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CHAPTER 1

1.1 Climate Change and Global Warming

1.1.1 Climate change

On multi million-year time scales, Earth's climate has alternated between cold ice
ages and ice-free greenhouse periods.l! Currently, Earth is in the Quaternary
glaciation, known as the Ice Age.?! An interval of time under cold climate within an
ice age is termed as glaciation, alternatively glacial. On the other hand, interglacials
are periods of warmer climate between glacials, referring relatively higher global
temperature.’! These climate changes had natural origins related to variations in
solar output, changes in Earth's orbit around the sun and the atmospheric
composition, such as the concentrations of carbon dioxide and methane , as shown
in Figure 1.1." It is noted that these natural climate changes have significantly
influenced on the life on the planet, favoring the growth of large vegetation, while
causing the extinction of reptiles such as dinosaurs and even mammal animals like

mammoths, saber-toothed tigers and others.

With the emergence of the Industrial Revolution and for the purpose of good
manufacturing, humankind has made increasing use of energy initially based on the
coal and wood until the First World War. In this period, between the First and
Second World War, there was a huge shift from coal to liquid gasoline and fossil
fuels. The fossil resources have become the primary energy resource for
development of society and the consumption of fossil resources has steadily grown
over the years and reached some peaks related to the economic periods of

expansion or recession. The use of fossil fuels is mainly based on the thermal energy
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released during the combustion of hydrocarbons with the formation of carbon

dioxide and water.
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Figure 1.1. Comparison of the relationship between the ice volume, CO,
concentration and Earth's orbit during the last 800,000 years. Ice volume (grey);
epica T-anom (red); CO; levels (yellow); epica dust (purple); eccentricity (black);
total insolation at either pole (red); maximum summer insolation at north pole (blue)

and south pole (dashed).P!

Current data from the U.S. Department of Energy indicate that the daily global
demand for fuel is over sixty million barrels crude oil and similar vast scale of natural
gas. One crude oil barrel is 42 gallons and about 160 liters which can generate 660
m3 CO,. Therefore, numerous amount of CO, are released to the atmosphere every

day. The CO; concentration in the atmosphere is not toxic, however, the massive
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burning of fossil fuels has steadily increased atmospheric CO, concentration from
the value about 150 ppm in the early 20th Century to the current 420 ppm that has
been measured recently by the National Oceanic and Atmospheric Administration
Earth System Research Laboratory.!! The recent change is amazing and
unprecedented. The increase in CO; has never exceeded 30 ppm in last one
thousand years, however, CO; concentration has increased by 30 ppm in the past 17
years. Figure 1.2 shows the data from the national atmosphere of ocean laboratory,
exhibiting the continuing increase in CO, concentration in the atmosphere.[”? Worth
noting in Figure 1.2 are the seasonal changes of CO, concentration between
summer and winter that are due to the photosynthesis activity in the North
Hemisphere and reveals the small influence of natural photosynthesis to control the

CO;, concentration at the levels currently produced.
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Figure 1.2. The Keeling Curve of monthly atmospheric CO; concentrations measured

from 1958 to 2020 at Mauna Loa Observatory, Hawaii.[”}
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1.1.2 Evidence of greenhouse effect

Evidence of greenhouse effect can be obtained from the permanent ice exploration
in the Antarctica. The permanent ice containing the data of the atmosphere over
millions of years has correlated CO; concentration and Earth's climate by drilling and
analyzing hundreds of meters depth of the ice core. Interglacial periods are related
with thin layers of ice, while glacial periods corresponding to much thicker ice. And
each ice contains entrapped bubbles of air in which the concentration of CO; can be
analyzed and determined. The CO, concentration correlates strongly with the
temperature of the glacial and interglacial periods. The ice core record indicates CO,
mole fractions stayed within a range of 180 ppm to 270 ppm throughout the last
800,000 years until Industrial Revolution.!®! Measurements from Antarctic ice cores
also show that before industrial emissions started, atmospheric CO; mole fractions
were about 280 ppm,® and stayed between 260 and 280 ppm during the preceding
ten thousand years.!” However, since the beginning of the Industrial Revolution,
the atmospheric concentration of carbon dioxide have gone up by approximately

45 %, rising from 280 ppm in 1750 to 418 ppm in 2021.1"!

In addition, studies on Earth's climate have also shown that there are certain
molecules in Earth’s atmosphere that can absorb and emit radiation in the infrared
wavelength range, causing an effect that has been denoted as greenhouse effect,
shown in Scheme 1.1.1'Y As a consequence, the radiatively active gases, also known
as greenhouse gases, radiate energy in all directions in Earth’s atmosphere and part

of this radiation can be redirected towards Earth’s surface, thus increasing the
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temperature of the biosphere. The primary atmospheric greenhouse gases are
water vapor , carbon dioxide, methane, nitrogen oxides (NO,), and ozone (0s).1?
The most abundant greenhouse gas, accounting for about two-thirds of greenhouse
gases, carbon dioxide, is largely the product of burning fossil fuels.'? In addition,
the direct radiative effect of a mass of methane is about 84 times stronger than that
of carbon dioxide itself over a 20-year time framel'® and the presence of methane in

the atmosphere also related to the massive use of fossil fuels as the primary energy

source.
The Greenhouse Effect
e About half is reflected or The earth also releases heat

absorbed by clouds and back towards space.

the atmosphere.
Some of this heat passes
directly through the

o atmosphere.

The sun’s radiation
travels towards the But most of it is captured
earth. e a and retained by

The rest reaches the earth, a greenhouse gases.

where it is absorbed by
oceans and land.

Scheme 1.1. lllustration of the greenhouse effect.

1.1.3 International agreements

Starting from the Sustainable Development Goals (SDGs) in 2015 designed to be a
"blueprint to achieve a better and more sustainable future for all", United Nations

(UN) has always been concerning about the sustainability and preservation of
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eco-systems and natural forests of the planet.'*! The Intergovernmental Panel on
Climate Change (IPCC) was set up by the UN Environment Commission to provide
objective and scientific evidences on climate changes. In 2013, the IPCC presented
its conclusions on the role of human activities in climate change and concluded
categorically that climate change is real and human activities are the main cause.
The predicted consequence of this change on humankind and life on the planet are
dramatic, recommending actions to mitigate this change. Subsequently, in 2015, a
landmark agreement was reached to mitigate climate change and to accelerate and
intensify the actions and investments needed for a sustainable low carbon future.™>
The Paris Agreement, after Kyoto Protocol, for the first time, brought all nations into
a common cause to undertake ambitious efforts against climate change and adapt
to its effects. The central aim of Paris Agreement is to strengthen the global
response of all nations to the threat of climate change by keeping the global
temperature increase in this century, well below 2 °C above the pre-industrial level
and to pursue efforts to limit global warming to 1.5 °C by the end of the century.!®!
There are now about 200 countries corresponding to 90% human population that
have ratified the Paris Agreement. With global emissions reaching record levels and
showing no sign of peaking, in September 2019, UN called on to a reduction of
greenhouse gas emissions by 45 % over the next decade by 2020, and to net zero

emissions by 2050.17!

The European Union (EU) was the key in favor of the change in the energy sector

and to abandon fossil fuels as the main energy source. EU has considered the
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change as an opportunity and over 1.5 billion Euros of public funding was used to
promote this low-carbon transition with clear milestones to raise the 2030
greenhouse gas emission reduction target, including less emissions and source
removals, to at least 55% compared to 1990.1%! |n addition, EU aims to be
climate-neutral by 2050, an economy with net-zero greenhouse gas emissions.”!
This objective is at the heart of the European Green Deal and in line with the EU’s
commitment to global climate action under the Paris Agreement.!®! In this
transitional period until the lined objective is reached, while controlling carbon
dioxide emissions, the capture and utilization of carbon dioxide are also important
for coping with global warming. For this reason, an active scientific research fields

has focused on different ways to capture CO; as well as the chemical use of CO; as

feedstock to produce fuels and offer value-added carbon-containing chemicals.

1.2 CO; as the Inert Molecule

As a nontoxic, abundant and renewable carbon source, the chemical utilization of
CO; into value-added products is very attractive since it will contribute to diminish
atmospheric CO; emissions and the replacement of dwindling fossil fuels.*?
However, carbon dioxide is a well-known highly stable molecule (AtGaesk = -396
kJ-mol?) and most of the reactions involving CO, are thermodynamically uphill,
meaning that these reactions require entropy to occur.?? In other words, the
activation and subsequent conversion of carbon dioxide are energy-demanding

processes. Therefore, in the context of CO, capture and utilization, the number of
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spontaneous reactions that can be performed by using CO, as starting material is
very few. Scheme 1.2 illustrates some of the reactions that have been considered for
CO; utilization, including urea formation,!?!! diethyl carbonate production?! and
ethanol from CO,.22 Other reactions, such as the formation of methanol®! and
other higher alcohols,?* are reversible and the equilibrium are largely shifted
towards CO; into organic compounds. A large energy input is required to transform
CO;. Thus, the addition of another substance with relatively higher Gibbs energy will
make the CO, conversion more favorable thermodynamically. As an easily available
and high-energy material, hydrogen can be used as the reagent for CO;
transformation. Therefore, CO, hydrogenation, using H, obtained from renewable
energy,’® could be a promising research direction. Electrochemical H, production
can serve to deal with the intermittence of renewable electricity and produce
chemicals and fuels. In this way, not only CO; emissions will be diminished but also

the whole strategy will cover the shortage of fossil fuels.

X
HaN™ “NH,
OH O
OH o
/\OJ\O/\
Salicylic acid
cC
80))
InErtimolecule:
Highly performanced polymers o)
o’
& 0.0
LLTT¥ R

CO, HCOOH, CH,0H, CH,

Scheme 1.2. lllustration of different reactions that can be used for CO, utilization.
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1.3 CO; Hydrogenation

Catalytic CO, hydrogenation is considered as a potential path forward sustainable
production in a large variety of compounds, such as methane, higher hydrocarbons,
formic acid, methanol and higher alcohols.?®! As it can be seen in Scheme 1.3,
products of CO; hydrogenation can be liquid, but most frequently they are gases.
Considering the depletion of fossil fuels, CO, hydrogenation to hydrocarbons is a

promising way to covert CO; into fuels, among other CO; hydrogenation products.

(CH:OH,

CH,_ G,
 CO_

Scheme 1.3. Catalytic CO; hydrogenation to chemicals and fuels.

There are different possible pathways to produce C,: hydrocarbons from CO;
hydrogenation (Scheme 1.4). Two typical parallel reactions to obtain from CO,
hydrogenations are reverse water-gas shift (Eq. 1.1, RWGS)®?” 281 and methanol
formation (Eq. 1.2).22% 30 The value-added C,. products could be directly obtained
through Fischer-Tropsch synthesisBY from syngas (a mixture of carbon monoxide
and hydrogen) or the methanol-to-hydrocarbon (MTH) process.®? MTH was first
discovered in 1976 and can transfer methanol into a series of compounds, including

methanol-to-olefin ~ (MTO)®¥  and  methanol-to-gasoline  (MTG)B4  and
21
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methanol-to-aromatics  (MTA)  reactions.® In  addition, the indirect
methanol-mediated route can also be used to obtain carbon-containing chemicals
and fuels, in which methanol is produced by CO, hydrogenation and then the
obtained methanol is dehydrated or coupled over zeolites or alumina.®® Evidently, it
is possible to develop bifunctional or hybrid catalysts used for both methanol
synthesis and dehydration/coupling,®” in a way that CO; can be directly converted
into high-value C,. products. Recently, the direct pathway of CO, modified
Fischer-Tropsch synthesis (CO,-FTS) has been developed. In this process, CO; is
converted to CO via the RWGS reaction that is coupled with CO conversion to

hydrocarbons via FTS.58

CO2+Hz = CO+HO ArHzes¢ = 41.2 ki-mol? (Eq. 1.1)
CO2+3Hy = CH3OH + HyO  ArHaesk = - 49.5 kJ- mol™? (Eq. 1.2)
H,0 |—>Remove
RWGS
+H,0
FTS
-H,0

Scheme 1.4. Different pathways to produce long-chain hydrocarbons from CO;

hydrogenation.
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1.3.1 CO; hydrogenation to methane

In contract to typical reactions for CO; utilization, CO, hydrogenation to methane
can be performed easily at atmospheric pressure and high gas hourly space velocity
(GHSV) at the CO; conversion and selectivity values close to theoretical equilibrium
values.l*! The process of converting CO; into CHg is named as the Sabatier reaction,
because it was first reported by French chemists Paul Sabatier and Jean-Baptiste
Senderens in 1897.1% One of the main important feature of the methanation is that
the reaction is highly exothermic and accompanied by a decrease in volume. Thus,
the high pressure and the low temperature are favorable conditions. Typically,
methanation can be carried out at a temperature range of 250 to 350 °C and under
25 bar pressure via Sabatier reaction (Eq. 1.3)%*Y or Fischer-Tropsch process (Eq. 1.4).
In terms of industrial production, the infrastructure for the synthesis, storage,

transport, and utilization of methane is fairly well-established.

CH4+ 2H,0  ArHagsk = - 165.0 kJ-mol™? (Eq. 1.3)

1

CO; + 4H;

CHa+H20  AHa0s¢ = - 206.1 kJ-mol? (Eq. 1.4)

1

CO + 3H»

1.3.2 CO; hydrogenation to methanol

Other typical Ci1 products obtained through CO; hydrogenation are methanol and
formic acid. Although the consumption of CH4 as a primary constituent of natural
gas has increased greatly, the price of methane is quite low compared with the price

of methanol about 340 euros per ton.[*? Despite the fact that methanol is currently
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produced in a large multi-ton scale, about 148 million metric tons in 2019, there is
still possible to increase considerably methanol consumption, particularly if the
application of methanol as a fuel is implemented. In any case, forecasts of the
market indicate that methanol production will at least double by 2030 due to new
processes driving from methanol, particularly its use as direct-methanol fuel cells
(DMFC).[*3 44 Formic acid has been considered for chemical storage of Hj,“"
although it has low hydrogen storage capacity, only 4.4 wt.% gravimetrically and 53
kg-m3 volumetrically, compared to other alternative among the chemicals However,
the significant benefit of formic acid over methanol or ammonia is that the
dehydrogenation of formic acid can be realized at very mild conditions, in some

cases even at room temperature.*®!

Methanol has a considerable advantage over other possible liquid C; products
derived from CO; at mild temperatures. Compared with formic acid, methanol has
the advantage of having a much higher energy density, according to its combustion
enthalpy of 22 700 kJ-kg™ about three times higher than that of formic acid.”*”! Not
only that, as a transportation fuel, methanol could be used in combustion engines
reaching high engine power with minor modifications, compared with the current
gasoline motors.*8! Methanol can even be used as a liquid fuel to generate
electricity in proton exchange membrane fuel cells (PEMFC) having a similar
configuration as those powered with hydrogen.*! In addition, the DMFC make it
possible to generate electricity directly from methanol which could be applied in the

field of transportation and distributed energy generation.**! Thus, the use of
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methanol as fuel could become a smooth transition between the current massive
use of fossil fuels to the future hydrogen technology. In fact, methanol is considered
as a liquid organic hydrogen carrier (LOHC), since methanol reforming can deliver up
to three hydrogen molecules per methanol molecule.** > Then, the H, storage
capacity of methanol is about 19 % that is among the highest percentage for LOHCs.
Although the process will emit unwanted CO,, the cycle could have a zero-CO;
footprint if methanol is formed in turn from C0,.P% Therefore, regarding CO»
utilization, the consumption of methanol has a considerable potential to grow and
therefore can contribute to achieving a massive decrease in atmospheric CO;
emissions. Scheme 1.5 illustrates some possible uses of methanol as an alternative

fuel to natural gas and crude oil.

Scheme 1.5. Different uses of methanol as an alternative fuel.

Earlier research, especially from Klier,’Y suggests that carbon monoxide is the major
feedstock for methanol synthesis. Currently, CO, hydrogenation to methanol is a

well-established process (Eq. 1.2) While it incorporates the generation of water, CO

25



CHAPTER 1

could be obtained from CO; via RWGS by consumption of water. (Eq. 1.1) Thus, the

CO conversion to methanol can be expressed as Eq. 1.5.
CO +2H; = CH30OH  AHjssc = - 90.7 ki mol? (Eq. 1.5)

Both methanol formation reactions (Eq.s 1.2 and 1.5) are exothermal and involve a
decrease of volume. Therefore, from the thermodynamic point of view, the
equilibrium of methanol formation is more favorable at low temperatures and high
pressures. However, due to the stability of CO,, the slow kinetics determines that
measurable reaction rates require high temperatures and the use of suitable
catalysts to form methanol. Under these conditions, CO; conversion can be limited
by the equilibrium composition. Generally, under the conditions of methanol
formation, CO formation (Eq. 1.1)?” is the only competing reaction and, therefore,
typical reaction mixtures are composed by methanol and CO in various proportions.
Figure 1.3 shows the equilibrium composition for CO, hydrogenation to methanol

and CO as a function of the temperature.?

