with a
cylindrical Pt counter electrode (Figure 11) is employed for all the subsequently described
experiments. It allows a better ratio between the surface area of the foam (WE) and that of the
CE, leading to a better charge exchange and to a more uniform application potential, which
should results in a more uniform coating on the whole foam surface.

Samples prepared at -1.2 V for 2000 s demonstrated that a more homogeneous coating of
the outer surface of the foams was obtained. Apart from the higher homogeneity, the
characteristics of both fresh and calcined films were the same as described previously for the
sample synthesized in the same conditions.

Other samples were synthesized applying a potential of -1.1 V for 2000 s employing the
same plating solution already utilized for the syntheses at more cathodic potential. A good
coverage degree and a higher amount of material than in the sample synthesized at -1.2 V
were detected on the whole foam surface. Also in this case the SEM and EDS analyses do not
reveal any unexpected behavior in both the fresh and the calcined samples.

Catalytic tests have been carried out in order to check the activity of these samples over the
CPO reaction (Figure 68). The catalyst prepared at -1.1 V showed slightly better
performances (CH,4 conversion, selectivity to CO and selectivity to H,) than the sample
prepared at -1.2 V, both by feeding the diluter (2/1/20 v/v) or concentrated gas mixture. The
increase of the activity by concentrating the gas mixture is related to an increase of the
temperature within the catalytic bed. However, it should be remarked that the performances
are still far from those of the thermodynamic equilibrium. The differences among the catalyst
may be related not only to the quality of the coating but also to the amount of potassium that
can block some active sites.
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Figure 68: CPO performances of catalyst prepared with the round-CE cell at -1.1 V and -1.2 V for 2000s

5.4.6 DIFFUSION OF THE SOLUTION INSIDE THE FOAM

Despite the better results obtained with the employment of an electrochemical cell with a
round counter electrode, EDS analyses of some cross-sections of the just described samples
showed a very low amount of deposited material in the inner part of the foams, regardless of
the working conditions. It seems that the diffusion of the solution into the pores of the foam
hardly occurs, limiting the presence of material only to the outer part. To understand if the
problem could be really ascribed to diffusion limitations, several synthesis of Ni,Al;-LDH
were carried out with an applied potential of -1.2 V for 600 s on foam with different diameter,
in order to verify if different % gain of weight were achieved. Since all the foams had the
same porosity, the movement of the solution into the foams is expected to be equal. If the
permeation is supposed to occur at least in the outer part of the foams, a higher percentage
gain should be expected in smaller foams because a larger outer surface to molar ratio. Four
groups of foams (A-D) were employed, which differs from each others in the diameter of the



foam (Table 5). Moreover the group with the higher diameter (1.2 cm) possesses also an inner
hole with a diameter of 0.3 cm. Every group was made up of five metallic foams that were
weighted before and after the synthesis of the Ni,Al;-LDH in order to calculate the gain of
weigh for each foam.

A B C D
Outer diameter (mm) 12 10 7 5
Inner diameter (mm) 3 - - -

Table 5: Outer and inner, if present, diameter of each foams group
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Figure 69: % weight gain and relative standard deviation for each group of foams

The collected data (Figure 69) show that practically no differences in % weight gain were
observed changing the diameter of the foams, while there is a difference when a central hole
is present. We can conclude that the % gain of weight only depends on the external area of the
foam and that no permeation of the solution inside the foams occurs, in agreement with the
data collected by EDS analyses.

5.4.7 SAMPLES SINTHESIZED UNDER STIRRING

Besides the problem of the permeation of the solution inside the foam, variable composition
far from that of the plating solution were detected on the deposited layer, pointing to the
segregation of different phases. This behavior could be due to a different diffusion rate of the



metal cations to the electrode surface caused by a different concentration after their
consumption in the first stages of the precipitation.

Some syntheses were carried out under stirring for 2000 s at different applied potential (-
1.1,-1.2, and -1.3) in order to solve the problems above cited.

The SEM and EDS characterization of the fresh samples when a potential of -1.2 V is
applied showed that the deposited layer is not homogeneous, with a higher coverage degree
on irregular regions, as observed for the previously described samples synthesized in the same
conditions (Figures 70a and 70b), although a low amount of material seemed to be deposited.
Moreover some uncovered zones were observed (Figure 70a). Probably the stirring mixes the
composition both in bulk solution and at electrode/solution interface. Therefore, the migration
of the generated OH’", generated in the closeness of the electrode, may take place before they
were consumed before the precipitation of hydroxide, resulting in a lowering of pH. However,
the presence of Mg increases where a thicker layer is detected, reaching a molar ratio M**/M**
higher than 3. Moreover the EDS analysis allows to distinguish the formation of some
particles enriched in Rh on larger Al(OH); aggregates.