The above consideration explains why CO; hydrogenation to methanol is carried out
at temperatures below 300 °C, typically in the range from 250 to 300 °C, and high
pressures, generally above 30 bar, being common pressures close to 100 bar. Under
these conditions, every path of CO, is expected a few conversion percent and
methanol selectivity is the key parameter. In this context, shown in Figure 1.3, a
target in the area would be to diminish the reaction temperature to near 200 °C
that at the stoichiometric H2/CO> of 3 would allow CO; conversions close to 20 %

without compromising methanol selectivity. Accordingly, in the reported formation
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of methanol from CO; hydrogenation at temperature between 200 to 300 °C, CO is
frequently the main by-product. Thus, the introduction of transition metal oxides in
catalysts used for CO; hydrogenation to methanol can promote more efficiently the

activation of H; and decrease the reaction temperature.
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Figure 1.3. Equilibrium of CO; conversion and methanol selectivity as a function of
temperatures and H,/CO, stoichiometric ratio at pressures of a: 10 bar; b: 30 bar; c:

100 bar; d: 200 bar; e: 300 bar; f: 400 bar and g: 500 bar.%

1.3.3 CO; hydrogenation to C. hydrocarbons

Compared with the generation of C; products, the conversion of CO; to C,:+ product
is more challenging due to the high C-C coupling barrier and the competition with

CO, methanation.® However, considering the relative price in the market and the
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energy density of C,+ hydrocarbons respect to methane, it is clear that a selective
CO; conversion into Cy+ hydrocarbons would be extremely more attractive. Recently,
considerable progress has been made in the catalytic hydrogenation of CO; to
various value-added C,: products, including olefins, liquid fuels, and higher

alcohols.54

As previously mentioned, C,+ hydrocarbons could be obtained through FTS from
syngas and the CO, modified FTS. A typical FTS process is the catalytic syngas
conversion to generate a mixture of linear alkanes and alkenes, whose distribution
as a function of the number of carbons can be predicted by the
Anderson-Schulz-Flory (ASF) model (Figure 1.4).**! A predicted maximum fraction of
C,-C4 hydrocarbons is about 56.7 %, but with an undesired methane percentage of
29.2 %.5°1 Therefore, the catalysts required for the FTS should increase the

selectivity to C;-C4 hydrocarbons while reduce the formation of methane.
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Figure 1.4. Products distribution according to the Anderson-Schulz-Flory model.[**]
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Compared with the FTS, the CO, modified FTS integrates the CO; conversion to CO
via the RWGS reaction and subsequent CO hydrogenation to hydrocarbons via FTS.
Combination of the RWGS and the FTS in a single process is more favored because
this transformation can be realized in one reactor, thus reducing manufacturing cost.
The bifunctional catalysts used for the CO, modified FTS should be active in both
endothermic RWGS and exothermic FTS under same operation conditions, namely,

*CO generation and subsequent *CO hydrogenation, as shown in Scheme 1.6.5°

The product distribution could be wide based on the structure and composition of
the catalysts used in CO; hydrogenation. Thus, the development of appropriate
catalysts that can drive the product selectivity towards C,. hydrocarbons is

significant in the area.
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Scheme 1.6. lllustration of the CO, modified FTS-based catalytic mechanism.[¢!

1.4 Catalysts for CO, Hydrogenation

The previous paragraphs have paid attention to the thermodynamics of CO;

hydrogenation and the variety of products that could be obtained depending on the
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available reaction paths. However, due to its extreme inertness, all the reactions
involving CO, are remarkably slow and do not exhibit significant reaction rates even
at temperatures as high as 350 °C or above. One general way to increase the
reaction rate is the use of catalysts with active sites, opening new reaction pathways
by the interaction between catalysts and substrates.®”l Through the interaction
between active sites and reactants, it is possible to achieve product selectivity

towards target molecules.

Chemical industry prefers the use of solid catalysts that are in a different phase to
that of reactants and products. The advantage of solid catalysts is that they are easy
to separate from the reaction mixture through immobilization of the solid catalyst in
a reactor while performing in a continuous flow process at an appropriate reaction
temperature. Figure 1.5 shows an overview of four currently used converter designs

to illustrate the use of solid catalysts in large scale industrial processes.®!

(b) (c) (d)

=
L

—>

Figure 1.5. An overview of four currently used converter designs. (a: fixed bed; b:

slurry phase; c: fluidized bed; d: circulating fluidized bed.)
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1.4.1 Catalysts for CO; hydrogenation to methane

CO; methanation can be catalyzed by transition metals such as cobalt,™ nickel,®0!
ruthenium,®Y rhodium,®? and palladium,’® in which Ni-based catalysts are the
most widely used in industry to obtain CHs due to the high CO; conversion,
remarkable CHs selectivity and convenient availability. A typical highly-efficient

catalyst for Sabatier reaction is Ni/SiO, with a high specific surface area.l®*

1.4.2 Catalysts for CO; hydrogenation to methanol

Early industrial-scale production of methanol was performed at high temperatures
(320-450 °C) and pressures by using a sulfur-resistant ZnO/Cr,03 catalyst at the
facilities of BASF in 1923.%%! Then, the high-pressure process was gradually replaced
by the current exclusively used low-pressure processes (50-100 bar). After the
discovery by BASF of copper chromite (CuCrOs) as a catalyst for CO2 hydrogenation
to methanol, the most widely used catalyst is copper and zinc oxide supported on
alumina (Cu-ZnO/Al,0s) that is the current benchmark catalyst for the process.®®
The typical atomic proportion of Cu/Zn is 3:1 and loading on Al,03 can be around
20 % in weight. Although the catalyst is generally denoted as Cu-ZnO, in situ studies
suggest that under the reaction conditions, ZnO undergoes a chemical reduction to
metallic Zn that forms a bronze alloy with Cu.l®”! In another way, even though under

ambient conditions, Zn is oxidized by atmospheric oxygen, and Cu and Zn become
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separate in different phases, the Cu-ZnO/Al,O3 should be considered a precursor of

the active sites, rather than the real catalyst.[®”

In spite that Cu-ZnO/Al,03 was reported many years ago and the intense research
on catalytic CO; hydrogenation to methanol, the progress in the development of
other more efficient catalysts that could promote the CO; conversion to methanol
at lower temperatures has been limited. Besides alumina, zirconia in different
crystallographic phases is also considered a suitable support.[®® % |n this regard,
one of the best catalysts so far reported in the literature is the one in which copper
nanoparticles are incorporated inside the cavities of UiO-66(Zr) as described by
Yaghi and coworkers.’? Scheme 1.7 shows a model and TEM image of this Cu
NC-UiO-66 catalyst in which the Zr¢04(OH)s nodes of UiO-66 play a similar role as
ZrO; support and the Cu particle size is limited by the dimensions of the UiO-66

cages to a few nanometers.

___Zr oxide cluster
of UiO-66

Active sites

......... A\ Cu surface

Scheme 1.7. lllustration of active site (a) and TEM image (b) of Cu NC-UiO-66

catalyst.l’%

In a totally different system, a series of noble metal based catalysts, such as Ga-Pd,"!
Pt-MoOx/Co-TiO,"% and Au-CeOX/TiO,73! have been reported for CO, hydrogenation

to methanol at low temperatures and pressures. Pure indium oxide can convert
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7.1 % of CO, with a CHsOH selectivity of 39.7% at 330 °C and 5 MPa.’* However,
copper and zinc are generally preferred compared with indium or gallium-based
catalysts due to their larger abundance in Nature.l’” Although the introduction of
transition metal oxides contributes to the catalytic CO, conversion to methanol, it
also leads to excessive hydrogenation of CO; to CH4, thereby reducing the selectivity

of methanol.

In this context, Cu and ZnO supported on defective graphene could be considered as
a potential catalyst for CO, hydrogenation to methanol in order to realize the
low-temperature and high-efficiency CO, hydrogenation methanol. The target of this
reaction would be to operate at a temperature around 200 °C, reaching the

thermodynamic equilibrium of methanol.

1.4.3 Catalysts for CO; hydrogenation to C,. hydrocarbons

Iron and cobalt-based supported catalysts with appropriate promoters are
predominantly used in the field of CO, hydrogenation to obtain value-added Cj.
hydrocarbons.[7®! Currently, it has been found that certain Co catalysts, especially
those exposed on the surface patches of cobalt oxide and metallic Co, can give
certain selectivity to C,+ products under a specific operation condition. In the
current of art, the selectivity to C,+ products can be achieved as high as 30 % but
with low CO; conversions, typically below 25 %. Thus, it would be significant to
develop highly selective Co or Co-Fe catalysts towards C,. hydrocarbons at higher

CO; conversions.
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In the present Doctoral Thesis, the particle size of a series of Co-Fe alloy
nanoparticles have been supported on nitrogen-doped graphene with the attempt
to drive C+ hydrocarbons formation with high selectivity at a higher conversion.
Evidently, the RWGS reaction converting CO, into CO is a process closely related to
the steam reforming that will be the main process producing CO. During the process
of the water-gas shift reactions, the excess of CO with steam giving rise to CO, and
H,. The water-gas shift is industrially employed to balance the proportion between
CO and H; formed in the steam reforming process having the correct CO/H,
proportion for the FTS of hydrocarbons and alcohols. It appears as logical to also
perform these Co-based catalysts for the reverse water-gas shift reaction. Therefore,
in addition to develop the size window of the Co-Fe-based catalyst as it is required
for FTS, it is also reasonable to employ these Co and Co-Fe-based catalysts to

promote the RWGS reaction.

1.4.4 Influence of supports

The present PhD Thesis deals with the utilization of CO, as feedstock for the
production of high-value fuels and chemicals and it is focused on the development
of catalysts that could drive CO, hydrogenation selectively with high conversions
towards a wide range of products directly from CO,. There are vast numbers of
studies that report different kinds of catalysts for CO, hydrogenation exhibiting
selectivity towards specific hydrocarbons. These catalysts have in common that

transition metals are supported on solid materials with large specific surface areas.
34



CHAPTER 1

Among them, the use of noble metals such as Pd, Ru and Pt have received
considerable attention.””! However, due to the high price of those precious metals
and for the sake of sustainability, current research is paying more attention to the

first-row of transition metal that are considerably more abundant and affordable.

It is remarkable that the nature of the transition metal in the catalysts determine
the final product in a large extent. Catalysts such as Fe, Co, Ni and Cu supported on
silica and carbon materials have been comprehensively investigated in CO;
hydrogenation.’® Among them, Fe and Co-based catalysts are widely used in the
CO; modified FTS, due to the significant selectivity to Cy: hydrocarbons.”?! These
active transition metal in the form of small nanoparticles or even clusters and single
atom supported on metal oxides with large surface areas, such as y-Al,03,8% Zr0,,8!
TiO,® and Ce0,® have been frequently reported as solid catalysts for CO,
hydrogenation. In addition to inorganic materials, organic-inorganic solid, such metal

organic frameworks (MOFs),®* organic polymer,®> carbon nanotubes (CNTs),®®!

graphene®”! and mesoporous carbons have also been used as supports.

The primary role of the support in CO, hydrogenation is to maintain the size of small
metal NPs under reaction conditions. Typically, metal NPs tend to grow and
agglomerate when activated under operation conditions. Therefore, the support
plays an important role in maintaining a high metal dispersion by means of the
interactions between catalytic active sites and supports, which could influence the

activity of catalysts as well as the selectivity of products.

In addition, the supports can also cooperate with the reaction mechanism by
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absorbing CO; from the gas phase and putting it in contact with the metal or by the
favorable sorption of oxygen and water from the surface of metal active sites.!® In
the case of Fe-based catalysts employed in CO; hydrogenation, it is considered that
v-Al,03 performs best than other supports such as SiO, and TiO; due to the strong
metal-support interaction established with the active sites,®! and it could also avoid
sintering during reaction. CNTs and graphenes catalysts with superior thermal and
chemical stability are also good carbon supports for CO, hydrogenation.
Nitrogen-doped CNTs have been used as supports to prepare Fe-based catalysts and
the catalytic results show that the incorporation of N-doped CNTs greatly improved
Fe dispersion and its reducibility because of the enhanced hydrophilicity and
appropriate metal-support interaction. In comparison, oxygen-rich supports such as
SiO, show an stronger interaction with the iron oxides species, which exhibits a
negative influence on the reducibility of Fe, resulting in a worse CO; conversion and

selectivity.[°®

In the present PhD Thesis, the only used support will be graphitic carbon, whose
structure is constituted by the stacking of defective graphene layers and the active
metal phases established by strong interactions with these graphene sheets. The
electronic charge transfers between the graphene layers and the supported metal
NPs can increase the catalytic activity compared with those NPs on other supports,
particularly, those in VIII group on the surface. In addition, a common feature of the
graphitic carbon employed in the PhD Thesis is that they are obtained by the

pyrolysis of natural polysaccharides such as alginate and chitosan following
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procedures developed by our group.

1.4.4.1 Graphitic carbons as support

The earliest research on graphene could be traced back to 1895, when the highly
lamellar structure of thermally reduced graphite oxide was noticed.®Y In the
following decades, the structure of graphite was determined by powder X-ray
diffraction and single-crystal diffraction.’?> %3 The term “graphene” was first
proposed by German chemist Hanns-Peter Boehm in 19614 and then used to
describe the single sheet of graphite when the property of graphite to form
intercalation compounds was first observed. It was noted that it was not until
nearly half century later that independent graphene sheets were not properly
isolated from graphite by a low-cost method and its electronic properties were
studied.®®! Then, studies deserved the Nobel Prize in Physics in 2010 for the
groundbreaking research on the two-dimensional (2D) material graphene and the
discovery of the universe of 2D nanomaterials. The highly-crystallized graphite
consists of the stacked graphene layers with an interplanar distance of 3.41 A.7 The
van der Waals m-it attraction between the graphene layers is strong enough to result
in the difficulty and low efficiency of complete exfoliation of graphite into individual
graphene layers. For instance, the exfoliation of graphite by ultrasonication in a
liquid medium requires the use of highly-viscous and low-volatility liquids, which
does not produce exfoliation in a significant extent and later they are difficult to

remove from the graphene. Evidently, graphene obtained from the sonication of
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graphite in organic solvents taken place typically with a yield of less than 1 wt.%.

Due to all the above problems, as shown in Scheme 1.8, the most widely used
procedure to obtain graphene from graphite in large quantities involves three
intermediate steps, consisting of the deep chemical oxidation of graphite to form
graphite oxide, the subsequent exfoliation of graphite oxide and a final reduction of
graphite oxide sheets. The key feature of the process is that during the oxidation
process of graphite, functional groups such as hydroxyl and epoxide groups are
inserted or bonded to the graphene layers, leading to an increased d-spacing from
3.4 A to around 7.1 A, which makes the exfoliation process easier. In addition, the
absence of m—Tt conjugated regions in graphite oxide also facilitates the exfoliation of

graphite oxide compared to graphene sheets.

Graphite Graphite Oxide Graphene Oxide Graphene

Scheme 1.8. Procedure used to obtain graphene from graphite, i: the oxidation of
graphite to form graphite oxide, ji: the exfoliation of graphite oxide to form

graphene oxide, jii: the reduction of graphene oxide to form graphene.

The main problem of graphite regarding its exfoliation is its high crystallinity. In this
context, our group has shown that graphitic carbons lacking crystallization can be
obtained from carbohydrates such as polysaccharides.®® The conversion of

polysaccharides to graphitic carbons can be easily performed by a thermal
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treatment at temperatures above 850 °C under inert atmosphere. The process is
generally denoted as pyrolysis and can be adequately performed in a tubular electric
oven, in which an inert gas flows or high vacuum ensure the absence of oxygen.
During pyrolysis, the high initial oxygen content of carbohydrates that is generally
over 50 wt.% decreases by the evolution of H,0, CO;, CO and other gases, remaining
a residual oxygen content, typically about 10 wt.% or below depending on the
pyrolysis conditions!®?! Besides carbon and oxygen, other elements such as nitrogen,
sulfur, phosphorous can also be present in the composition of polysaccharides and
which can remain attached to the resulting graphitic carbon as dopant elementst°!
The innovation of the preparation procedure developed by our group is that these
graphitic carbons can be easily exfoliated into single or few layers defective

graphene in a very high yield over 70 % upon sonication.

A typical case of a natural polysaccharide that can be converted into N-doped
graphene is chitosan, a linear polysaccharide composed of glucosamine
(deacetylated unit) and N-acetylglucosamine (acetylated unit) randomly distributed
and bonded through B-(1-4) glycosidic bonds.®® Chitosan can be obtained from the
shells of shrimps and other crustaceans under alkaline hydrolysis conditions. During
pyrolysis, the nitrogen atoms of chitosan, about 7 wt.% in weight, become grafted
on the graphene layers. In this regard, doping of nitrogen can be considered as a
type of defect. The term “defective” indicates the existence of differences respect to
ideal graphene. These difference can be pentagons or heptagons carbocycle and

carbon vacancies present on the graphene layers, while the ideal graphene is
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constituted exclusively by carbon atoms in hexagonal geometry. The presence of
doping elements, such as N, O, S and P, on the carbon lattice can take place with
different coordinations. The content of the doping elements on graphene can be
decreased by increasing the temperature of the thermal treatment.[°! Therefore,
the graphene derived from pyrolysis and exfoliation of chitosan is a type of defective
N-doped graphene, in which two types of major nitrogen atoms, pyridinic or
graphitic N, are the main constituents of the N families.['°? Scheme 1.9 illustrates
the formation process of the N, P-codoped graphitic carbon through the pyrolysis of

a mixture of chitosan and phytic acid.
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Scheme 1.9. lllustration of the formation of N, P-codoped graphitic carbon. i:

mixture of phytic acid and chitosan; ii: pyrolysis in argon.