Also this phenomenon is probably the result of the formation of potential gradients on the
foam surface that lead to the precipitation of aluminum hydroxide and metallic rhodium
instead of the desired LDH phase.
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Figure 70: SEM images of a precursor prepared at -1.2 V for 2000 s under stirring

If a more cathodic potential (-1.3 V) was applied, the SEM analysis showed the presence of
a quite homogeneous layer on both planar zones (Figure 71a) and tips (Figure 71b). The
elemental distributions were more uniform, although a strong presence of potassium were
noticed (Figure 71c). The M**/M** ratio was close to that of the plating solution, however also
in this case Rh particles were detected (Figure 71d).

These results are not in agreement with those obtained at the same potential for 1000 s and
1500 s without stirring. In these samples a decrease of coating degree had been observed for
longer synthesis times. The differences in the coating morphology are probably due to the
beneficial role of the stirring under these conditions: the use of a non static system probably



removes the little hydrogen bubbles, avoiding their growth, that can cause the detaching of the
deposited layer in several zones, as observed before.

However, during the electrosynthesis the bulk solution turns darker, and this is probably
due to the reduction of Rh in bulk solution. It was shown (paragraph 5.3.2.4) that in proximity
of the CE the pH becomes more acid during the measurement. Therefore, part of Rh present
in the plating solution could be reduced in such conditions. Stirring probably enhanced this
behavior, dispersed the metal particles and led to a darkening of the plating solution.
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Figure 71: SEM images of a precursor prepared at -1.3 V for 2000 s under stirring

Finally, the influence of a lower potential, such as -1.1 V, was also investigated. From the
morphologic analysis by the SEM, the surface of the foam appears to be covered
homogeneously on the flat zones (Figure 72a) while there is a higher amount of deposited
material on the tips (Figure 72b), in according to the behavior observed for most of the
samples synthesized at -1.2 V. On the tips the EDS analysis reveals a higher presence of Mg
that could be ascribed to the presence of the LDH phase. On the flat areas round metallic Rh
particles were detected (Figure 72c). This could be one of the consequences of the low
applied potential. From the discussion about the pH evolution nearby the electrode surface it
comes that for this potential a pH of about 5.5-6 can be achieved. Such a low value does not
avoid the precipitation of metallic rhodium on the flat areas. On the contrary, this doesnot
occurs on the tips, because of the potential gradient that leads to a more basic pH at which the
reduction of Rh does not take place. This is also confirmed by the higher amount of AI(OH)3
detected when the surface is planar.
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Figure 72: SEM images of a precursor prepared at-1.1 V for 2000 s under stirring

As expected, after the calcination process the main difference in the morphology is the
enhancement of cracks formation for all the three samples that is provoked the phenomena
explained before, such as CO,, H,O and NO, loss and difference between the thermal
expansion coefficient of the foam and that of the deposited layer (Figure 73a). The formation
of an Al,O; layer is observed on not covered areas as the results of the oxidation of the
FeCrAlY alloy as well as the Rh particles (Figure 73b).
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Figure 73: SEM images of a used catalyst prepared at -1.1 V for 2000 s under stirring

The catalytic activity of the samples obtained by calcination of the samples prepared under
stirring at different potentials are shown in Figure 74. It can be observed that the activity
increases when the potential is increased from -1.1 V to -1.2 V, it may be related to the thicker



coating and to the differences in the chemical composition. The negative effect observed by
further applying a more cathodic potential may be explained in terms of potassium deposition,

the large amount of potassium may block the accessibility of the reactants to the rhodium
metallic active sites.
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Figure 74: CPO performances of catalyst prepared at -1.1V, -1.2 V and -1.3 V under stirring

By making a comparison between the performances of the catalysts obtained with and
without stirring it could be stated that the addition of stirring improves the activity (Figure
75). It may be related both to the improvement of the coating degree and to the presence of a
larger amount rhodium metallic particles, which already precipitated during the
electrosynthesis. This behaviour is similar to that of the sample described in section 5.4.3. for
the catalyst obtained at pH spontaneous of the plating solution.
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Figure 75: Comparison of catalytic performances for sample prepared at -1.1 V and -1.2 V with and without stirring

The SEM/EDS characterization of the used samples showed that the morphology of the
layer were retained and Rh particles were observed in the catalyst flakes (Figures 76a, 76b,
and 76¢). A good adhesion between the deposited layer and the foam has been obtained, and
no loss of catalyst during the catalytic tests seemed to occur. The alumina layer was, however,
observed on uncovered zones (Figure 76d).
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Figure 76: SEM images of a used catalyst prepared at -1.1 V for 2000 s under stirring
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A negligible carbon formation was detected on the catalyst surface, and this is probably due
to the higher stability and homogeneity of the samples.

Although some good results were obtained, stirring during the synthesis did not solve the
diffusion problem and the formation of several phases on the foam surface. Moreover it
allowed the precipitation of Rh° during the synthesis, so explaining also the observed good
catalytic performances. For this reason no stirred conditions were employed for further
syntheses. Other modifications of the synthesis parameters were carried out to improve the
coating.