While graphene behaves as a zero-band semiconductor with the electron mobility
on the sheet is even higher than in copper or other metals, the presence of N and

other defects decreases the electrical conductivity. Therefore, semi-conductivity
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carbons can be prepared by nitrogen doping. Due to the presence of nitrogen, the
semiconductivity is responsible for its electrocatalytic activity, favoring

electrochemical processes such as oxygen generation and water electrolysis.[*%3

Related to the topic of the present Doctoral Thesis, pyridinic nitrogen can establish
strong interactions with metal atoms and nanoparticles. It is also reported that the
existence of a extended n cloud on the graphene layers is suitable for interaction
with d orbitals of the transition metals. Furthermore, graphene could also provide
additional catalytic sites and contribute to the catalytic activity during oxidation and
reduction reactions.['° Therefore, N-doped defective graphene has been reported

as a suitable support for metal nanoparticles, especially for transition metals.[105-108]

1.4.4.2 Precedents from our group

An appropriate procedure developed by our group to obtain metal nanoparticles
strongly adhered to defective graphene is shown in Scheme 1.10. The procedure is
based on the high adsorption capacity of polysaccharides and the chemical
reduction of transition metals during the pyrolysis. The well-known property of
chitosan and other polysaccharides is their ability to adsorb a high percentage of
metal salts from aqueous solutions due to the formation of strong hydrogen bridges
between the hydrated metal cations and the polysaccharides fibrits. In the folded
polysaccharide chain, adsorbed metals undergo chemical reduction to the metallic
state during the high-temperature pyrolysis. Our group has reported the formation

of metal nanoparticles supported on graphene which have been used as catalysts
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for different reactions including photo-assisted methanation,*® gas phase CO;
reduction with hydrogen,**% overall water splitting.'® Scheme 1.11 illustrates
some nanoparticles supported on defective graphene prepared by pyrolysis of

polysaccharides.

N Gaseous CO,
i i W i Pyrolysis under
® : Extract Ar atmosphere
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Supercritical CO,

©
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Solution o Compressed  pump

co,
Scheme 1.10. Procedure used to prepare metal nanoparticles supported on

graphene based on the high absorption capacity of polysaccharides.

(c)

Scheme 1.11. lllustration of different metal nanoparticles supported on defective
graphene prepared by pyrolysis of polysaccharides containing metal salts. (a: Cu,0

NPs; b: NiO/Ni NPs; c: 111 oriented gold NPs.) [104 109,110]

In the present PhD Thesis, previous preparation procedures and chitosan as a
precursor will be used to develop a series of catalysts for selective CO,

hydrogenation. As it will be commented in the following Chapters, before pyrolysis,
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an immediate supercritical CO; drying will be included. The reason for this
intermediate step is to achieve the largest possible surface area of graphitic carbons
formed in pyrolysis. Numerous studies indicate that polysaccharides containing a
significant percentage of water, denoted as hydrates, become dense solids with a
minor surface area due to the formation hydrogen bridges taking place on the
polysaccharide. The surface area of these dense form of the polysaccharide upon
dehydration is much below 100 m?-g? and typically about 50 m2-g. In contrast, if
the hydrated form is converted into the alcogel form by the gradual replacement of
water by ethanol, the resulting alcogel renders an aerogel of a very high surface area
by removing ethanol using supercritical CO; drying. CO; is able to dissolve ethanol,
but not water. Therefore, it is necessary to convert the hydrogel into alcogel. The
specific surface area of the aerogel obtained following the supercritical CO; drying is
over 400 m?-g*t and in some cases, close to 500 m?-g*. Scanning electron microscopy
(SEM) images, shown in Figure 1.6 reveal the different morphology of graphitic
carbons obtained from the pyrolysis of the dry hydrogel form and the alcogel form

of chitosan.

(a)

Figure 1.6. SEM images of graphene obtained from the pyrolysis of dry hydrogel

form (a, b) and alcogel form (c, d) of chitosan.
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1.4.5 Effect of metal particle size

In addition to the influence of the support, the particle size also remarkably affects
the catalytic performance for CO; hydrogenation. It is found that when Ni@SiO; is
used as catalyst in CO, methanation, CO formation is favored on small Ni clusters,
while more CH, is formed on large Ni particles. This behavior is illustrated in Scheme
1.12, a.'*Y A similar phenomenon was also observed on Rh@TiO; catalysts for CO;
hydrogenation (Scheme 1.12, b).1''? |n the case of Fe-based catalysts for CO;
hydrogenation, with a particle size range of 2.5 to 12.9 nm, the overall selectivity of
Ca+ hydrocarbons increases continuously, while that of CO decreases with the
increase in the particle size and more CH4 is produced as a primary product on larger
particles. Therefore, the geometric or ensemble effect on larger particles leads to a
higher chain-growth probability for the reaction products, as shown in Scheme 1.12,
c.131 The results of both noble and non-noble metal-based catalysts for CO»
hydrogenation indicate that, within a certain range of metal particle size,
structuration at the atom-scale of the catalyst surface tend to favor the RWGS
reaction, while the larger metal particles promote the formation of CHs and C.

hydrocarbons.

As reported on the literature, the particle size distribution of the metal
nanoparticles have significant influence on the selectivity of the catalysts in CO;
hydrogenation. In the present PhD Thesis, different Co, Fe and Co-Fe alloy supported
on N-doped defective graphene within a certain range of particle size were prepared

in order to explore the influences of particle size on the selectivity of CO;
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hydrogenation at high conversions.
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Scheme 1.12. Schematic illustration of the particle size effect on CO; hydrogenation

over metal supported catalysts. (a: Ni@SiOz; b: Rh@TiOy; c: Influence of Fe

nanoparticle average size on the product distribution in CO; hydrogenation.)*11-113]

1.4.6 Influence of promoters and poisons

It is well known that the catalytic activity and selectivity of active sites can be

modulated by the presence of small amounts of other elements acting as promoters

or poisons. Typical promoters in oxidation and hydrogenation are alkali and alkaline
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earth metals, such as sodium,*'* potassium,*** calcium,*® and cerium™*” which
can increase the basicity of the support around the active metallic sites and the
electron density on the metal-support interface. It has been reported that the
addition of K and Na can increase the CO; conversion and result in a remarkable
shift to longer chain hydrocarbons and the formation of olefin.*** The presence of K
has been proposed to promote CO;, chemisorption while impeding H, adsorption,
which could enhance the probability of C-C bond formation.[*>! Another well-known
example is the Pd-promoted catalysts for CO, hydrogenation,!*'®! in which the
presence of oxygen leads to a decrease of the Pd activity, driving the reaction
selectivity towards alkenes by partial hydrogenation of C-C. It is also been found that
the presence the minute amount of noble metal can increase the activity of alkali
metals by a significant effect, in which the small proportion of noble metal activates
the molecular hydrogen breaking H-H bond and subsequently transferring the H
atoms to the alkali metal. On the other hand, poisons such as S,**% can moderate
the hydrogenation activity of the most highly active sites altering the selectivity of
the reaction. In the present PhD Thesis, different Co-Fe alloy NPs supported on
defective graphene containing promoters such as Na, K, Ce Pd as well as a poison
such as S were prepared in order to determine the influence of promoters and

poisons on the selectivity of catalytic CO; hydrogenation.

As briefly described in the above paragraphs, the present PhD Thesis deals with the
preparation and catalytic performance of a series of metal nanoparticles supported

on defective N-doped defective graphene for CO, hydrogenation. By control of
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particle size and compositions, different value-added products as chemicals and
fuels can be obtained. These studies are relevant to decrease the atmospheric CO;
emissions and cover the shortage of dwindling fossil fuels, meanwhile adding value

to carbon dioxide.
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As commented at the end of the Introduction, the present PhD Thesis is mainly
focused on the development of transition metal nanoparticles supported on
defective N-doped graphenes as highly selective catalysts for CO, hydrogenation to
obtain value-added carbon-containing chemicals and fuels. The objective of the
thesis is to effectively control the selectivity of high-value products by modulating
the particle size of metal nanoparticles supported on defective N-doped graphenes,
the composition of catalysts and operation conditions, developing a series of
catalysts optimized for different CO,-derived products. More specifically, the

objectives corresponding to each Chapter that will be presented are the following:

1) In order to decrease atmospheric CO, concentration and cope with the global
warming, Co and Co-Fe alloy nanoparticles wrapped on defective N-doped
graphenes will be prepared and performed as highly efficient and stable catalysts for

Sabatier reaction to obtain methane directly from CO,.

2) Taking into account the influence of catalysts composition on the catalytic
performance, single Co or Fe metals and their alloys in the form of clusters and small
nanoparticles supported on defective N-doped graphenes with metal loading of
different orders of magnitude will be prepared, characterized and tested regarding
their catalytic performance for the reverse-water-gas-shift reaction. It is expected
that high dispersion of the metal and metal alloy nanoparticles result in the
formation of small clusters on defective N-doped graphenes during
high-temperature pyrolysis and this factor should be reflected in their catalytic

activity.
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3) Considering the particle size effect on the catalytic reaction, a series of Co-Fe
alloy nanoparticles supported on defective N-doped graphenes with controlled
nanoparticle size distribution will be developed in order to achieve the best
selectivity towards C,. hydrocarbons at high conversions. This objective of
size-selective catalytic activity is planned to be achieved by controlling the metal

nanoparticle size, to find a dimensional window optimization.

4) In order to study the effect of promoters and poison on catalysis, Co-Fe-based
catalysts will be prepared by different synthetic routes and then modified with
promoters and poison will be presented for CO, hydrogenation. The purpose is to
study the influence of these additions on the activity and selectivity of CO;

hydrogenation.

5) In order to meet the huge market demand for methanol, an attempt will be
made to prepare Cu and Cu-ZnO nanoparticles supported on defective N-doped
graphenes to be used as catalysts for CO, conversion to methanol. Considering that
Zn is a case of volatile metal, the preparation procedure should avoid the high

temperature treatment after the incorporation of Zn in the catalytic system.

In case that the above specific objects are achieved, the present work would
contribute to the field of CO, conversion by providing a set of highly selective
catalysts based on abundant, non-noble metals and the use of natural
polysaccharides as graphene precursors for the formation of high-value fuels and
chemicals directly from CO,. The concept behind these catalysts is the ability of the

graphene to tune the electron density at the metal nanoparticles and this effect is
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expected to have a strong influence on the catalytic activity and selectivity for CO;
hydrogenation. It also expected that the metal-graphene interaction could provide
stability to the metal nanoparticles, avoiding particle growing and therefore,
produce catalysts with long-term stability under conditions of high temperature, in
the presence of H, and water occurring during the catalytic reactions. It is known
that H, and H,O act as mobilizers of metal atoms and this effect, as well as
carbonization, result in a short-term catalyst deactivation and it is expected that this
deactivation will not occur in our case due to the interaction with N-doped

graphene.
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Co-Fe Nanoparticles Wrapped on N-Doped
Graphitic Carbons as Highly Efficient CO,

Methanation Catalysts
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3.1 Introduction

As described in the Introduction, the proposal of the present PhD Thesis is to
develop Co-Fe alloy nanoparticles supported on N-doped graphitic carbons, in such
a way, that the catalytic activity can be tuned for the selective obtainment of
different carbon-containing products directly from CO; based on the properties and

preparation procedures of these catalysts.

In the present Chapter, Co-Fe alloy NPs wrapped on N-doped graphitic carbons
derived from chitosan, exhibiting a remarkable catalytic activity and stability as CO»
methanation catalysts will be reported. The performance of these Co-Fe alloy NPs
wrapped on N-doped graphitic carbon is improved compared with that of similar
Co-Fe alloy NPs supported on TiO,, illustrating the advantage of N-doped graphitic

carbon as support.

3.2 Results and Discussion

3.2.1 Samples Preparation and Characterization

As indicated in Scheme 3.1, the samples Co-Fe@(N)C under study were prepared by
two different procedures. Thus, samples 3.1-3.3 (Scheme 3.1, a) were prepared in
the form of quasi-spherical submillimetric beads by co-precipitation with sodium
hydroxide of an aqueous chitosan solution acidified by acetic acid containing
appropriate amounts of cobalt acetate and iron acetate. Medium and high

molecular weight chitosan is soluble in acidic aqueous solutions, but precipitates
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under neutral or basic conditions. Subsequently, the chitosan spheres containing
Co?* and Fe?* salts were dried by a gradual exchange of H,0 by ethanol and a final
supercritical CO; extraction of ethanol. This procedure has previously been reported
as resulting in a highly porous, large surface area chitosan aerogels.[**! The final
pyrolysis at 900 °C converts the chitosan beads into turbostratic graphitic carbon,
accompanied by the simultaneous formation of metallic Co-Fe alloy NPs. Chemical
reduction of Co?" and Fe?* ions occurs during the pyrolysis simultaneously with
chitosan graphitization due to the reductive conditions of the process derived from

the absence of oxygen.!*!

. Gaseous CO,

I, andte i, opdpe iii

al 0Pex oV Pyrolysis under
¢ WeOP® Extract

Ar atmosphere

e i

i =
Compressed Pump
o,

Scheme 3.1. Illustration of preparation procedures. (a) Samples 3.1-3.3 underwent /)
precipitation in NaOH; ii) water/ethanol exchange and reduction in NaBH, ethanol
solution; iii) supercritical CO, drying. (b) Samples 3.4-3.5 underwent ’) precipitation
in NaOH; ii’) water/ethanol exchange and metal salt impregnation; jii’) reduction in

NaBH, ethanol solution; iv’) supercritical CO; drying.

In an alternative procedure also indicated in Scheme 3.1, b, Co-Fe@(N)C samples
3.4 and 3.5 were prepared through first formation of the chitosan beads by NaOH

precipitation of acidic aqueous chitosan solution, then, exchange H,O by ethanol

70



CHAPTER 3

before impregnation of Co(OAc), and Fe(OAc), from the ethanol solution.
Subsequently, Co?* and Fe?* were reduced by sodium borohydride in ethanol before
the final pyrolysis. For the sake of comparison, one additional sample using TiO, as a
support was also prepared by wet impregnation of TiO, with an aqueous solution of
Co(OAc); and Fe(OAc),, followed by drying and H; reduction of the resulting powder

at 600 °C.

The list of samples, their most important analytical data and the average particle
size of Co-Fe NPs are collected in Table 3.1, while Table 8.1.1 in CHAPTER 8 indicates
the exact amounts of chitosan, Co(OAc),, and Fe(OAc); used in the preparation of
each of the five Co-Fe@(N)C samples. As it can be seen in Table 3.1, sample 3.1
contains only Co, while the other samples 3.2-3.5 contain a similar Fe content
between 4.3 to 5.0 wt.%, varying in the Co content from 12.0 to 17.5 wt.%. Of note
is that the exact metal content of samples 3.1-3.5 is difficult to predict beforehand
in the adsorption step due to high weight loss (over 80 %) resulting in the pyrolysis
converting moist chitosan into the N-doped graphitic carbon. Importantly, samples
3.1-3.5 contain a residual weight percentage of N from the original chitosan
composition that ranges from 0.31 to 1.48 wt.% (see Table 3.1). In previous studies,
it has been found that the N content of graphitic carbon derived from chitosan can
vary from 6.5 wt.% to a negligible value depending on the pyrolysis conditions and

the presence of metals that can promote graphitization.” &

71



CHAPTER 3

Table 3.1. Analytical data and average Co-Fe particle size for the samples under

study.
Total Co+Fe Average
Sample Co Fe C N ) .
content particle size
No. (Wt.%)?*  (wt.%)? (wt.%)®  (wt.%)°
(wt.%)? (nm)ec
3.1 4.9 - 4.9 85.85 1.48 9.5+2
3.2 12.0 5.0 17.0 76.80 1.21 6.9+2
3.3 13.6 5.2 18.8 72.36 0.31 9.745
34 131 4.6 17.7 64.37 0.75 13.344
3.5 17.5 4.3 21.8 63.91 1.05 11.243

2 Determined by ICP-OES analysis after dissolving the metals in aqua regia; ® It is
assumed that the rest to 100 % is residual oxygen; ¢ Determined by the

high-resolution transmission electron microscopy in dark field (DF-HRTEM).

X-ray diffraction patterns of samples 3.1-3.5 show that they are constituted by
metallic Co and Fe, mainly in the fcc (sample 3.1) or bcc phase, accompanied by less
intense peaks of the fcc (samples 3.2-3.5). No other peaks attributable to metal
oxides were recorded in these patterns, indicating that, as expected, Co?* and Fe?*
ions have become reduced to metallic state during the pyrolysis process. Previous
studies have widely documented that pyrolysis of carbon precursors results in the
chemical reduction of transition metals,’ °*3! including Fe.['* To determine if the Co
and Fe elements present in the samples are independent Co and Fe particles or they

are alloyed, experimental XRD data were analyzed by Rietveld refinement.
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As an example, Figure 3.1 shows the fitting of the Rietveld analysis and the
experimental data. However, although this XRD analysis supports the formation of
Co-Fe alloy,**1%! the similarity between the cell parameters of metallic Co and Fe
makes necessary additional confirmation by transmission electron microscopy to

address this issue.

1 34

3.2

N

Intensity (a.u.)

2Theta (degree)

Figure 3.1. XRD data and the best Rietveld refinement for samples 3.1-3.5. Symbols:
Co (111) fcc (€); Co (200) fcc (V); Co (220) fcc (©); Co(0.7)Fe(0.3)(110)bcc (*);

Co(0.7)Fe(0.3)(200)bce (*); Co(0.7)Fe(0.3)(211)bcc (<)

Transformation of chitosan into N-doped graphitic carbon was assessed by Raman

spectroscopy. In Raman spectroscopy, graphene and graphitic carbons present three
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characteristic vibration bands at wavenumbers between 3000 and 2600, 1590 and
1350 cm? corresponding to overtones, G and D bands. Figure 3.2 shows
representative Raman spectra for the Co-Fe@(N)C samples under study. The width
of the G and D peaks and their relative intensity (I¢/lp) are taken as quantitative
indicators of the quality of the graphene layers.317:18 |n the present case, the G and
D peaks are notably narrower than those previously reported in the pyrolysis of
chitosan at 900 °C, probably reflecting the influence of Co-Fe NPs promoting a
better graphitization of the N-doped graphitic carbon residue. This proposal would
be in agreement with the previously commented lower than expected N content of
the samples indicated in Table 3.1. In addition, particularly for samples 3.1-3.3, the
Raman spectra show a narrow 2D peak in the high-frequency region at about 2700
cmL. Observation of narrow 2D peaks is associated generally with the presence of
few layers of graphene stacking since this 2D peak becomes broader and eventually
disappears as the number of stacked graphene layers increases.’**! Thus, Raman
spectra indicate that the carbon residue, particularly in samples 3.1-3.3 is

constituted by the stacking of a few N-doped defective graphene layers.
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Figure 3.2. Raman spectrum of the samples 3.1-3.5 recorded upon 514 nm laser

excitation.

The morphology of the materials was determined by field emission scanning
electron microscopy. It seems that the known morphology of chitosan aerogels
constituted by the agglomeration of cotton-like, fluffy fibrils are mostly preserved in
the pyrolysis during the transformation of chitosan into N-doped graphitic carbon
residue. Figure 3.3 shows representative FESEM images of the samples under study
in which the loose, coral-shaped, spongy morphology of the samples with
considerable macroporosity can be observed. The presence of MNPs could not be
visualized by FESEM, meaning that these metal NPs should be smaller enough to not

become visualized at the 100 nm scale of the technique.
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Figure 3.3. FESEM images of samples 3.1-3.5. (a, b: sample 3.1; ¢, d: sample 3.2; e, f:

sample 3.3; g, h: sample 3.4 and i, j: sample 3.5.)

The presence of nanometric Co-Fe NPs supported on graphene layers of a few
micrometers dimensions could be clearly detected in high-resolution transmission
electron microscopy images of the samples after ultrasound dispersion of the black
carbon powders, both in bright and dark fields. Figure 3.4 shows selected images of
the samples under study. The particle size distribution and the average size was
determined by measuring a statistically significant number of metal NPs. These
values are collected in Table 3.1, while the corresponding histograms are inserted in
the HRTEM images. Average Co-Fe particle size between 6.9 and 13.3 nm with
somewhat broad size distribution were estimated from these images. From the
high-resolution images, measurement of a fringe distance of 0.22 nm corresponding
to the 110 distance of the bcc phase indicates that the Co-Fe NPs correspond to a
random alloy since these values are between those corresponding to independent

Co and Fe bcc phases.
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13.3+4%m .-,

Figure 3.4. DF-TEM images of samples 3.1-3.5 and HRTEM images of samples 3.4. (a,
b: sample 3.1; ¢, d: sample 3.2; e, f: sample 3.3; g, h, k, |: sample 3.4 and i, j: sample
3.5. Inset: statistical particle size distributions of samples 3.1-3.5 according to the

main frame image.)

High-resolution TEM images in bright field also revealed that Co-Fe NPs are wrapped
by a few (three and four) layers of N-doped graphene characterized by its typical
0.34 nm interplanar distance. It appears that this wrapping is not complete, but
covers partially the surface of the Co-Fe NP. To illustrate this important point that

can serve to understand the role of N-doped graphitic carbon on the catalytic
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activity, (Figure 3.4, k, 1) has marked a representative case. As commented in the
Introduction, theoretical calculations on models have suggested that graphene can
donate charge density to the Co-Fe NP and this charge transfer enriching the
electron density at certain atoms of the MNPs in contact with graphene basal plane

can act as catalytic sites exhibiting stronger CO; binding.

3.2.2 Catalytic Activity

The catalytic activity of samples 3.1-3.5 for CO, methanation was performed in a
pressurized fixed-bed, stainless steel reactor in the range of temperatures from 300
to 500 °C. Each catalyst was submitted to catalytic tests in which the reactor
temperature is increased in 50 °C increments with a dwell time of 1 h. The activity
data at each temperature was the average of three analysis of the reaction mixture
performed at 30, 45 and 55 min. For all data, the variation among the three analyses
was less than 5 %. Preliminary controls at 500 °C in the absence of any catalyst or
using (N)C without any metal as catalyst showed a CO; conversion of 6 and 12.9 %,
respectively, methane being the main product with a selectivity over 95 %. Previous
reports in the literature have shown that N-doped graphene can act as a
methanation catalyst,?” although the activity measured under our conditions was

much lower than that measured for the Co-Fe@(N)C samples.

All samples Co-Fe@(N)C exhibit a remarkable catalytic activity for CO;
hydrogenation. The main product was CH4, accompanied by a less percentage of CO.

The formation of minute, but detectable, amounts of C,. products constituted by
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ethane, propane, butane, ethylene and propylene were also observed.
Thermodynamic calculations on CO and CO, hydrogenation, validated in the case of
CO, indicate that under the present reaction conditions the equilibrium should be
reached at very high CO, conversion with 100 % selectivity to CHs up to
temperatures of 500 °C. Therefore, although in some cases close to the equilibrium,
the data achieved in the present study are not limited by equilibrium considerations.
As a general trend of all the samples, CO, conversion and CH4 selectivity increase
with the temperature, the highest values in the temperature range under study
being measured at 500 °C. Figure 3.5 summarizes the results obtained for the
Co-Fe@(N)C samples under study at 500 °C, while Figure 3.6 and Tables 8.4.1.1 to

8.4.1.5 (in CHAPTER 8) gather the full set of data for all the catalytic study.
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Figure 3.5. CO, methanation activity for samples 3.1-3.5 at 500 °C under the same
conditions. Reaction conditions: H,/CO, ratio of 7, total flow 4 mL/min, 10 bar, 40

mg catalyst.
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As it can be seen in Figure 3.5, CO, conversion and CHj selectivity varied also
depending on the sample composition. It was observed that sample 3.1 containing
less total metal loading reaches lower CO; conversions and exhibits higher
unwanted CO percentages, compared to the rest of the samples that contain Co-Fe
alloy. On the other hand, the catalytic activity of sample 3.5 that contained a
somewhat higher total metal percentage was lower than for samples 3.2-3.4. Worth
noting is the observation of a high percentage of about 20 % of C,:+ products for
samples 3.3 and 3.4 at 400 °C for CO; conversion above 60 %. Formation of C.

products in high selectivity will be the subject of CHAPTER 5.

It was determined that the best performing catalyst was sample 3.4 that reached
87 % CO; conversion with a CH4 selectivity of 91 % operating at 500 °C and a space
velocity of 75 h! at 10 bar. The better performance of sample 3.4 is observed in
spite of the notably larger particle size (13.3 nm) compared particularly with sample
3.2 that has a similar composition, but smaller particle size (6.9 nm). This different
behavior between samples 3.2 and 3.4 is most probably due to the different
preparation procedures. When the different total metal content of the samples is
taken into account and turnover frequencies are considered as the figure of merit of
the catalytic performance, sample 3.1 is the best performing due to its low metal
content (TOF 25.7 s1), while the other samples have similar TOF values ranging from
8.7 st for sample 3.4, 8.5 s for sample 3.2, 7.9 s for sample 3, and 7.0 s for
sample 3.5. A plausible reaction mechanism based on the literature for the catalytic

CO, methanation on Co-Fe@(N)C is provided in Scheme 3.2.
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Figure 3.6. CO, methanation activity of samples 3.1-3.5 and Co-Fe/TiO, at different
temperature. (a, b, ¢, d, e, f corresponding to sample 3.1-3.5 and Co-Fe/TiO,,
respectively.) Reaction conditions: H,/CO; ratio of 7, total flow 4 mL/min, 10 bar, 40

mg catalyst.
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Associative: Hydrogen atoms being incorporated to adsorb CO,.

N

%::8? ; ;*;;
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Dissociative: Oxygen being split from CO, before H attack.
.(?h 1 9 9 ‘Q @,
(L —> /.
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Scheme 3.2. Possible alternative pathways leading to methanation.

Stability of sample 3.4 was assessed by performing a long run 30 h experiment at
500 °C, observing a constant CO, conversion and product distribution. After a 30 h
reaction at 500 °C, the sample was screened again for its catalytic activity at each
temperature between 300 and 500 °C, observing a consistent reproducibility in CO2

conversion values and product distribution.

3.2.3 Influence of the Support

The influence of N-doped graphitic carbon as the support of Co-Fe alloy NPs was
assessed by comparing the activity data of samples 3.1-3.5 with that of Co-Fe alloy
NPs supported on TiO,. The results are also presented in Figure 3.6. In this case, the
main product under the same reaction conditions was CO with a selectivity of

92.8 % at a CO, conversion of 29.8 % measured at 450 °C. Table 8.4.1.6 in CHAPTER
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8 contains the full catalytic data for Co-Fe/TiO, as a function of the reaction

temperature.

3.3 Conclusions

The present Chapter discloses two different preparation procedures of Co-Fe alloy
NPs wrapped on N-doped graphitic carbon, in which the metal NPs are partially
wrapped by two to four graphene layers that exhibit remarkable catalytic activities
for the CO, methanation. The selectivity of CHs formation is over 90 % at high CO»
conversion values over 85 %. This catalytic activity contrasts with that of similar
Co-Fe alloy NPs supported on TiO;, for which CO is the main product. Catalysts

Co-Fe@(N)C 3.1-3.5 appear to be stable for long-time runs.

Overall, the present Chapter shows the potential of chitosan to form metal NPs
wrapped on N-doped graphitic carbon as efficient catalysts for the CO,; methanation
with remarkable activity and stability. As it will show in the subsequent Chapters,
the performance of these Co-Fe alloy NPs wrapped on N-doped graphitic carbon can
be further turned to selectively promote the reverse water-gas shift reaction or CO;
hydrogenation to obtain value-added C,-C4 hydrocarbons by controlling in a narrow

window particle size of Co-Fe nanoparticles.
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4.1 Introduction

Continuing with the target of the present PhD Thesis, that is aimed at the
development of Co-Fe-based catalysts supported on N-doped graphitic carbons as
highly selective catalysts for CO, hydrogenation, the present Chapter deals with the
catalytic performance of Co-Fe alloy clusters and small nanoparticles of single Co, Fe
metals and their alloys. The catalytic data show that Co-Fe alloy clusters supported
on N-doped graphitic carbons exhibit a remarkable reverse water-gas shift
selectivity and significantly higher activity values than that of analogous catalysts
with metal NPs of size ranging from 1 to 5 nm. The catalytic behavior of these Co-Fe
alloy CLs supported on N-doped graphitic carbons contrasts with the performance of
an analogous catalyst using SiO, as the support or catalysts with Co-Fe alloy NPs of
larger size commented in CHAPTER 3, on which a notably different selectivity

towards methane is observed.

4.2 Results and Discussion

4.2.1 Samples preparation and characterization

The catalysts under study were prepared by impregnation of millimetric hydrogel
chitosan beads with Co(OAc);, Fe(OAc), or appropriate Co(OAc); and Fe(OAc);
mixtures dissolved in 1:1 water/ethanol, followed by ethanol exchange, the
supercritical CO; drying of the metal-containing alcogel microspheres and a final

pyrolysis. Scheme 4.1 illustrates the preparation procedure for samples 4.1-4.10.
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Scheme 4.1 Simplified process used to prepare the Co-Fe@(N)C samples under
study. i) Precipitation in NaOH solution; ii) water/ethanol exchange, metal salt

impregnation and ethanol exchange; iii) supercritical CO; drying; iv) pyrolysis in Ar.

As shown in the previous Chapter, the process starts with the precipitation as
microspheres of chitosan dissolved in acidic aqueous solution by neutralization with
NaOH. One property of chitosan and related polysaccharides is their ability to
adsorb metal salts from aqueous solution, due to strong hydrogen bond
interactions.’? This adsorption capacity has been used advantageously to
co-incorporate Fe and Co salts on chitosan. The resulting hydrogels containing Co or
Fe salts or their mixtures were converted to alcogels by dispersing consecutively the
beads in water-ethanol solutions of increased ethanol content up to absolute
ethanol. The alcogel microspheres containing Co?* or Fe?* ions were finally dried in
supercritical CO;. It is well documented in the literature that this procedure renders
highly porous chitosan aerogels with a large surface area.l>% Subsequent pyrolysis of
chitosan beads have been reported to form graphitic carbon residues that can be
exfoliated easily by sonication into the defective N-doped graphene. 1> 7! It is worth

noting that chitosan as a glucosamine polymer is simultaneously the source of C and
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N, resulting in the pyrolysis of N-doped defective graphene with a N content about 5
wt.%. According to the analyses of X-ray photoelectron spectroscopy (see Figure 4.3,
g-i), the two main types of N atoms present in N-doped defective graphene are
pyridinic (binding energy: 398.2 eV, sp? N atoms at the periphery bonded to two C
atoms and giving one electron to the m cloud) and graphitic (binding energy: 400.7
eV, sp? N atoms bonded to three C atoms and giving one electron to the mt cloud) in a
proportion ~ 47:53.15 8 |f the chitosan beads contain adsorbed transition metals,
they are typically converted into metal NPs during the pyrolysis at 900 °C or higher
temperature due to the reductive conditions of the process. The term
carbochemical reduction has been previously coined to denote the formation of
metal NPs or metal alloy NPs upon heating their salts at high temperatures in the

presence of materials generating carbon residues.”- %10

Three Co-Fe alloy samples with increasing Co content were prepared. The total
metal content of these three samples is low, below 0.2 wt.%. To determine the role
of metal loading and particle size on the performance of the catalyst, three more
Co-Fe alloy samples were obtained following an identical procedure, but using a
higher salt concentration in the range of about 10 wt.%. Single Fe or Co metals
supported on N-doped graphitic carbons were also synthesized for comparison. The
set of catalysts includes an additional sample using SiO; as a support. Table 4.1 lists

the codes and relevant analytical data of the samples under study.
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Table 4.1. List of samples under study and their main analytical and physicochemical

parameters.
Total
Average
Sample Co Fe Co+Fe Fe/Co C N . .
] particle size
No. (Wt.%)? (wt.%)® content ratio  (wt.%)® (wt.%)® (nm)e
nm
(wt. %)

4.1 0.042 0.053 0.042 1.26 75.84 5.84 <1 nm (CLs)
4.2 0.081 0.052 0.081 0.64 75.80 5.65 <1 nm (CLs)
4.3 0.120 0.053 0.120 0.44 78.53 5.06 <1 nm (CLs)
4.4 0.049 - 0.049 - 73.25 5.07 <1 nm (CLs)
4.5 - 0.054 0.054 - 7635 547 <1 nm (CLs)
4.6 5.21 10.32 5.21 1.98 56.85 3.38 4.8+0.7 (NPs)
4.7 5.07 6.65 5.07 1.31 62.45 4.00 3.8+0.7 (NPs)
4.8 4.09 2.55 4.09 0.62 69.13 3.56 2.6+0.7 (NPs)
4.9 6.10 - 6.10 - 76.34  3.03  1.0£0.3 (NPs)
4.10 - 7.89 7.89 - 77.35 3.10 1.4%0.3 (NPs)
4.11¢ 11.38 3.92 11.38 0.34 38.40 - 7.0+2.6 (NPs)
4.12¢ 9.97 4.79 9.97 0.48 - - -

@ Determined by ICP-OES analysis after dissolving the metals in aqua regia; ® It

is assumed that the rest to 100 % is residual oxygen; € Determined by DF-TEM;

4 Graphitic carbon from pyrolysis of alginic acid as support; € SiO, as support.

The metal content was determined by ICP-OES elemental analysis after dissolving

the metals in aqua regia. Co and Fe content values are summarized in Table 4.1. As
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it can be seen there, elemental analysis for samples 4.1-4.3 showed similar Fe
content, but increasing Co loadings, agreeing with the preparation procedure of
these samples in which higher amounts of Co were added from samples 4.1 to 4.3.
The total Co-Fe content of these three samples 4.1-4.3 was very low, varying from
about 0.10 to 0.17 wt.%, this being one of the main differences with respect to
samples 3.1-3.5. Two additional samples having only either Co (sample 4.4) or Fe
(sample 4.5) at low loadings were also prepared. As expected, in view of the higher
salt concentrations used, the Co and Fe content in samples 4.6 to 4.8 were about
two orders of magnitude higher than in samples 4.1-4.5 and in the same range as
those of single Co or Fe metal (samples 4.9 and 4.10), the sample using undoped
graphitic carbon 4.11 or that of the control sample 4.12 in which the Co-Fe alloy NPs

were supported on SiO;.

The Fe and Co contents of samples samples 4.1-4.5 were too low and their
dispersion too high to detect peaks of these metals in powder X-ray diffraction. In
contrast samples 4.6 to 4.12 exhibit in XRD the patterns characteristic of fcc phase
for Co and bcc phase for Fe and Co-Fe alloy, confirming the presence of metallic
Co-Fe NPs and the occurrence of carbochemical reduction during the pyrolysis. For
samples 4.6-4.8, 4.11 and 4.12 containing mixtures of Fe and Co, the minor
variations in the position of the diffraction peak at 20 = 44° suggest that the metal
NPs are real Co-Fe alloys, rather than independent Fe and Co NPs, although the very
similar cell parameters of Co and Fe make this conclusion somewhat uncertain.
Figure 4.1 presents the XRD patterns of samples 4.6-4.8, 4.11 and 4.12 having bcc

cubic phase, where the peaks appearing at 44.9° (110) and 65.5° (200) are assigned
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to Co-Fe alloy. In comparison, the sample 4.9 exhibits a Co fcc cubic (Fm3m)
structure, showing characteristic diffraction peaks at 26 = 44.3° (111), 51.6° (200)
and 75.9° (220).% 12 |n any case, XRD data for samples 4.6 to 4.12 conclusively rule
out the presence of detectable amount of metal oxides or the formationof the

detectable amounts of metal carbides during pyrolysis.
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Figure 4.1. XRD patterns of the samples 4.6-4.12.