5.4.8 MgAI SYNTHESES

Since a better coverage degree of the foam had been observed using the cylindrical CE
electrochemical cell, the synthesis of a MgAI-LDH with a molar ratio 3:1 was carried out at -
1.2 V for 2000 s by means of such a cell.

SEM characterization of the resulting layer showed a good coating of the foam surface,
with the deposition of a strongly higher amount of material in respect to that obtained with a
classical electrochemical cell, even if in the latter case the electrosynthesis were for 1000 s.
However, a higher deposition rate is still obtained on the tips (Figure 77a) in respect to flat
zones (Figure 77Db), as far as a high K content. In agreement with the data collected during the
synthesis on Pt plates, the obtained film was not homogeneous: different morphologies have



been observed, with a more compact layer grown next to the foam surface and some small
particles aggregates deposited on it (Figures 77c and 77d). The EDS analysis suggests that the
upper aggregates are mainly composed of Al, while in the underneath layer Mg is also
present. The Mg:Al molar ratio is strongly lower (close to 1:1) than expected (3:1), but this
result partially is due to the Al contained in the foam alloy, that is detected by the EDS
analysis too.
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Figure 77: SEM images of a Mg;Al,-LDH at -1.2 V for 2000 s

As for all the previous discussed samples, the calcination process induces a stronger crack
development and a decrease of the potassium amount.
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Figure 78: SEM images of calcined MgAL-LDH 3:1 prepared at -1.2 V for 2000 s



5.4.9 CHANGING OF FOAMS POROSITY

In order to solve the diffusion problems, foams with a low ppi (60 ppi), therefore with
larger pores, were employed in the further syntheses. The larger pores size should allow a
better permeation of the solution, leading to a higher deposition also in the inner part of the
foam.

To study this effect, a set of foams was employed and the LDH was synthesized at -1.2 V
for 2000 s after the adjustment of the initial pH at 3.8. From the SEM and EDS analyses a
thick layer was observed on the surface and differences between flat zones and tips were still
evidenced, with a higher amount of deposited material on the latter. Crack development was
still observed in the fresh sample, as well as the presence of K and of small aggregates
particles, mainly composed of Rh and Al, grown on a more compact layer and inside the
cracks. Some uncovered zones were, however, present, and the morphology related to the
growth of the alumina layer on the foam surface could be observed in the calcined sample,
together with the formation of Cr oxide structures, particularly on the less covered flat zones
(Figure 79a). Crack development increased after calcination (Figure 79b), in agreement with
all the previous results, and the presence of well dispersed small particles and aggregates was
still detected (Figure 79c). As occurred for the samples before described, the thermal
treatment highly decreased the amount of potassium.

Figure 79: Calcined sample prepared at -1.2 V for 2000 s eployng a 60 ppi foam



The SEM/EDS analyses on some cross-sections of the sample displayed, however, a very
poor coating of the inner part of the metallic foam.

The catalyst was tested in CPO reaction using both diluted and concentrated feed mixtures,
and a comparison with the sample synthesized in the same working conditions on the 80 ppi
foam was carried out. The CH, conversion and the selectivity to CO and H; are shown in
Figure 80.

The sample synthesized on the 60 ppi foams shows a higher methane conversion, as well as
an enhanced selectivity to both CO and H; in diluted and concentrated conditions. However,
they show the same trend as function of the test condition, displaying higher conversion and
selectivity to CO when a concentrated mixuture is employed, while a lowerin in the selectivity
to H, is observed. The increase of the temperature due to the contribution of the oxidation
(total and partial) reactions and the lower activity of the catalysts on the reforming of CH,4
may explain these catalytic behaviours.
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Figura 80: Comparison betwen sample prepared in the same conditions with different porosity



5.4.10 SYNTHESIS CARRIED OUT IN ABSENCE OF KNO3

A set of foam has been synthesized at -1.2 V for 2000 s in order to check the influence of
the absence of KNOs3 on the resulting coating. In this case only the nitrates of the metal salts
are available for OH" production, so no K should be detected in the fresh samples.

However, an unexpected presence of potassium is instead detected in the fresh sample: a
little amount was added to the plating solution during the adjustment of the intial pH of the
plating solution with KOH. Its presence is probably due to a particular sensibility of K to
electrostatic attraction when a negative potential is applied to the foam. The layer however
does not present particular differences from the morphologic point of view respect to that
obtained in presence of KNO3 as supporting electrolyte. Only an enhanced presence of
particles and aggregates on the more compact layer is observed, confirmed by EDS analyses,
that confirm an increase in Al and Rh content. This behavior is probably due to the low
nitrates amount in the plating solution, that leads to a slower OH™ production which could
favor the precipitation of Al and Rh. After calcination, the presence of a higher amount of
aggregates on the compact layer is still detected (Figures 81a and 81b), and, moreover, less
uncovered zones are observed. The molar ration Rh:Mg is higher than expected in almost all
the analyzed points, with values up to 1 on some crusts.