The elemental composition and chemical environments of Co-Fe@(N)G, Co@(N)G,
and Fe@(N)G are examined by X-ray photoelectron spectroscopy (XPS). Figure 4.2, a,
b exhibits the Co 2p and Fe 2p spectra of sample 4.1. The high-resolution XPS
spectrum of Co 2ps, in Figure 4.2, a exhibits distinct peaks at 778.3, 780.5, and

786.6 eV, ascribable to zero-valence cobalt, the oxidation state of Co(ll), and the
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satellite peak, respectively. In accordance, the peak corresponding to Co 2pi2 can
also be deconvoluted with three components, corresponding to metallic Co, Co%,
and the satellite peak, respectively. Analogously, the deconvolution of the Fe 2p
peak in Figure 4.2, b shows the peaks corresponding to metallic Fe (707.4 eV for Fe
2ps/2 and 721.0 eV for Fe 2pyy2), Fe?* (709.2 eV for Fe 2p3/; and 722.8 eV for Fe 2p1y2),
Fe3* (710.9 eV for Fe 2ps/; and 724.5 eV for Fe 2pyy,), and satellite peaks (714.5 eV
for Fe 2ps/; and 728.1 eV for Fe 2pys2). The ratio of metallic Co/Co species in sample
4.1 was about 46.7%, and the ratio of metallic Fe/ total Fe was even less than 26.4%.
This could be attributed to the high susceptibility of the small Co-Fe clusters to air
and surface oxidization, making the surface metallic atoms mainly exist in the form
of high-valent states, and the low permeability of the X-ray, making the zero-valent
Co and Fe in the bulk of Co-Fe clusters less detectable by XPS. The Fe/Co atomic
ratio for sample 4.1 according to XPS is 1.3, which is in good accordance with the
value determined by ICP-OES analysis. Similarly, the high-resolution Co 2ps;; XPS
spectrum of sample 4.4 in Figure 4.2, c exhibits distinct peaks at 778.3, 780.5, and
786.5 eV, ascribable to metallic Co, Co?*, and the satellite peak, respectively. The
high-resolution Fe 2p3/2 XPS spectrum of sample 4.5 in Figure 4.2, d exhibits distinct
peaks at 707.0, 709.3, 711.8, and 713.5 eV, corresponding to metallic Fe, the
oxidation states of Fe(ll) and Fe(lll), and the satellite peak, respectively. The ratios of
zero-valence metal/metal species in samples 4.4 and 4.5 were 43.8 and 25.3%,

respectively.
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Figure 4.2. High-resolution Co 2p spectra of sample 4.1 (a) and sample 4.4 (c) and

high-resolution Fe 2p spectra of sample 4.1 (b) and sample 4.4 (d).

Figure 4.3 shows the high-resolution C 1s, O 1s, and N 1s XPS spectra of samples 4.1,
4.4, and 4.5. The high-resolution XPS C 1s peak for all of the samples was
conveniently deconvoluted into four individual components appearing at 284.5,
285.4, 286.4, and 288.7 eV, attributable to graphitic C atoms, C atoms bonded to O
or N with single or double bonds, and C atoms of carboxylic groups, respectively.
Figure 4.3, a-c shows a representative XPS C 1s peak with the best fitting to its
individual components. XPS analysis also revealed the presence of O and N in
Co-Fe@(N)G, Co@(N)G, and Fe@(N)G in similar atomic percentage vs C of about 5

wt.% N doping, which was in agreement with the thermal behavior of chitosan that
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formed N-doped graphene. The high-resolution XPS O 1s peak was also

appropriately deconvoluted into four main components, appearing at 530.5, 531.9,

533.1, and 534.2 eV, attributable to O atoms in the metal oxide, C=0, C-O, and

0-C=0, respectively. Of note is that the good fit between the experimental and

deconvoluted O 1s peaks indicates that O atoms in metal oxides should be present

in very low proportions. Figure 4.3, g-i illustrates the distribution of high-resolution

XPS N 1s peak into two major components (pyridinic N and graphitic N) and different

N families are in similar proportions for all of the samples.
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Figure 4.3. High-resolution C 1s (a-c), O 1s (d-f), and N 1s spectra (g-i) of sample 4.1,

sample 4.4 and sample 4.5.
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In accordance to the literature, the occurrence of the graphitization during the
pyrolysis at 900 °C of chitosan beads (step iv in Scheme 4.1) was assessed by Raman
spectroscopy. As an example to illustrate this point, Figure 4.4 includes the Raman
spectra recorded for sample 4.1-4.11. As shown in Figure 4.4, the characteristic
vibration bands expected for defective graphenes were recorded in the Raman
spectra. The bands are 2960, 2700, 1580 and 1350 can be assigned to the D+D’, 2D,
G and D, respectively. In particular, the relative intensity of the G to the D peak of
1.1 is among the expected values for defective graphene.l”- 13 14 The presence of N
and C in the graphitic residues of samples 4.1 to 4.10 was determined by
combustion chemical analyses, giving a consistent value between 3 and 6 wt.% of N.

Table 4.1 summarizes the main analytical data of the samples under study.
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Figure 4.4. Raman spectroscopy of sample 4.1-4.11.
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Field-emission scanning electron microscopy shows that at the micrometer scale
samples 4.1 to 4.10 are constituted by highly porous, fluffy, cotton-like fibrils. This
morphology is inherited from the chitosan aerogel precursor that is also highly
porous, cotton-like beads constituted by the agglomeration of chitosan fibrils.

Images corresponding to the samples under study are provided in Figure 4.5.

Figure 4.5. FESEM images of samples 4.1-4.10. (a, b: sample 4.1; c, d: sample 4.2; e,
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f: sample 4.3; g, h: sample 4.4; i, j: sample 4.5; k, |: sample 4.6; m, n: sample 4.7 and

o, p: sample 4.8; q, r: sample 4.9 and s, t: sample 4.10.)

Transmission electron microscopy images of the samples reveal clear differences
depending on the total metal content. These differences will be highly relevant to
rationalize the catalytic activity of the samples. Thus, DF-TEM images for samples
4.1-4.5 reveal the presence of well dispersed metal as a cloud throughout the
carbon matrix without observation in any part of the samples of dots of measurable
dimensions that would correspond to small NPs. These images indicate that, at the
nanometer resolution of the TEM instrument, samples 4.1 to 4.5 are constituted by
clusters and that metal NPs of size above 1 nm are absent in these samples
(indicated in Table 4.1 as CL). Figure 4.6 presents representative DF-TEM images
illustrating metal dispersion throughout the carbon matrix. As it can be seen,
DF-TEM images show a bright contrast revealing the location of Co-Fe in the field,
but absence of NPs at the 1-2 nm resolution of the TEM instrument. In the literature,
there is ample number of precedents showing similar features that are attributed as
corresponding to metal CLs.[*> ¢! Figure 4.6 presents DF-TEM images and energy
dispersive spectrometry mappings of sample 4.1 at micrometer scale. There were no
bright dots detected that could correspond to small NPs in any part of sample 4.1

and EDS mappings of Figure 4.6 display that the Co-Fe species are highly dispersed.
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. ) (k) My 2. 38

Figure 4.6. DF-TEM images of samples 4.1-4.5 and energy dispersive spectrometry
mappings of samples 4.1 at micrometer scale. (a, b, k, I: sample 4.1; ¢, d: sample 4.2;
e, f: sample 4.3; g, h: sample 4.4; i, j: sample 4.5 and m-q: energy dispersive

spectrometry mappings corresponding to Figure 4.6, |.)

In contrast to the case of samples 4.1-4.5, Figure 4.7 shows selected DF-TEM images
corresponding to samples 4.6 to 4.11, where bright dots due to small metal NPs can
be clearly distinguished. The particle size distribution was determined by measuring
a statistically relevant number of these NPs. Figure 4.7 also includes the
corresponding histograms from which the average particle sizes indicated in Table
4.1 were determined. It should be, however, commented that the average particle
size determined by these measurements probably overestimates the average size,
since these histograms cannot take into account the presence of an undefined

number of CLs without measurable dimensions. In any case, it is clear that the

101



CHAPTER 4

particle sizes of samples 4.4 to 4.8 are very small in the range from 1 to 5 nm. This
small particle size is a remarkable fact, considering that the Co and Fe salts were
submitted in the pyrolysis step to 900 °C for hours and the well-known effect of the
temperature on increasing the size of the metal particles by aggregation.l!”) In this
regard, it is proposed that the good dispersion of the Co and Fe salts on the highly
porous chitosan precursor and the interaction of the metal particles with the
defective N-doped graphene support should be the main reasons responsible for
these small particle sizes. The difference in particle size between samples 4.1 to 4.5
on one hand, and samples 4.6 to 4.10, on the other hand, is reasonable considering
the previously commented remarkably higher total metal loading of samples

4.4-4.10 compared to samples 4.1-4.5.

32 40 48
Diameter (nm)

.01+0.3 nm

1.4+0.3nm

Figure 4.7. DF-TEM images of samples 4.6-4.11. (a, b: sample 4.6; ¢, d: sample 4.7; e,
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f: sample 4.8; g, h: sample 4.9; i, j: sample 4.10 and k, I: sample 4.11. Insets:
statistical particle size distributions of samples 4.6-4.11 according to the main frame

image.)

A careful inspection of DF-TEM images for samples 4.6-4.10 shows that in contrast
to samples 4.1-4.5, the brightness indicating the presence of metal is concentrated
preferentially in some areas, suggesting that the metals are inhomogeneously
distributed on the graphene support (compare images of Figure 4.6 and 4.7). For
samples 4.6-4.10, the Co-Fe metals are mainly located at the ridges and borders of

the graphene sheets.

4.2.2 Catalytic activity

The difference in particle size between samples 4.1-4.5 and 4.6-4.10 having CLs or
NPs is crucial to rationalize their distinctive activity and selectivity for CO;
hydrogenation. Reactions were carried out in pressurized stainless steel tubular
reactors at 10 bar under a H,/CO, molar ratio of 7, by heating the system at
temperatures from 300 to 450 °C in 50 °C steps. Each temperature was maintained
for 1 h and the reaction products were analyzed at 30, 45 and 55 min after the
temperature was set. The complete time of the experiment was 5 h. Preliminary
control experiments showed that in the absence of any catalyst or in the presence of
N-doped graphitic carbon, CO; conversion at 450 °C under the reaction conditions

was 1.9 and 6.0 %, respectively, with complete selectivity to CHa.
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As expected, as a general trend, CO; conversion increased for all the catalysts with
the temperature, and product selectivity changed with temperature and conversion,
making comparison of selectivity for different catalysts at different conversions
meaningless. Nevertheless, remarkable differences in catalytic activity and
selectivity were observed for samples 4.1-4.5 respect to 4.6-4.10. For the CL series
(samples 4.1-4.5), sample 4.2 with intermediate Fe/Co ratio perform worst, while for
the NP series (samples 4.6-4.10), CO, conversion increased with the decrease in
Fe/Co ratio. This different trend could indicate specific arrangements of Fe and Co
atoms in CLs or NPs or at the interface with N-doped graphene. Although modelling
and theoretical calculations are needed to gain further understanding on how the
Fe/Co ratio determines activity, the results clearly show that for the same catalyst
mass (40 mg sample no binder employed), samples having CLs were far more active
and remarkably selective towards RWGS than those having NPs. To illustrate the
different catalytic performance, Figures 4.8 and 4.9 shows conversion and selectivity
for these ten samples at 450 °C, under the same conditions. As it can be seen in
Figure 4.8, in spite of the two orders of magnitude lower metal content of samples
4.1-4.5, the samples with CLs were at least two-fold more active than those
containing NPs. This higher activity of samples 4.1-4.5 with negligible Co and Fe
loadings is a reflection of the notable influence of the particle size on the

performance, which is more important than the influence of Co-Fe alloying.

Besides differences in conversion, CO was the predominant product in all the
samples 4.1-4.10. To further optimize the conditions, the performance of samples

4.1-4.5 was studied at different temperatures from 300 to 500 °C in 50 °C steps
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(Figure 4.8, b-f). Sample 4.1 was the best performing catalyst reaching a conversion
at 500 °C of 56 % with 98 % CO selectivity at a space velocity of 600 h™! (Figure 4.8,
b). It should be noted that CO, conversion increases as the space velocity decreases
and, thus, even higher conversions over 60 % without selectivity change were
obtained by using higher amounts (60 mg) of sample 4.1. Furthermore, sample 4.1
was remarkably stable, as confirmed by performing a 30 h run experiment at 450 °C,

observing constant conversion and selectivity.
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Figure 4.8. CO; conversion and selectivity of samples 4.1-4.10 at 450 °C (a), samples
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4.1-4.5 (b-f) at temperatures from 300 to 500 °C. (b-f corresponding to samples
4.1-4.5, respectively.) Reaction conditions: H,/CO, molar ratio of 7, total flow 4

mL/min; pressure: 10 bar; catalyst amount: 40 mg; space velocity: 600 h1.
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Figure 4.9. CO; conversion and selectivity of samples 4.6-4.11 at temperatures from
250 to 500 °C. (a-f corresponding to samples 4.6-4.11, respectively.) Reaction

conditions: H,/CO, molar ratio of 7, total flow 4 mL/min; pressure: 10 bar; catalyst
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amount: 40 mg; space velocity: 600 h,

However, DF-TEM characterization of the used sample 4.1 showed in TEM the
appearance of metal NPs (Figure 4.8), indicating that some CL agglomeration and
particle growth took place under these conditions. This CL agglomeration should be
minor since it is not reflected in the catalytic activity of sample 4.1 in the 30 h run,

although it could be the cause of longer-term deactivation.

Figure 4.10. DF-TEM images of samples 4.1. (a: fresh; b: used.)

4.2.3 Influence of the metal alloy

The influence of alloy increasing the activity can be inferred from the comparison of
the performance of samples 4.4 and 4.5 or 4.9 and 4.10, having only Co or Fe, with
those of samples 4.1-4.3 and 4.6-4.8, respectively (Figure 4.6, a). At 450 °C, the
activity of sample 4.4 (only Co, 36 % CO; conversion) was better than that of sample

4.5 (only Fe, 29 % CO; conversion) and both of them were less active that samples
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4.1 (37 % CO, conversion) and 4.3 (42 % CO; conversion). Worth nothing is that
higher activity, even in a few percent, may represent a large competitive advantage
in large-scale reactions. This influence of alloy is also observed for NPs in which the
performance of samples 4.9 and 4.10 is worst in spite that their particle size is
notably smaller. It seems that in the range of atomic ratio studied, the increase of
the Co proportion results in an increase of the catalytic activity. In addition, alloy
also increases significantly the selectivity towards RWGS. Figure 4.9, a-c presents
the performance of samples 4.6-4.8 at different temperatures, while Tables 8.4.2.1

t0 8.4.2.12 in CHAPTER 8 gather the full set of data for all samples 4.1-4.12.

4.2.4 Influence of the support

The role of N-doped graphitic carbon as the support was finally addressed by
preparing an alternative Co-Fe alloy NPs supported on SiO,. The catalytic activity
data for sample 4.12 is given in Figure 4.11. Although Co-Fe alloy NPs supported on
SiO; exhibits a comparable activity for CO; hydrogenation in terms of CO, conversion,
the main product for sample 4.12 was consistently methane over 50 % selectivity in
all the range of temperatures from 300 to 450 °C. The presence of minor amounts of
ethane (4.8 %) and propane (0.5 %) could be detected at 450 °C. This contrasting
selectivity for Co-Fe alloy NPs supported on (N)C or SiO; illustrate once again that
the support plays an important role in the catalyst performance and product
selectivity of active centers. This influence of the support derives from the delicate

balance among charge transfer from the support to the Co-Fe alloy sites, adsorption
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of reaction intermediates, and surface acidity, among other properties of the

support.
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Figure 4.11. CO; conversion and selectivity of sample 4.12. Reaction conditions:
H,/CO, molar ratio of 7, total flow 4 mL/min; pressure: 10 bar; catalyst amount: 40

mg; space velocity: 600 h,

4.3 Conclusions

The present Chapter has shown the remarkable performance of Co-Fe alloy clusters
of (sub)nanometer size supported on defective N-doped graphitic carbon compared
with analogous catalysts with metal alloy NPs of size ranging from 1 to 5 nm
supported on the same support. A minute metal amount about 0.1 wt.% of highly
dispersed Co-Fe clusters is sufficient to achieve optimal catalytic activity with a

remarkable RWGS selectivity and high catalytic stability. It seems, however, that
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clusters agglomeration into nanoparticles could eventually decrease the catalytic

activity and product selectivity at times longer than the 30 h run performed.