Figure 81: SEM images the calcined sample at -1.2 V for 2000 s in absence of KNO;

The performances of the catalyst prepared at -1.2 V and 1.1 V for 2000 s, with an without
KNO3 are displayed in Figures 82. An important enhancement of the activity in CHy
conversion and selectivity in syngas is observed by removing the KNO3 from the plating
solution, confirming the poisoning effect of large amounts of potassium previously described.
However, it should be noted that during the electrosynthesis without supporting electrolyte a
lower increase of the pH may be achieved in the electrode/electrolyte interface so some
modifications in the chemical composition of the film may also explain the different catalytic
behaviour. In particular, the lower OH" production would have allowed a higher precipitation
of Rh and Al aggregates, that could be deposited at a lower pH than Mg?*. This behavior can



explain the increase in catalytic activity as far as a higher amount of active phase is deposited.
For this reasons further synthesis are always carried out in absence of KNO:s.
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Figure 82: COmparison in CPO performances between samples prepared in presence and in absence of KNO;

As said, in absence of supporting electrolyte the OH™ production rate is lowered by the
decrease of NOj3™ ions in solution, allowing a higher precipitation of Rh and Al aggregates,
that could be deposited at a lower pH than Mg?*. This behavior can explain the increase in
catalytic activity as far as a higher amount of active phase is deposited. For this reasons
further synthesis are always carried out in absence of KNOs.



5.4.11 IMPROVEMENT OF THE ELECTRIC CONTACT FOAM-POTENTIASTAT

Some samples were synthesized at -1.1 V for 3000 s, after the adjustment of initial pH, in
absence of KNOjs as supporting electrolyte.

The growth of small aggregates and round particles on the top of a more compact film is
revealed, although this phenomenon was less evident in comparison with that observed in the
sample synthesized at -1.2 V for 2000 s with the same set up. Moreover, few uncovered zones
were still detected, although a few rounded particles were detected also in these areas. The
EDS analysis shown that the deposited film was mainly composed of Al and a lower presence
of Mg than expected was detected. This result was explained by the application to the foam of
a less cathodic potential, such as -1.1 V, that generates a lower pH than that reached in the
other experiments and does not allow an efficient precipitation of LDH and magnesium. In
this way the noticeably low value of the Mg:Rh molar ratio (lower than 1) pointed out in
several of the analyzed points on both flat and tip zones can be easily explained.

Figure 83: Sample synthesized at -1.1 V for 3000 s with a single point plug

In the calcined sample the crack development increased, and the catalyst was arranged in
form of flakes on the surface electrode (Figure 84), as for the majority of previous samples. A
good dispersion of round particles could be observed on the flakes (Figure 84). Alumina was
revealed in uncoated zones, deriving from the thermal treatment of the foam alloy surface.



Figure 84: Sample synthesized at -1.1 V for 3000 s with a single point plug after calcination

It has been possible to analyze the calcined sample also performing a u-XRD analysis at the

synchrotron. The results of a XRD/XRF tomography are shown in Figure 85.
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Figure 85: u-XRF/XRD performed at the synchrotron of a calcined sample prepared at -1.1 V for 3000 s

The catalyst is composed by MgAl,O, spinel, a quite good correlation between the spinel
and the Rh is obtained, pointing to its inclusion in the spinel phase. Some K is detected dueto

the KOH added.



. The presence of alumina, chromium oxide and potassium are detected on the foam surface
pointing to the oxidation of the foam, as expected from the previous collected data.

In order to obtain a better surface coating the plug between the metallic foam and the
potentiostat has been modified. In the previous syntheses it was obtained by sticking a single
Pt wire in the center of the foam. A three Pt wire plug has been achieved by sticking two other
Pt wire in the foam laterally (Figure 86) in order to minimize gradients after the application of
a potential.

Figure 86: Schematic representation of single point an three points plug

Some syntheses carried out in the same conditions of the sample described before
confirmed that the aim has been reached. The coating presents almost the same characteristics
observed in the previously described samples, apart from the higher amount of material
deposited on the whole foam surfaces. Catalytic tests, performed on CPO, confirmed the
increase in efficiency due to the massive presence of catalyst. As expected from observations
reported before, a higher methane conversion is obtained for the catalysts synthesized with the
three point plug for 2/1/20 and 2/1/4 CH4/O,/He feed mixtures. The same behavior is
observed as far as the selectivities to CO and H; are concerned. However, a different trend in
CH, conversion is observed for the two samples respect to the reaction conditions. A lowering
is in fact observed for the sample synthesized with a three point plug, while an increase is
detected for the other. Differently, a lowering in selectivities is observed for both samples
when a concentrated feed mixture is employed.
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Figura 87: Comparison between the catalytic performances in TPO for prepared at -1.1 V for 3000s changing the number of
connection point with the potentiostat

SEM and EDS analyses of the used samples showed that a quite good dispersion of the Rh
particles was observed on the top of the layer. However, some larger metal particles were
detected respect to those observed in the calcined sample, probably due to the sintering caused
by the high temperature reached in the reactor (Figure 88).