The present results draw the attention to the influence of the particle size on the
nanometer regime and the nature of the support on the activity and selectivity of
Co-Fe catalyst in the CO; hydrogenation, which is known in Fischer-Tropsch synthesis

but much less documented for the CO, hydrogenation.
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5.1 Introduction

In the previous Chapters, highly selective Co-Fe catalysts for CHs and CO under
remarkable CO, conversions have been described. One of the main challenges in CO;
hydrogenation is how to control the chain-growth over hydrogenation in a similar
way as in the Fischer-Tropsch synthesis.™> 21 In the Fischer-Tropsch synthesis, starting
from CO instead of CO;, hydrogenation over Co-Fe-based catalysts leads to a
distribution of hydrocarbons following the Anderson-Schulz-Flory distribution of
carbon atoms that can have a maximum abundance between 6 and 12 carbons.3!
In contrast, the chain growth starting from CO; is much less favorable and one of the
main targets is to obtain C; hydrocarbons and beyond products directly from CO; in

a selectivity higher than 20 %.1-11

Continuing with the research objective of the present PhD Thesis, the present
Chapter is aimed at the study on the catalytic CO, hydrogenation of Co-Fe alloy
nanoparticles wrapped on defective N-doped graphitic carbons with a narrow
particle size distribution ranging from 7 to 17 nm. It will be shown that Co-Fe alloy
nanoparticles of about 10 nm average size embedded on N-doped graphitic carbon
can present a remarkable selectivity towards C;, C3 and C4 over 50 % under optimal
conditions. In addition, the catalyst exhibits a remarkable stability, conversion and
selectivity being maintained in 20 h run measurements. The work derives from the
systematic study on the influence of the average Co-Fe alloy NPs size on the
catalytic activity of CO; hydrogenation. In the case of the related CO hydrogenation,

there is a window of particle size that is optimal to achieve the highest selectivity
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towards long-chain hydrocarbons.>31 The results presented in this Chapter seem
to indicate that a similar trend could also be operated for the selectivity towards Cy«
hydrocarbons from CO; hydrogenation in the case of Co-Fe alloy NPs and the

adequate control of the particle size distribution is necessary.

5.2 Results and Discussion
5.2.1 Samples preparation and characterization

Continuing with the PhD Thesis objectives, it is considered of interest to expand the
study on the systematic preparation of Co-Fe alloy NPs wrapped on defective
N-doped graphitic carbon having defined particle size. Five samples 5.1-5.5 were
prepared following exactly the same preparation procedure that affords a narrow
particle size distribution, but increasing the total metal loading from 9 to 23 wt.%.
The preparation method is sketched in Scheme 5.1, while Table 5.1 summarizes
analytical data of the samples under study. The Co and Fe content were determined
by ICP-OES analysis after dissolving the metals in the samples with aqua regia, while
combustion chemical analysis allows quantification of N and C. The N content of the

five samples was similar around 1.5 wt.%.

1, Gaseous CO,

Pyrolysis under
Extract Ar atmosphere

< if—,

Supercritical CO,
X

vz 2
Compressed Pump
2

Scheme 5.1. Procedure used to prepare the Co-Fe@(N)C samples under study. i)

Precipitation in NaOH solution; i) water/ethanol exchange and metal salt
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impregnation; iii) reduction in NaBH4 ethanol solution; iv) supercritical CO; drying; v)

pyrolysis in Ar atmosphere.

Table 5.1. List of samples under study and their main analytical and physicochemical

parameters.
Total Co+Fe Average
Sample Co Fe C N ) .
content particle size
No. (wt.%)*  (wt.%)? (wt.%)?  (wt.%)b
(wt.%)? (nm)©
5.1 7.9 1.6 9.5 74.30 1.97 7.312
5.2 14.0 35 17.5 69.60 1.60 8.8+2
5.3 14.1 3.5 17.5 63.57 1.37 10.5+2
5.4 17.2 4.0 21.3 64.53 1.76 14.1+3
5.5 19.2 4.1 23.3 57.11 1.35 17.343

2 Determined by ICP-OES analysis after dissolving the metals in aqua regia; ® It is

assumed that the rest to 100 % is residual oxygen; ¢ Determined by DF-TEM.

As it can be seen in Scheme 5.1, the precursor of the N-doped graphitic carbon is
chitosan, a homopolymer of glucosamine obtained by deacetylation of natural
chitin, and the main waste of the fishery industry.!*58l As mentioned in the previous
Introduction, chitosan containing N and C acts simultaneously as a source of Cand N
forming turbostratic N-doped graphitic carbon.[*>?3] One of the known properties of

chitosan is to adsorb a large percentage of metal salts from aqueous solutions due
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to the complexation of the metal ions and the formation of numerous strong

hydrogen bridges.[24-26]

In the present case, millimetric alcogel beads of chitosan, formed by flocculation of
acid chitosan aqueous solution with NaOH and gradual replacement from H,0 to
ethanol, were impregnated with a mixture of cobalt chloride (CoCl;) and iron
chloride (FeCl;). After impregnation, the formation of metal alloy NPs was
performed by the reduction with NaBH4, subsequent supercritical CO, drying and a
final pyrolysis. A crucial step in the preparation of the catalysts is the NaBH4
reduction since analogous samples have been prepared following the same
procedure, but without the NaBH4 reduction step, resulting in a notoriously broad

particle size distribution.

Samples 5.1-5.5 were characterized by XRD that shows that the Co-Fe alloy NPs
present bcc phase, accompanied by the bcc (200) that only prevails in the case of
sample 5.5.1272%] No peaks attributable to Co or Fe oxides or carbides were observed.
The very similar unit cell parameters of metallic Co and Fe make uncertain to
distinguish between separate metal phases or alloys, being necessary electron
microscopy to address this issue properly (vide infra). Raman spectroscopy was
coincident for all the samples and very similar to that reported for the turbostratic
graphitic carbon derived from the pyrolysis of chitosan.!® 29 The presence of the
D+D’, 2D, G and D bands appearing at 2960, 2700, 1590 and 1350 cm™ was recorded
with a relative intensity of the G over the D band of 1.15, which indicates that the

samples are constituted by defective graphene sheets with a quality similar to that
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of reduced graphenes.!?® 30 31 Figure 5.1 presents the XRD patterns and Raman

spectra of samples 5.1-5.2.

(a)[ 54| (b)

Intensity (a.u.)
Intensity (a.u.)

40 50 60 70 80 90 1000 2000 3000
2Theta (degree) Raman Shift (cm™)

Figure 5.1. XRD patterns (a) and Raman spectra (b) of the samples 5.1-5.5. Symbols:
Co (111) fcc (€ ); Co (200) fec (V); Co (220) fec (O); Co(0.7)Fe(0.3)(110)bec (#);

Co(0.7)Fe(0.3)(200)bcc (*); Co(0.7)Fe(0.3)(211)bcc (<)

Field emission scanning electron microscopy images of samples 5.1-5.5 were very
similar showing a spongy, highly-porous carbon residue without any hint of metal
particles at the micrometric scale. Selected FESEM images of the materials are

provided in Figure 5.2.
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Figure 5.2. FESEM images of samples 5.1-5.5. (a, b: sample 5.1; c, d: sample 5.2; e, f:

sample 5.3; g, h: sample 5.4; i, j: sample 5.5.)

The information provided by transmission electron microscopy was very relevant to
understand the nature and size of the MNPs. Thus, in the dark-field mode, TEM
images reveal that the samples are constituted by NPs, accompanied with a bright
background that corresponds to dispersed metal clusters. Figure 5.3 provides
selected images. Statistical determination of the particle size indicates that the
average size increases with the total metal loading raging from 7 to 17 nm (see
Table 5.1). The tendency of larger particle size as the loading increases is well
established in the literature.['™ 3234 Importantly, the particle size distribution was
notably narrow, particularly in comparison of analogous samples prepared omitting
the NaBH4 reduction step. Figure 5.4 provides TEM images of the sample prepared
without NaBH. reduction. Evidently, the use of NaBHs to obtain metal NPs with
narrow particle size distribution is well established in the literature.>38 |t seems

that preformed metal NPs do not tend to evolve into a broad size distribution
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during the pyrolysis step, probably due to the interaction either with the chitosan
fibrils or with the graphitic carbon derived from chitosan during the thermal

treatment.

10 12
Diameter (nm)

s 10 » 14 16
Diametr (nm)

"6 8 10 12 14 16 18 20
Diameter (nm)

Figure 5.3. DF-TEM images (a-j), particle size distribution curve (k) of samples

5.1-5.5 and energy dispersive spectrometry mappings (m-q) of samples 5.3. (a, b:
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sample 5.1; ¢, d: sample 5.2; e, f, |I: sample 5.3; g, h: sample 5.4; i, j: sample 5.5. k,
Inset: statistical particle size distributions of samples 5.1-5.5 according to the main

frame image.)

Figure 5.4. TEM images of the sample prepared without reduction showing a broad

particle size distribution with the presence of very large nanoparticls.

HRTEM images also give two crucial pieces of information. Measurement of an
interplanar distance of 2.1 A corresponding to the 110 plane, indicates that the NPs
are constituted by random Co-Fe alloy, with no evidence of independent Co or Fe
NPs. Energy dispersive spectrometry elemental mapping (Figure 5.3) of the Co-Fe
nanoparticles by TEM also shows a spatial coincidence of Co and Fe in the NPs. The
other information is that the Co-Fe alloy NPs within the graphitic carbon matrix are
wrapped by a few layers of defective N-doped graphene, observing a large
interfacial contact between the two components. Figure 5.5 presents images
providing support to the above claims of random alloy between Co and Fe and the

wrap of the Co-Fe alloy NPs by a few layers of graphene.
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Figure 5.5. HRTEM images at three different magnifications of sample 5.3. The
interplanar distance for the Co-Fe alloy nanoparticle measured by HRTEM is
indicated in image c¢. The inset in image c corresponds to the Fast Fourier

transformed (FFT) electron diffraction of the particle.

5.2.2 Catalytic activity

Reactions were carried out in a pressurized stainless steel tubular reactor at
temperatures between 300 and 500 °C. After catalyst activation at 300 °C under N,
each sample was submitted to a 5 h test starting at 300 °C and increasing the
temperature in 50 °C steps. Each temperature is maintained for 1 h. Analysis of the
reaction products was carried out on line with multichannel gas chromatography
that quantifies the percentage of CO;, CO, CHs and C,: products. Data at each
temperature correspond to the average value of three analyses measured for each
temperature at 30, 45 and 55 min. Controls in the absence of any catalyst or using

N-doped graphitic residue prepared as indicated in Scheme 5.1, but in the absence
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of Co-Fe metals, show a CO; conversion at 400 °C of 5 and 10 %, respectively. And

methane is the only product detected.

When samples 5.1-5.5 were used as catalysts, besides the formation of CH, as the
main product, formation of CO and C,-Cs hydrocarbons was also observed in
variable proportions. In the distribution of C,-C4 products, ethane was always the
major component, followed by propane and less amounts of n-butane. In addition,
the presence of ethylene (major) and propylene (minor) was also detectable. Figure
5.6 contains full analytic data of the reaction for each catalyst, at each temperature
range from 300 to 500 °C under the conditions screened in the present work. As an
example, Figure 5.7 presents CO, conversion and product distribution for samples
5.1-5.5working at 400 °C, 10 bar with a H,/CO; ratio of 7 and a space velocity of 600
h. As it can be seen there, the percentage of CO decreases, while the proportion of

CHs increases in general with the particle size.

General trends were observed in the activity of samples 5.1-5.5 as CO;
hydrogenation catalysts. Conversion of CO; increases with temperature, particularly
in the range from 300 to 450 °C, while the increase from 450 to 500 °C is less
notable. Product selectivity depends on the nature of catalyst, CO, conversion and
operation conditions, including temperature, H,/CO, ratio and pressure. Caution
should be taken when making comparison of selectivity values at different

conversions among the various catalysts.
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Figure 5.7. CO; conversion and selectivity for samples 5.1-5.5 having different
particle sizes at 400 °C, under the same conditions. Reaction conditions: H,/CO,

ratio of 7, total flow 4 mL/min, 10 bar, 40 mg catalyst.

Regarding the unique catalytic behavior of samples 5.1-5.5, a comparison with an
analogous Co-Fe sample embedded in defective N-doped graphitic carbon at the
same total metal loading and Co/Fe ratio, but exhibiting a broad particle size
distribution shows the selective formation of CH4 under the same conditions. This
control sample was prepared by pyrolysis of CoCl, and FeCl, adsorbed on chitosan
without the NaBH4 reduction step. Similarly, as mentioned in CHAPTER 4, samples
of Co-Fe alloy clusters supported on N-doped graphitic carbon exhibits over 98 % CO

selectivity at high conversions.%

Regarding the influence of temperature, it was a general trend that the combined

C,+ selectivity increased first and then decreased with the temperature, reaching
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maximum selectivity values at intermediate temperatures of 400 or 450 °C (Figure
5.6). Since CO selectivity decreases with temperature, the maximum CHj selectivity

for all samples 5.1-5.5 can be observed at 500 °C.

From the catalytic data it was concluded that samples 5.3 and 5.4 were those
exhibiting the highest selectivity to C,+ hydrocarbons at the highest conversion.
Since the metal loading and the average Co-Fe particle size were lower for sample
5.3 than sample 5.4 (see Table 5.1), sample 5.3 was selected for the further stability

test and optimization of operation conditions.

5.2.3 Stability study

Stability of the catalytic activity of sample 5.3 was assessed performing four
consecutives 5 h runs at 10 bar, H/CO; ratio of 7 and 600 h! space velocity. Note
that this stability test submits the sample to stress derived from changes in the
temperature each 1 h interval and that these conditions are harsher to maintain
reproducible conversion and selectivity to the various products than keeping
constant operation parameters. Figure 5.8 shows the results of this stability test. It
was observed that catalyst 5.3 was stable with reproducible conversion and
selectivity values at each temperature in cycles 2, 3 and 4. It was also noted,
however, that particularly at lower temperatures of 300 and 350 °C, the used
sample 5.3 outperforms CO, conversion and C,: selectivity values than those

measured for the fresh sample.
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This improvement of the performance has also been observed for Co-Fe alloy
clusters supported on N-doped graphitic carbon and attributed to surface
modification of the Co-Fe alloy particles by partial oxidation due to CO, during the
first stages of the test. And the effect of this surface conditioning is more noticeable
at low temperatures. However, it is worth noting that reproducibility based on the
activity data of the four cycles was remarkable, in which CO, conversion in the

temperature range from 400 to 500 °C was getting higher.
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Figure 5.8. Stability test of sample 5.3 at temperature starting from 300 °C and
increasing in 50 °C each steps up to a final temperature of 500 °C. Reaction

conditions: H,/CO; ratio of 7, total flow 4 mL/min, 10 bar, 40 mg catalyst.

5.2.4 Influence of H,/CO; ratios

Having confirmed catalyst stability, the reaction conditions were optimized to

achieve the maximum selectivity for C,. hydrocarbons. Thus, the influence of the

128



CHAPTER 5

H,/CO, ratio was studied in the range from 7 to 1. A general tendency that CO,
conversion decreases, while Cy. selectivity increases, upon decreasing the H,/CO,
ratio was observed. Figure 5.9 contains the full sets of catalytic data. A good
compromise between conversion and Cs. selectivity was achieved at H,/CO; ratios
of 3 and 4, for which a CO, conversion of 51 % with a Cy. selectivity over 36 % was

measured at a temperature of 400 °C with a H,/CO, ratio of 3.
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Figure 5.9. CO; conversion and selectivity for sample 5.3 at different temperature.
(a-d corresponding to H,/CO; ratio of 4, 3, 2, 1, respectively.) Reaction conditions:

total flow 4 mL/min, 10 bar, 40 mg catalyst.

129



CHAPTER 5

5.2.5 Influence of reaction pressure

Further optimization of Cy. selectivity for sample 5.3 was carried out by varying the
reaction pressure from 5 to 40 bar. Figure 5.10 summarizes the results at 300 °C for
a Hy/CO, ratio of 4. The full activity data are also provided in Figures 5.11-5.13 and
Tables 8.4.3.1-8.4.3.21 in CHAPTER 8. Evidently, a good balance between CO;
conversion that increases with the reaction pressure and C,. selectivity was found at
300 °C and 40 bar, for which a CO; conversion of 58 % with a Cy. selectivity of 44 %
was achieved (see Figure 5.10). Under these conditions, the percentage of ethane,
propane, and n-butane being values of 17, 14, and 10 %, respectively, are absolutely
remarkable for CO, hydrogenation. Of note is that under these H, lean conditions,
selectivity values of ethylene and propylene as high as 30 % were measured at CO;
conversion over 34 % (see Figure 5.11, a, performing at a H,/CO; ratio of 4, 300 °C
and 5 bar pressure). Something that could be expected and hints to alkenes as being
involved in the reaction mechanism. It should be noted, however, that CO,
conversion under the present conditions is limited by the space velocity and higher
CO. conversion values could be easily reached by employing higher amounts of

catalyst or diminishing the flow rate.
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under the same conditions at a H,/CO; ratio of 4. (a-d corresponding to pressure of
5, 15, 20, 40 bar, respectively.) Reaction conditions: total flow 4 mL/min, 40 mg

catalyst.

Similar pressure optimization was also carried out for H,/CO> ratio of 2 and 1 (see
Figures 5.12 and 5.13). Although C,. selectivity values as high as 61 % were achieved
with the percentage of CHs-CH3 almost 4 times higher than that of CH4 for a H,/CO,
ratio of 1 at 300 °C and 15 bar, CO; conversion was barely 22 % (see Figure 5.13, b).
The activity of sample 5.3 is markedly higher than that of most active Fe or
Co-based catalysts and even ruthenium carbon catalysts we found in the literature.
Table 5.2 summarizes the selectivity for C;-C4 hydrocarbons of Fe or Co-based

catalysts reported in previous studies on CO; hydrogenation.[40-47]

Table 5.2. Comparison of selectivity for C,-C4 hydrocarbons of Fe or Co-based

catalysts reported in previous studies on CO, hydrogenation.[*%-47]

Reaction conditions Metal C(%) S(%) S(%)
Catalyst loading Ref.
T P Mecatalyst
COy/H; o CO, CHs GG
(°C) (bar) (mg)  (Wt.%)
Sample 3 300 40 1/4 40 17.6 58.4 52.7 445 This
Sample 3 300 20 1/4 40 17.6 40.7 46.3 45.6 work
Fe;N@C 250 10 1/4 300 - 33.7 46.0 46.4 WO
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Fe@C 250 10 1/4 300 -
Ru@C-EDTA-20 160 1 1/3 210 20.2
Co/CNT 340 10 1/3 220 9.6
CoFe04_CNT 340 10 1/3 220 8.7

Fe,0s 300 25 1/3 3000 -
10Fe0.8K0.53Co 300 25 1/3 3000 100

Ni3Fe1/Zr02 400 1 1/2 100 -
Fe-Co(0.17) 400 10 1/3 200 100

Fe/Al,O3 300 10 1/3 100 -

NP-MoC1,/C 300 20 1/3 100 3.66
Fe 540 - 1/4 1000 100
Co 388 - 1/4 1000 100

3.3

4.6

36.1

25.2

30.8

54.6

374

26.5

19.6

19.8

26.7

71.2

66.1

99.9

99.3

55.3

30.1

18.9

86.0

49.0

36.8

17.4

15.9

98.6

323

0.1

0.7

37.5

38.4

321

39.0

394

8.9

[40]

[41]

[42]

[42]

[43]

[43]

(44]

[45]

[46]

[46]

[47]

[47]
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Figure 5.12. CO, conversion and selectivity for sample 5.3 at different temperature,

under the same conditions at a H,/CO, ratio of 2. (a-d corresponding to pressure of

5, 7.5, 15, 20 bar, respectively.) Reaction conditions: total flow 4 mL/min, 40 mg

catalyst.
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Figure 5.13. CO; conversion and selectivity for sample 5.3 at different temperatures,
under the same conditions at a H,/CO, ratio of 1. (a-c corresponding to pressure of 5,

15, 20 bar, respectively.) Reaction conditions: total flow 4 mL/min, 40 mg catalyst.

5.3 Conclusions

The present Chapter has shown the potential of size control on Co-Fe alloy NPs
wrapped on N-doped graphitic carbon to increase the of formation C-C bond during
CO; hydrogenation. There is a window of the Co-Fe alloy particle size that favors the
formation of C,-C4 hydrocarbons and in this regard, CO; hydrogenation follows the

trend in Fischer-Tropsch synthesis for which catalysts with a particle size about 10
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nm are most adequate to promote the formation of longer-chain hydrocarbons.
Under certain operating conditions, high selectivity to C,-C4 hydrocarbons and even
unsaturated hydrocarbons can be achieved at moderate CO, conversions (about
60%). To the best of our knowledge, the high C>-C4 selectivity values reached with
the present Co-Fe alloy NPs wrapped on N-doped graphitic carbons have not
precedent in CO; hydrogenation that could be useful to increase the economic

attractiveness in the large-scale industrial production.
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6.1 Introduction

As it was already commented in the Introduction, it is well-known that the presence
of certain elements, generally denoted as promoters, can determine the
performance of catalysts in CO, and CO hydrogenation.!*®! Specifically alkali metals,
such as K and Cs can alter the activity of hydrogenation catalysts,? 7 10121 by tuning
the adsorption properties and surface basicity, among other effects. In this context,
it would be of interest to establish which promoters have different effects on the
catalytic activity of Co-Fe alloy NPs wrapped on graphitic carbon with the

longstanding goal of finding even more active, selective and stable catalysts.

With this objective in mind, the present Chapter focus on the influence that metallic
(Na, K, Ca, Pd and Ce) and non-metallic (S) promoters exert on the performance of
Co-Fe alloy NPs wrapped on graphitic carbon either N-doped or without N-doping as
CO. hydrogenation catalysts. Promoters were selected based on precedents
reporting the influence of alkali,[*® alkali-earth 151 and noble metals!*6-18l on
hydrogenation catalysts as well as the poisoning effect of S on the Fischer-Tropsch
catalysts.’®21l Evidence will be presented in this Chapter, showing a significant
influence of the promoters on the activity of Co-Fe@(N)C and Co-Fe@C catalysts,

driving the selectivity towards CO, methanation or reverse water-gas shift.

6.2 Results and Discussion

6.2.1 Samples preparation and characterization
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The series of Co-Fe@(N)C and Co-Fe@C catalysts modified with promoters were
prepared following three different routes. In two of them, the carbon precursor was
chitosan rendering defective N-doped graphitic carbon, while alginate was used as
the precursor in the third one for the preparation of Co-Fe alloy NPs on defective
graphitic carbons without nitrogen. Chitosan as a polymer of glucosamine with a
6.25 wt.% N, acts in the pyrolysis as a simultaneous source of C and N, while
alginate is a copolymer of D-mannuronic and L-guluronic acids condensed through
glycosidic B-(1,4) bonds and does not contain N in its composition. Scheme 1
illustrates the preparation procedures, while Table 6.1 includes relevant analytical

data of samples under study.

i i iii QW iv Gaseous CO,

(a) = Y ) 2 s '
Pyrolysis under
Ar atmosphere

] pow 2oy seep
(b) L aER L B e —
L |
" " . i Yy > ii = 2
(c) Sodium alginate solution »{’:g’.’ Comgressed Pump

2

Scheme 6.1. Procedures used to prepare the Co-Fe@(N)C (routes a and b) and
Co-Fe@C (route c) under study. Preparation of samples 6.1, 6.2 and 6.8-6.11, /)
Precipitation in NaOH solution; ii) water/ethanol exchange and metal salt
impregnation; Jjii) reduction in NaBH4 ethanol solution; iv) supercritical CO; drying.
(samples 6.8-6.11 was performed following route a with an additional thiourea
impregnation in ethanol in step iii). Samples 6.3 and 6.4, i’) Precipitation in NaOH

solution; ii’) water/ethanol exchange and reduction in NaBH4 ethanol solution; iii’)
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2227

supercritical CO, drying. Sample 6.5-6.7, i) Precipitation in metal aqueous solution

22

and water/ethanol exchange; ii””’) supercritical CO> drying.

In route (a), chitosan microspheres of millimetric size were first obtained as
hydrogel by precipitation of chitosan dissolved in acetic acid aqueous solution into a
strong basic NaOH aqueous solution. The resulting chitosan hydrogel was converted
into alcogel by a gradual exchange of H,O by ethanol. Then, Co?* and Fe?* ions were
adsorbed onto chitosan beads in ethanol, before chemical reduction with NaBH4
and subsequent supercritical CO; drying, followed by pyrolysis. It has been
previously observed that NaBH; reduction of Co?* and Fe?* adsorbed on chitosan
renders Co-Fe alloy NPs with narrow particle distributions after pyrolysis in which
the average particle dimension can be controlled in a certain extent in the range

from 8 to 17 nm, depending on the metal loading.!??

In route (b), Co?* and Fe?* salts were dissolved in acidic chitosan aqueous solution,
before the formation of millimetric beads and the exchange of H,O by ethanol,
supercritical CO; drying and pyrolysis. Chemical reducing agents are not used in
route (b) and for this reason the particle size distribution of the Co-Fe alloy NPs
tends to be broader than in route (a).”¥! It should be mentioned that according to
prior results, a broader particle size distribution of the Co-Fe alloy NPs tends to

favor the formation of CHy as the prevalent product.?®!

The precursor of the carbon residue in route (c) was sodium alginate that can

adsorbs Co?* and Fe?* in an aqueous solution and then, is precipitated with a
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concentrated solution of divalent metals, either Fe?* in excess (sample 6.5), Ca®*
(samples 6.6) or Ce3*/** (sample 6.7) in H,O. Alginate is soluble in aqueous solutions
at pH values higher than 5, but not soluble in the presence of an excess of di- and
tripositive cations, due to the cross-linking of the linear alginate fibrils.?4 The
process is completed through the conversion of alginate hydrogel into alcogel by
gradual exchange of H,O with ethanol, followed by supercritical CO, drying and
pyrolysis at 900 °C. The main difference between routes (c), (a) and (b) derives from
the different solubility of chitosan and alginate in acid and neutral-basic aqueous

solutions, respectively.?527]

Table 6.1. List of samples under study and their main analytical and physicochemical

parameters.

Sample Co Fe Promoter C N Average particle
No. (Wt.%)?  (wt.%)? (wt.%)>° (wt.%)>  (wt.%)° size (nm)°
6.1 14.1 3.5 - 63.6 1.4 10.5+2
6.2 18.6 4.4 Pd 0.5 62.9 1.3 10.6%3
6.3 12.4 3.2 - 70.5 1.6 9.75

12.2+6
6.4 11.3 2.8 Ce 04 67.6 1.4
(Ce0y): 2.411
6.5 9.0 38.4 - 47.5 - 21.615
6.6 11.3 3.9 Ca 25.8 371 - 7.343
6.7 16.0 5.4 Ce 15 43.4 - -
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6.8 11.7 2.8 s 71 491 2.2 10.5+2
6.9 11.3 2.2 S 52 534 2.5 -
6.10 15.6 3.6 S 29 556 2.7 -
K 1.0
6.11 43 1.5 Na 14 601 3.9 9.146
s 31

2 Determined by ICP-OES analysis after dissolving the metals in aqua regia; ® It is

assumed that the rest to 100 % is residual oxygen; ¢ Determined by DF-TEM.

As it can be deduced from Table 6.1, a set of samples was prepared with the
objective of determining the possible influence of promoters, for instance, Pd
(samples 6.1 and 6.2), Ce3*/4* (samples 6.3 and 6.4), excess of Fe?* (sample 6.5), Ca%*
(sample 6.6), Ce3*/4* (sample 6.7) or Na* and K* in combination with S (sample 6.11)
on the catalytic activity. The percentage of Co, Fe and metallic promoters was
determined by ICP-OES after dissolving the metals in the samples with aqua regia.
In all the cases, except Fe?* and Ca®, the percentage of promoters was purposely
low under 0.5 wt.%. Special cases were Fe?* and Ca?" as promoters. Since alginate
beads were precipitated by Fe?* or Ca?*, the content of these metals in samples 6.5
and 6.6 was much higher, about 25 wt.%, compared with the other promoters

under study.

Based on the precedents on the influence of S in hydrogenation catalysts, increasing

the product selectivity but decreasing the catalytic activity, an additional set of four
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Co-Fe@(N)C samples was prepared to contain S. The S content, as well as the
percentage of C and N, were quantified by elemental combustion analyses. The
relevant analytical details of samples 6.8-6.11 are also included in Table 6.1.
Preparation of samples 6.8-6.11 was performed following route (a) with an
additional thiourea impregnation step in ethanol after the NaBH,4 reduction of Co?*

and Fe?* salts and before supercritical CO drying and the finial pyrolysis.

Promoter-containing Co-Fe@(N)C and Co-Fe@C samples were characterized by
powder XRD, Raman spectroscopy and electron microscopy. As expected in the view
of related precedents in the literature, XRD patterns indicate that Co and Fe
become reduced to the metallic state during the pyrolysis,?8 with the metal NPs
having a variable proportion of fcc and bcc phases. Figure 6.1 presents the full set of
XRD patterns for the samples under study. Importantly, the comparison of the XRD
patterns for samples 6.1 and 6.3 lacking promoter with the rest of the samples in
which promoters were in low amounts, dose not reveal any difference, except the
case of sample 6.6 characterized by a high Ca content. This lack of influence of
promoters on the XRD spectra of the Co-Fe@(N)C and Co-Fe@C samples can be
attributed, in general, to the low percentage of promoters and their high dispersion.
For sample 6.5 containing a large percentage of Fe in its composition, bcc was the
prevalent phase. Similarly, for S doped samples, no additional diffraction peaks
corresponding to S species could be recorded in the XRD spectra of samples
6.8-6.11. Only in the case of sample 6.6, the presence of CaCOs characterized by
diffraction peaks at 39.4°, 47.5°, 56.5° was recorded.?®! The formation of CaCOs can

be understood considering the ambient exposure of samples after preparation and
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the prompt carbonatation of Ca0.3% 31 As mentioned in the previous Chapters, the
distinction by XRD between independent Co or Fe phases and Co-Fe alloy is

uncertain due to the similarity of the unit cell parameters of Co and Fe.

—

T — 6.
\ ’Q

__.¢

und

i N
?'65""!'\5

-5t

!
1
T
1
"
!
|

——

6

NS Ay A
f,“ . : ; 6. '5

e WWMJ‘aW" ‘”WWWW%MAWWMWMWMM
R : [ 6.6

1 \ |

Intensity (a.u.)

™

Mt 'lr A, V. VWWWMMWW MMWWW,«‘»M

.i.» ) a7

40 50 60 70 80
2Theta (degree)

Figure 6.1. XRD pattern of samples 6.1-6.8 and 6.11. Symbols: Co (111) fcc (¢); Co
(200) fcc (V); Co (220) fec (O); Co(0.7)Fe(0.3)(110)bec (%*); Co(0.7)Fe(0.3)(200)bcc

(*); Co(0.7)Fe(0.3)(211)bcc (¥); CaCOs (7).

The graphitic nature of the carbon residue was determined by Raman spectroscopy
in which the characteristic D+D’, 2D, G and D peaks appearing at 2960, 2700, 1590
and 1350 cm?, respectively, were recorded. As an example, Figure 6.2 collects the

Raman spectra of all the samples under study. The intensity of the G vs. the D band
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(Ie/1p) is generally taken as a quantitative indicator of the density of the defects.[3%35)
In the present case, the lg/lp ratio was between 1.15 and 1.25 that is common for
the type of graphitic carbon obtained by pyrolysis of chitosan or alginate.’3¢38 The
intensity of the overtones is also taken as a sign that the carbon residue is
constituted by the stacking of only few graphene layers, these overtones in the
region between 2950 and 2700 cm™ being apparent in most of the samples. The
Raman spectra essentially coincide with those previously reported for the
Co-Fe@(N)C samples lacking promoters in CHAPTERS 3 and 5,22 23 39 syggesting
that the promoters do not change the graphitic nature of the carbon residue

formed in the pyrolysis process.
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Figure 6.2. Raman spectra of samples 6.1-6.11.
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The morphology of the Co-Fe@(N)C and Co-Fe@C samples containing promoters
was imaged by field emission scanning electron microscopy. Figure 6.3 presents the
representative images of the Co-Fe@(N)C and Co-Fe@C materials. It was observed
that samples 6.1-6.11 are characterized by a highly spongy, fluffy structure that
derives from the carbonization of the polysaccharide fibrils of the chitosan or
alginate after supercritical CO; drying.1*% It has been reported in the literature that
in contrast to the behavior of hydrogels that give compact beads, conversion of
chitosan or alginate microspheres into alcogels and subsequent supercritical CO;
drying results in highly porous, spongy, large surface area beads of chitosan and
alginate.? This different behavior is due to the occurrence in dry hydrogels of fibril
close packing derived from the formation of hydrogen bridges, while supercritical
CO; drying diminishes considerably fibril interaction. Interestingly, at the resolution
of the FESEM images the presence of Co-Fe NPs was undetectable and no evidence
of the presence of promoters on particle morphology could be obtained, even for

CaCOs that is present in a large percentage about 50%.
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Figure 6.3. FESEM images of the samples 6.1 to 6.11 (a, b: sample 6.1; c, d: sample

6.2; e, f: sample 6.3; g, h: sample 6.4; i, j: sample 6.5; k, I: sample 6.6; m, n: sample

6.7; 0, p: sample 6.8; q, r: sample 6.9; s, t: sample 6.10; u, v: sample 6.11).

Transmission electron microscopy images revealed the presence of Co-Fe alloy NPs.
Dark-field images allowed estimating the particle size distribution for each sample
based on the measurement of the dimensions of a statistically relevant number of
these particles. Figure 6.4 shows representative images of the samples under study
with the corresponding particle size histograms. Table 6.1 also summarizes the
average particle size for each sample. As it can be seen there, most of the samples
exhibit a similar average particle size of about 10 nm, except sample 6.5, in which
the particle size was significantly larger, about 18 nm. This larger particle size of
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sample 6.5 can be easily understood considering the much higher Fe content of this

sample.

Figure 6.4. DF-TEM images of samples 6.1-6.8 and 6.11. (a, b: sample 6.1; c, d:
sample 6.2; e, f: sample 6.3; g, h: sample 6.4; i, j: sample 6.5; k, I: sample 6.6; m, n:
sample 6.7; o, p: sample 6.8; g, r: sample 6.11. Insets: statistical particle size
distributions of samples 6.1-6.8 and 6.11 as corresponding to the main frame

image.)

HRTEM images (Figure 6.5) allow determining the interplanar distance of the 110
plane in Co-Fe alloy NPs as 0.21 nm which corresponds to the alloy between these
two metals.?®! These images also reveal that the Co-Fe alloy NPs are partially
covered by one to three layers of defective graphene. The same characterization
has been presented in the previous Chapters for similar Co-Fe@(N)C samples.?% 2

391 While the presence of promoters in some cases was not apparent from the TEM
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images, due to their low percentage, EDS analysis revealed the presence of the
expected elements in the images. In the case of Ca as a promoter (Figure 6.6), it was
observed that this element was coating the Co-Fe NPs as determined by analysis of
the variation of the elemental composition along with Co-Fe NPs in high-resolution
TEM. Therefore, TEM characterization shows that promoters are well dispersed in
the Co-Fe@(N)C and Co-Fe@C samples, exhibiting interactions with the Co-Fe alloy

NPs supported on few layers of defective graphene.

la

k (b) Grapheni o

Co-Fe Alley

d,,,=0.21nM

Figure 6.5. HRTEM images of sample 6.1 (a) and 6.5 (b). The interplanar distance for
the Co-Fe alloy nanoparticle measured by HRTEM is indicated in the Figure. The
inset corresponds to the Fast Fourier transformed (FFT) electron diffraction of the

particle.
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Figure 6.6. DF-TEM image (a) and energy dispersive spectrometry mappings (b-e) of

samples 6.5.