Figure 88: Calcined sample synthesized at -1.1 V for 3000 s with a single point plug after calcination

The p-XRF/XRD tomography measurements using a synchrotron radiation has been
performed also on the used catalyst for the sample synthesized with a one point plug. The
presence of the previously detected phases in the calcined sample is detected (Figure 89),
pointing to a no loss of catalyst during the employment in the reactor. Moreover, the presence
of metallic rhodium is detected, confirming the reduction of Rh during the reaction and its
stability during the catalytic tests.
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Figura 89: u-XRF/XRD performed at the synchrotron of a used sample prepared at -1.1 V for 3000 s

The amount of deposited material is then the only difference between the two samples that
have been detected in all the previously described analyses, and in this way it is responsible
for the better performances of the catalyst. For this reason all the subsequent syntheses have
been carried out increasing the number of connections between the metallic foam and the
potentiostat.



5.4.12 IMPROVEMENT OF THE SYNTHESIS AT -1.2 V FOR 2000 S

The application of a -1.2 V potential for 2000 s can be considered one of the best working
conditions consulting the results of all the previous tests. Another set of foams was used for
the electrodeposition employing the three point plugging without adding the KNO; to the
plating solution and after the adjustment of pH.

A Dbetter coating was observed in respect to the sample synthesized under the same
conditions, with presented higher thickness (Figures 90a and 90c), and a strong increase of
small particles and aggregates mainly composed by Rh and Al over the compact top layer
(Figure 90b) and inside the cracks (Figure 90d). This behavior is probably due to the low
nitrates amount in the electrolytic solution, that leads to a slower OH formation which could
favor the precipitation of Al and Rh. It is similar to that previously observed during the
synthesis of LDHs on the Pt plates Less covered zones presenting a thinner film are however
detected in flat areas. The Rh:Mg molar ratio is in fact higher respect to the plating solution
where a thicker film is observed, while it is almost the expected one in the less covered zones.
Moreover, cracks development was also observed on both flat and tip zones due to the
thickness of the film. A good dispersion of all the elements was obtained, as shown by the
maps in Figure 91.
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Figure 90: Sample synthesized at -1.2 V for 2000 s with a three points plug in absence of KNO;
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Figure 91: EDS mapping of a sample synthesized at -1.2 V for 2000 s with a three points plug in absence of KNO;3, in order
0, Mg, Al, K, Fe, Rh and Cr dispersion have been shown.

After calcination the crack development increased, as expected, and the alumina growth
observed among the flakes of catalyst. The presence of well round particles on the top of the
flakes have been observed on flat and tip zones.
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Figure 92: Calcined sample synthesized at -1.2 V for 2000 s with a three points plug in absence of KNO;

The sample has been tested in catalytic partial oxidation of methane, as the previous
samples, in diluted and concentrated conditions. The comparison with the catalytic
performances of the sample synthesized in the same conditions but with a single foam-
potentiostat connection is displayed in Figure 93. An unexpected decrease of both CH,
conversion and selectivities are observed, without depending on the conditions of reaction.
However the same trend is observed, and a decrease of the methane conversion and the
selectivity to CO and H; is observed when a feed mixture CH4/O,/He 2/1/4 viv is employed.
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Figure 93: Comparison between the catalytic performances in TPO for prepared at -1.2 V for 2000s changing the
number of connection point with the potentiostat in absence of KNO,

The SEM and EDS analyses of the samples after the use in the reactor showed expected
behaviors, and dispersed Rh particles are still detected on the surface of the catalyst flakes.
However a lower number of metal particles and aggregates is detected (Figure 94a) respect to
the previously discussed sample, explaining the lowering of catalytic performances. Moreover

in some zones round metal particles are not detected also by back scattering images (Figure
94b).



Figura 94: Used sample synthesized at -1.2 V for 2000 s with a three points plug in absence of KNO;

5.4.13 INFLUENCE OF THE COMPOSITION

Some samples with different molar ratios in the plating solution were synthesized in order
to check the catalytic activity in CPO reaction when a lower amount of Rh is present. The
electrosyntheses were carried out at -1.2 V for 2000 s, employing the same set up described
before for syntheses with a higher Rh amount. Several compositions has been investigated,
and a first the influence of lowering of amount of Rh in the electrolytic solution (5:70:25 and
2:70:28 Rh:Mg:Al molar ratios) has been considered. Then the addition of Ni was
investigated, employing a working solution with a 5:15:70:25 Rh:Ni:Mg: Al molar ratio.

The SEM and EDS analyses showed expected results whereas employing a plating solution
with a Rh:Mg:Al molar ratio 5:75:20. A good covering degree but also the crack development
were observed also in the fresh samples. The growth of small particles and aggregates on the
Mg enriched layer is, however, reduced in respect to the sample synthesized in same
conditions from a electrolytic solution containing a higher amount of Rh (Figure 95). A
higher Mg content is found on tips, while a noticeable variability in detected amount of
rhodium is observed on both tips and flat zones.



Figure 95: Sample synthesized at -1.2 V for 2000 s with a three points plug in absence of KNO; from an electrolytic
solution with 5:70:25 Rh:Mg:Al molar ratio

The employment of the electrolytic solution with a Rh:Mg:Al 2:70:28 molar ratio results in
a lowering of the presence of particles and aggregates on the more compact layer (Figures 96a
and 96b). This observation is in agreement with the trend observed from the comparison of
the samples synthesized in the same working condition from 11:70:19 and 5:70:25 Rh:Mg:Al
molar ratios electrolytic solutions. It is also in according with the data collected for MgAl-
LDH synthesis carried out at -1.2 V for 2000 s, where a lower amount of particles aggregates
was detected in the upper part of the coating. In this way the presence of Rh seems to promote
the deposition of particles and aggregates, although Al was also detected in these zones by
EDS analysis. Some more covered flat zones are however detected (Figures 96¢ and 96d).
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Figure 96: Sample synthesized at -1.2 V for 2000 s with a three points plug in absence of KNO; froman electrolytic
solution with 2:70:25 Rh:Mg:Al molar ratio

Furthermore, the calcined samples did not show unexpected behaviors: a stronger crack
development, the growth of an alumina layer from the foam surface, and round Rh particles
dispersed on the upper layer are observed.
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Figure 97: Calcined samples synthesized at -1.2 V for 2000 s with a three points plug in absence of KNO; from
an electrolytic solution with 5:70:25 (a and b) and 2:70:25 (c and d) Rh:Mg:Al molar ratios

As done for the previous samples, the influence of changing the composition were tested in
CPO with different feed mixtures (2/1/20 and 2/1/4 v/v CH4/O2/He). A comparison of results
obtained for the samples prepared with a different of Rh loading has been carried out (Figure
98). The three samples display the same trend, with a slightly lowering of CH,4 conversion and
selectivities when a concentrated feed mixture is used. As far as the sample with a 5:70:25
Rh:Mg:Al molar ratio is concerned almost no differences have been detected in catalytic
performances respect to the catalyst with a higher Rh amount. A decrease is instead observed
in the case of 2:70:28 Rh:Mg:Al molar ratio catalyst.
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Figure 98: Comparison between the catalytic activities for sample synthesized synthesized at -1.2 V for 2000 s with a

three points plug in absence of KNO; from electrolytic solutions containing with 11:70:19, 5:70:25 and 2:70:28 Rh:Mg:Al
molar ratios

SEM and EDS analyses of the sample synthesized from plating solutions with 5:70:25 and
2:70:28 Rh:Mg:Al molar ratios do not display any unexpected behavior. In the first case, a
good coverage degree is still detected and small round Rh particles and aggregates have been
detected by back scattering images on the coating surface (Figure 99a and 99b). The same
behavior has been found also in the sample prepared from a 2:70:28 Rh:Mg:Al molar ratio
plating solution, although less and smaller Rh particles have been detected during the analyses
(Figure 99c and 99d), according to the low metal amount employed in the synthesis.
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Figure 99: Used samples synthesized at -1.2 V for 2000 s with a three points plug in absence of KNO; from an electrolytic
solution with 5:70:25 (a and b) and 2:70:25 (c and d) Rh:Mg:Al molar ratios

From the comparison of the collected data, the similar catalytic activity observed for the
catalysts prepared from a solution containing a 5:70:25 Rh:Mg: Al molar ratio respect to that
with a higher amount of Rh is a consequence of the better dispersion and the size of the metal
particles in the sample. The higher aggregation rate found out for in the Rh-enriched sample
does not optimize the performances of the active phase, that was instead the feature obtained
in the synthesis carried out with a minor Rh content plating solution. However, a further
decrease of the amount of rhodium during the synthesis leads to a too small particles
formation, that is responsible for the lowering of catalytic activity.

As far as Ni was found to be an active catalyst in CPO of CH,4 (chapter 3), it was added to
the composition of the catalyst in order to test its catalytic activity in combination with that of
Rh. The best set up indentified was used and syntheses at -1.2 V for 2000 s for a RhNiMgAl
plating solution with a molar ratio of 2:15:55:28 were performed. A three layer system seems
to be detected in this case. The lower one, in close contact with the foam surface, results to be
Mg enriched, with a Mg:Ni molar ratio close to the expected one and a low Rh amount. In the
middle layer the Mg content decreases noticeably, while a variable Ni:Rh molar ratio (always
higher than 1) is observed. Finally in the upper part ahigher amount of Rh is found, with a
Ni:Rh lower than 1. The presence of Al is always higher than expected, but this behavior has
been already discussed before.



Figure 100: Sample synthesized at -1.2 V for 2000 s with a three points plug in absence of KNO; from an electrolytic
solution with 5::15:55:70:25 Rh::Ni:Mg:Al molar ratio

The described behavior could be quite in agreement with the observations that were done
for the samples without the presence of Ni(OH),. It in fact precipitates in a pH range between
that of Mg(OH), and that of Rh(OH); and AI(OH)s. In the previous samples a Mg enriched
layer was deposited at first, probably because of the more basic pH value reached at the
beginning of the synthesis, and the growth of Rh and Al particles and aggregates was noticed.
(These observations are also in according with what observed on Pt plates during MgAl-
LDHs and NiAI-LDHs synhesized in the chapter on the study of pH evolution at the WE. )

The explanation of this behavior is probably the lowering of the pH during the synthesis, it
maybe due to an increased difficulty of NO3 ions to reach the electrodic surface or the
lowering of the effective applied potential due to the growth of a insulating layer on the foam
surface. So the formation of a Ni enriched layer between a Mg and a Rh enriched layers is
probably due to the difference in the pH required for the precipitation.

After calcination the presence of the three layers has been noticed more difficultly by SEM
analysis, but in some zones the crack development allows to observe clearly the stratification
of the catalyst flakes, although two main layer seem to be detected (Figures 101a and 101b).
These observations point to solid state reaction during the calcination process, resulting in sort
of compaction between the Mg and the Ni enriched layers, and the Ni and the Rh enriched
layers. Moreover, the EDS analysis shows some zones where the Mg:Ni molar ratio is about
1-2 with a low Rh content, and some zones with a lower Mg amount and a higher Ni-Rh
molar ratio (up to 1) is detected.
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Figure 101: Calcined sample synthesized at -1.2 V for 2000 s with a three points plug in absence of KNO3; from
an electrolytic solution with 5::15:55:70:25 Rh::Ni:Mg:Al molar ratio

The same catalytic tests have been performed employing the bimetallic. The same trend has
been observed for both CH, conversion and selectivity to CO and H,. A lowering is in fact
observed when a feed mixture CH4/O,/He 2/1/4 viv is employed in conversion and yelds.
However, higher value are always observed as far as the Ni containing catalyst is concerned.
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Figura 102: Comparison of the cétalytic performances in CPO when Ni is added to the composition of the catalyst



SEM and EDS analyses of the used sample containing Ni do not show any unexpected
behavior too. The presence of some exposed crusts has further confirmed the multilayer
nature of the coating described before (Figure 103a and 103b). A good coating degree is still
observed and the presence of metal particles and aggregates has been shown by back
scattering images also in this case.
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Figure 103: Used sample synthesized at -1.2 V for 2000 s with a three points plug in absence of KNO; from an electrolytic
solution with 5::15:55:70:25 Rh::Ni:Mg:Al molar ratio

The increasing of catalytic performances obtained with the addition of Ni to the plating
solution respect to the sample with the same amount of Rh is due to the presence of the bi-
metallic phase deposited, that is active in the CPO reaction. The enhanced multilayer coating
system seems not to be a limiting factor in the development of catalysts with this composition.



6. CONCLUSIONS

In this research work the optimization of the electrochemical system of LDHSs as catalytic
precursors on FeCrAlY foams was carried out.

Preliminary sintheses were performed on flat surfaces in order to easily characterize the
deposited material.

From the study of pH evolution vs time at different cathodic potentials applied to a Pt
electrode, the theoretical best working conditions for the synthesis of single hydroxides
(Al(OH)3, Ni(OH)2, Mg(OH);) and LDH (2:1 and 3:1 MgAl, 2:1 and 3:1 NiAl) compounds
was achieved. A preliminary estimation of the pH reached at the surface of the WE after the
application of the chosen potential was carried out employing acid-base indicators.
Subsequently, a more reliable measurement performed employing a glass electrode.

In order to define the optimal potential for the synthesis of a particular LDH compound, the
collected data were compared with the interval of precipitation determined by titration with
NaOH. However, the characterization of the deposited material on Pt surfaces did not confirm
the presence of a pure and homogeneous LDH phase even if the employed working
conditions were the best, on the basis of the results obtained from titration. Different
compositions were found depending on the analyzed points, and different morphologies were
observed for both MgAI-LDHs and NiAI-LDHs. These results point out a sequential
deposition linked to the pH of precipitation of the involved elements. An LDH phase always
precipitate at first as confirmed by XRD and SEM/EDS experiments by carryng out syntheses
for different times. Especially for the longest deposition time (1000 s), which assure the
obtainment of thick film, a ‘stratified’ structure was evidenced by SEM/EDS. In particular,
the elemental composition revealed on LDH phase which was enriched in Mg®* (or Ni**) in
the layer nearer to the Pt surface, whereas the outer layer resulted enriched in AI*".

The same behavior was observed during the synthesis of the RhMgAIl LDH on FeCrAlY
foam as catalytic precursor. Several parameters were considered in order to optimize the
synthesis. A strong influence on the initial pH of the electrolyte solution was observed,
particularly as far as the reduction of the easier reducible metal, i.e. Rh, was concerned. The
correction of the pH to a value of 3.8 resulted adeguate to avoid the presence of Rh° particles
in the synthesized precursor samples.

According to the data collected for MgAl and NiAl LDHSs on Pt plates, the applied potential
strongly affected the composition and the amount of deposited materials, and therefore the
catalytic performances of the sample.

The employment of an electrochemical cell with a cylindrical round counter electrode and
the increase of the plugging points between the metallic foams and the potentiostat assures a
better charge exchange and amore uniform potential, leading to a more homogeneous coating
of the foam surface at a macroscopic scale. However, at a microscopic scale, a difference in
composition and thickness of the coating was actually present between tips and flat zones, as
detected by EDS analyses for all the synthesized samples.



The syntheses carried out in stirred solutions in order to allow a better diffusion of the ionic
species inside the foam and, therefore, to obtain a good precipitation also in the inner partwas
not successful. Moreover, the reduction of Rh in the plating solution was observed,
particularly for a high applied potential, such as -1.3 V. In such conditions the solution turned
darker because of the presence of metallic particles.

The employment of lower pore density foams seemed to solve partially the problem of
solution permeation, but a low coverage degree was still observed in the inner part of the
foam.

The absence of KNOj3 during the electrochemical synthesis of the catalytic precursor lead to
an increase in the amount of deposited active phase and, therefore, to increase in the catalytic
performances of the sample.

Good conversion of CH4 and selectivity to CO and H, were obtained in steam reforming
reaction for the sample synthesized from a plating solution with a Rh:Mg:Al molar ratio
11:70:19 at -1.2 V for 2000 s. In the case of CPO of methane, the best catalyst was that with
the same molar ratio, as just said above, but synthesized at -1.1 V for 3000 s. The influence of
the molar ratio of the elements in the electrolytic solution was investigated too. In order to
obtain high catalytic performances and to use a low amount of rhodium, the optimal
composition resulted 5:70:25 for the Rh:Mg:Al molar ratio.

The addition of nickel to the plating solution (Rh:Ni:Mg:Al molar ratio = 5:15:55:25) led to
an increased activity for the CPO reaction, as expected, since Ni also is an active center in this
reaction



7. FUTURE DEVELOPMENT

Several features have to be improved in order to optimize the synthesis of catalysts
precursors on metallic foams.

The discussed sequential deposition that takes place on both Pt plates and metallic foams is
one of the main undesired behaviors which were observed. Although good results were
obtained in catalytic tests, further studies have to be carried out in order to better understand
the precipitation mechanism.

Another problem is the development of cracks on both fresh and calcined samples. In the
first case the optimization of the drying phase will be attempted by the employment of a
Iyophilizer. The resulting freeze-drying process is expected to induce a lower formation of
cracks in comparison with the drying in oven at 40 °C.

As far as the calcined samples are concerned, the processes that lead to the crack
development have been outlined previously during the data discussion. In order to reduce the
stress caused by the difference in the thermal expansions of the metal alloy and the deposited
material, the calcination could be effected more slowly.

Some experiments, such as the employment of stirring solutions or the use of foams with
lower pores density, were already carried out. However, a good coating degree of the inner
part of the foam, that is expected to cause an improvement of catalytic performances, was not
been reached yet. A new electrochemical in-flow cell was designed and developed in order to
solve this problem.

7.1 THE FLOW CELL

It consists in a glass pipe through which the working solution is fed by a HPLC pump
connected to the bottom of the cell. The solution then flow from the upper part of the cell to
the reservoir tank. This could be a very interesting device since the expensive metal salts
employed for the synthesis be recycled from the solution, so limiting the production of high
cost wastes.

The electrochemical compartment is placed in the central part of the cell the metallic foam
could be located inside a porous ceramic cylinder (1.4 cm diameter) thanks to a glass rod that
is inserted through the bottom part of the pipe. Three Pt wires inserted in the rod are
employed to plug the foam and the potentiostat. A Pt wire, which works as CE, is rolled up on
the outer part of the ceramic cylinder. It is immersed in a supporting electrolyte solution
contained in a glass pipe which is wound round the main pipe. Once the pourous membrane is
hydrated, the current flow between the foam and the CE, while minimizing the diffusion of
the working solution from the central pipe to the supporting electrolyte compartment. The
reference electrode is located in the upper part of the main pipe. Since the cell geometry does



not allow to the RE to be placed, a Luggin capillary is inserted cross the upper part of the cell
until it reaches the foam surface.

Figure 104: the flow cell

The cell has been already realized but just a few tests have been performed and no results
can reported at present.
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