6.2.2 Catalytic activity

The catalytic activity of the samples was evaluated under a continuous flow of a CO,
and H; mixture diluted in Ar in a pressurized tubular, stainless steel reactor with the
catalyst as a fixed bed. No binders were employed and the samples were used as
fine powders. Each catalyst was tested in the range of temperatures from 300 till
500 °C by 50 °C increments, without removing the sample from the reactor. After
setting a new temperature, the reactor was allowed to equilibrate and, then, the
temperature was maintained for 1 h dwell time. The composition of the reaction
mixture was determined by gas chromatography analysis at 30, 45 and 55 min after
the temperature of the reaction is equilibrated. No differences larger than 10 %
among the three analyses were measured in most of the cases and conversion and
selectivity values for the temperature were taken as the average of the three
independent analyses. For the few cases in which larger differences among the

157



CHAPTER 6

three analyses of the same temperature were found, the value with the highest
deviation was not considered. Further details can be found in CHAPTER 8 describing

the experimental procedure.

Preliminary controls at the highest reaction temperature of the study in the absence
of any catalysts or using 40 mg of N-doped graphitic carbon or defective graphitic
carbon without metals as catalysts showed low CO; conversions of 6, 13 and 8 %,
respectively, CHs being the only detectable product. It has been previously reported
that defective graphenes exhibit some activity as CO, hydrogenation catalysts.[!]
However, as previously found,!?> 23 391 these CO, conversion values of N-doped
graphitic carbon or defective graphitic carbon without metals are much lower under
operation conditions of the present study than those found when Co-Fe NPs were

present in the catalyst.

All the Co-Fe@(N)C and Co-Fe@C samples containing promoters were active as
catalysts for CO; hydrogenation. The products detected were CH4, CO and variable
percentages of C,-C4 hydrocarbons, including a certain proportion of alkenes. As
expected, CO; conversion increased with the temperature and selectivity varied in
each case. Differences in the catalytic activity of the Co-Fe@(N)C and Co-Fe@C

samples attributable to the effect of promoters were observed.

The comparison of the catalytic activity of samples 6.1 and 6.2 shows that the
presence of Pd in 0.5 wt.% increases CO; conversion in the lower temperature range
from 300 to 400 °C, with some change in the selectivity. The difference in the

catalytic performance of samples 6.1 and 6.2 is presented in Figure 6.7 and Tables
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8.4.4.1 and 8.4.4.2 in CHAPTER 8. This change was particularly notable at 400 °C,
the presence of Pd increasing CHs selectivity. This effect can be understood
evidently considering that Pd is a better hydrogenating metal than the Co-Fe alloy
and it can activate H, at lower temperatures. Subsequently, the H atoms on Pd
would undergo spillover the Co-Fe NPs. Since CHa4 is the most stable hydrogenation
product, the higher catalyst activity caused by Pd as a promoter would be reflected

in a higher CH4 selectivity.
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Figure 6.7. CO; conversion and selectivity for samples 6.1 (a) and 6.2 (b) at different
temperatures. Reaction conditions: H,/CO; ratio of 7, total flow 4 mL/min, 10 bar,

40 mg catalyst.

Less evident is the influence of Ce as a promoter (see Figure 6.8 and Tables 8.4.4.3
and 8.4.4.4 in CHAPTER 8). While a comparison of the catalytic activity of
Co-Fe@(N)C samples 6.3 and 6.4 shows that Ce does not alter significantly CO;
conversion, the CO selectivity was considerably reduced at every temperature,

favoring the formation of CHa. In this case, the effect on product selectivity by the
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promotion of Ce is analogous to that observed for Pd. In contrast, in the case of
Co-Fe@C samples derived from alginate, the presence of Ce in a small percentage
has a detrimental effect, decreasing substantially CO, conversion and resulting in
mixtures with a large percentage of CO. This contrasting behavior could indicate
that the role of Ce is not H; activation, as the case of Pd, but rather interaction with

Co-Fe NPs with the tuning of their acidity.
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Figure 6.8. CO, conversion and selectivity for samples 6.3 (a) and 6.4 (b) at different
temperatures. Reaction conditions: H,/CO, ratio of 7, total flow 4 mL/min, 10 bar, 40

mg catalyst.

As commented previously, an excess of Fe?* or Ca®* was employed in route c) to
form insoluble alginate beads and these two metals are present in much higher
weight percentages in samples 6.5-6.7. The high Fe content of sample 6.5 is
responsible for its higher activity at 300 °C compared to sample 6.6. However, this
advantage disappears at the temperature of 350 °C or higher, for which sample 6.6

is significantly more active than sample 6.5 in spite of the higher Fe content of the
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latter. Figure 6.9 summarizes the catalytic results for these samples using alginate

as the precursor, while data are collected in Tables 8.4.4.6 and 8.4.4.7 in CHAPTER

8. In the case of sample 6.6, TEM images show an intimate contact between Ca?*

and metallic Co-Fe NPs. Ca?* exerts a strong influence on the catalytic performance

of Co-Fe@C, increasing CO, conversion and CH, selectivity. It is proposed that Ca?*

increases CO; adsorption on Co-Fe@C by forming CaCOs that is the prevalent phase

in the material, resulting in an enhanced conversion.
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Besides the promotion by metallic elements, the effect of S on the catalytic activity
of Co-Fe@(N)C was also studied. Samples 6.8-6.10 are analogous to sample 6.1 and
were prepared similarly, except that thiourea as the source of sulfur was added with
three different amounts in the alcogel beads. As shown in Figure 6.10, and Tables
8.4.4.8 to 8.4.4.11 in CHAPTER 8, the presence of S produces two clear effects on
the catalytic activity of Co-Fe@(N)C. Firstly, CO, conversion decreases substantially
for the three samples 6.8-6.10, regardless of the S content in the range from 2.9 to
7.1 wt.% under study. Secondly, the selectivity to CO increases dramatically, being
over 97 % at the highest temperature tested for these samples. This indicates that S
acts as a poison of Co-Fe NPs diminishing their hydrogenation activity of these NPs,

resulting in less CO2 conversion and less hydrogen uptake.

An attempt to increase the catalytic activity of the S-containing Co-Fe@(N)C
samples was made in sample 6.11 by adding alkali metal promoters together with S.
It was expected that basicity introduced by alkali metals could increase CO;
conversion in these S-containing samples, by favoring CO, adsorption. Although the
CO; conversion of sample 6.11 was still lower than that of sample 6.1, a clear
increase in activity attributable to the promotion of Na and K was observed, sample
6.11 reaching at 500 °C a CO; conversion of 59 %, lower than the 88 % measured for
sample 6.1, but much higher than the 13 % CO; conversion value of sample 6.10.
Notably, the increase in CO; conversion observed for sample 6.11 does not
influence CO selectivity caused by S poisoning that was for sample 6.11 still over

98 %.
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Figure 6.10. CO, conversion and selectivity for samples 6.1 and 6.8-6.11 with
different content of S (a) at 500 °C and at different temperature (b-e). (b: sample
6.8; c: sample 6.9; d: sample 6.10 and e: sample 6.11.) Reaction conditions: H,/CO;

ratio of 7, total flow 4 mL/min, 10 bar, 40 mg catalyst.
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6.3 Conclusions

The present Chapter provides catalytic data of how the activity and selectivity of
Co-Fe@(N)C and Co-Fe@C catalysts can be modulated by promoters. Two classes of
effects were observed. Pd in a small percentage and Ca in larger concentrations
both increase CO; conversion and CH4 selectivity. It is proposed that the promotion
of Pd is due to H; activation and spillover, while Ca enhances CO; adsorption near
the active sites. On the other hand, S in a few percent dramatically decreases
activity but drives selectivity towards CO. It is proposed that S acts as a poison of
the active sites for hydrogenation, disfavoring not only the attack to CO,, but also
successive hydrogen uptake towards CHs. The effect of S as poison is mitigated
partially by the basicity of alkali metals. Overall, the present study shows how a
range of catalysts based on Co-Fe alloy NPs supported on graphitic carbon
exhibiting contrasting product selectivity to CH4 or to CO can be prepared by the

effective selection of adequate promoters.
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7.1 Introduction

As commented previously, methanol is one of the most valuable products that can
derive from CO; hydrogenation and its output is predicted to double by 2030.3! |n
the previous Chapters of this PhD Thesis, highly selective hydrogenation catalysts
were developed for the Sabatier reaction in CHAPTER 3, the reverse water-gas shift
reaction in CHAPTER 4 and for C,:+ hydrocarbons in CHAPTER 5 based on the use of
defective graphenes as supports. Therefore, it would also be of interest to explore
the possibility to prepare a Cu-ZnO-based catalyst supported on defective N-doped
graphitic carbons [Cu-ZnO@(N)C] and to determine its catalytic activity under
operation conditions comparative with the thermodynamic limitations of the CO;
hydrogenation-to-methanol process. In the present Chapter, experimental data
support that Cu-ZnO@(N)C is an efficient, selective and stable catalysts for the

partial CO; hydrogenation to methanol.

7.2 Results and Discussion

7.2.1 Samples preparation and characterization

Initial attempts to prepare Cu-Zn@(N)G were carried out following similar
preparation procedures as those described in previous Chapters, including the
pyrolysis of chitosan embedding simultaneously Cu and Zn metal ions. In the
present case, millimetric alcogel beads of chitosan were impregnated with a mixture
of copper acetate and zinc acetate in various molar ratios. However, due to the low

boiling point of Zn metal,*® these attempts met with failure because of the
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complete Zn evaporation during the pyrolysis, with only Cu remaining on the

N-doped graphitic carbon after pyrolysis.

To overcome this limitation, Zn has to be incorporated after pyrolysis, while it
would be also possible to incorporate simultaneously Cu and Zn after chitosan
pyrolysis and the formation of the N-doped graphitic carbon. In the present study,
the incorporation of Cu(OAc); to chitosan before pyrolysis and the wanted amount
of Zn(OAc), after the formation of Cu@(N)G has been employed. It was reasoned
that in this way, the interaction between Cu nanoparticles and defective graphene
as the substrate would be strong”?! and the subsequent deposition of Zn(OAc);

could still form the Cu-Zn bronze under the reaction conditions. 10 11

A series of samples with different atomic Cu/Zn ratios were prepared, trying to
maintain the total Cu+Zn metal content, meanwhile covering a Cu-Zn ratio of 3 that
is close to the composition of the benchmark Cu-ZnO/Al,O; catalyst.['> 131 Scheme
7.1 illustrates the steps performed in the preparation of Cu-ZnO@(N)C, while Table
7.1 summarizes analytical data of the samples under study.

Gaseous CO,

Pyrolysis under
Ar atmosphere

[Extractor

Supercritical CO,

8 Cu@(N)C
Compre/ssed Pump @( )
2

Scheme 7.1. Procedure used to prepare the Cu-ZnO@(N)C samples under study. i)
precipitation in NaOH solution of chitosan hydrogel; ii) water/ethanol exchange and
Cu(OAc)z impregnation; iii) supercritical CO; drying; iv) pyrolysis in Ar atmosphere; v)
Zn(OAc), impregnation; v) thermal treatment.
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The contents of Cu and Zn in the samples were determined by ICP-OES elemental
analysis after treating the Cu-ZnO@(N)G samples with aqua regia. The data
summarized in Table 7.1 showed that the total metal content of sample under study

varied from 7.9 to 14.2 wt.%, while the Cu/Zn ratio ranges from 0.52 to 8.2.

Table 7.1. List of samples under study and their main analytical and physicochemical

parameters.

Total Molar Average

Sample Cu Zn ) C N ]

Cu+Zn ratio particle
No. (Wt.%)*  (wt.%)? (wt.%)®  (wt.%)®

(wt.%)? (Cu/zn) size (nm)°©
7.1 7.9 - 7.9 - 77.0 5.4 1.4+0.3
7.2 4.8 9.4 14.2 0.53 64.7 3.9 1.4+0.4
7.3 7.7 2.4 10.1 33 70.4 7.1 1.2+0.3
7.4 8.4 2.0 10.4 4.2 72.4 5.1 1.0+0.3
7.5 8.2 1.6 9.8 5.2 68.4 4.5 1.3+0.2
7.6 8.7 1.1 9.8 8.2 72.5 5.1 1.0+0.2

2 Determined by ICP-OES analysis after dissolving the metals in aqua regia; ® It is

assumed that the rest to 100 % is residual oxygen; € Determined by DF-HRTEM.

Samples 7.1-7.6 were characterized by XRD and Raman spectroscopy (Figure 7.1). In
the XRD patterns, the expected diffraction peaks corresponding to metallic Cu and
ZnO were recorded for Cu-ZnO@(N)C. The peaks that represent Cu (PDF No.

70-3038) and ZnO (JCPDS No. 36-1451) are clearly identified in Figure 7.1, a for
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samples 7.1-7.6.1% 1 The relative intensity of the peaks corresponding to ZnO were
in accordance with the relative proportion of ZnO in comparison to Cu. The
defective nature of N-doped graphitic carbons was established by Raman
spectroscopy, where the characteristic G and D bands appearing at 1590 and 1350
cm?, together with resolved overtone 2D at 2700 cm™ were recorded.*® 17! Figure
7.1, b plots a representative Raman spectrum recorded for the Cu-ZnO@(N)G
samples. The relative intensity ratio of the G vs. the D band was about 1.15 and
their width at half height is in accordance with values for N-doped graphitic carbons

previously reported from chitosan.!18-20
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Figure 7.1. XRD patterns (a) and Raman spectra (b) of the samples 7.1-7.6. Symbols:

Cu () and ZnO ().
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High-resolution FESEM images at 100-400 nm scale recorded for the Cu-ZnO@(N)C
materials reveal a fluffy, poorly packed, and highly porous morphology of the
graphitic carbon acting as the matrix and support of the metal NPs. As commented
in the Introduction, this porous structure is inherited from chitosan aerogel beads
dried in supercritical CO; and corresponds to the graphitization of linear chitosan
fibrils. Figure 7.2 shows selected HR-FESEM images of Cu-ZnO@(N)C samples
showing the structure of the carbonaceous matrix. As expected, no metal NPs could

be observed in the HR-FESEM images in agreement with the nanometric particle

size of Cu-ZnO NPs measured by TEM.

Figure 7.2. HR-FESEM images of samples 7.1-7.6. (a, b, c: sample 7.1; d, e, f: sample
7.2; g, h, i: sample 7.3; j, k, |I: sample 7.4; m, n, o: sample 7.5 and p, q, r: sample

7.6.)
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High-resolution TEM images show that the Cu-ZnO@(N)G samples are constituted
by metal NPs deposited on 2D defective graphene. Figure 7.3 shows the selected
DF-TEM images taken in three different areas for the Cu-ZnO@(N)G samples,
illustrating that the metal NPs are homogeneously distributed through the carbon
matrix. The particle size distribution and the average size were determined by
measuring a statistically significant number of those metal NPs. These similar values
of average particle size for the series of samples ranging from 1.0+0.2 to 1.4£0.4 nm
are collected in Table 7.1, while the corresponding particle size distribution
histograms are inserted in the DF-TEM images presented in Figure 7.3. These small
dimensions suggest the occurrence of a strong interaction of the Cu NPs with the

defective N-doped graphitic carbon that thwarts the growth of particle even during

pyrolysis at 900 °C.

Figure 7.3. DF-TEM images of samples 7.1-7.6. (a, b, c: sample 7.1; d, e, f: sample

7.2; g, h,i: sample 7.3; j, k, |I: sample 7.4; m, n, o: sample 7.5 and p, q, r: sample 7.6.
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Inset: statistical particle size distribution of samples 7.1-7.6 according to the main

frame image.)

7.2.2 Catalytic activity

As commented in the Introduction, the purpose of selecting Cu and ZnO in the
composition of the samples was to measure the materials as catalysts for the
selective partial hydrogenation of CO; to methanol. The catalytic reactions were
carried out in a pressurized stainless-steel reactor, operating at 40 bar, using a
H,/CO, ratio of 4 and a continuous flow of 0.8 mL CO; per min. After considering the
thermodynamic limitations as previously commented, the range of temperatures
studied was between 150 to 300 °C in 50 °C increments. Previous control tests
operating at 300 °C in the absence of catalyst showed no CO; conversions and the

absence of methanol or any other products.

Analysis of the reaction products of samples under study shows that methanol was
formed together with CO and methane (See Tables 8.4.5.1 to 8.4.5.1.3 in CHAPTER
8 ). In agreement with the thermodynamics, selectivity to methanol decreases with
CO; conversion and reaction temperature.?> 22 Higher temperatures result in
higher CO, conversions but lower methanol selectivity, the unwanted CO being the
major product.?> 24 Regardless of the unsatisfactory results of the other samples,
the maximum methanol selectivity of sample 7.5 was detected at 250 °C for CO;
conversions of about 1.5 %, although below 1 % at 150 and 200 °C, reaching a
remarkable selectivity towards methanol of about 64 % (see Figure 7.4). However,
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CO; conversion increases significantly at 300 °C, close to the thermodynamics limit
for the formation of methanol. In addition, sample 7.5 appears stable under the
reaction conditions for one week. Moreover, cycles of increasing the temperature
from 150 to 300 °C show quite similar catalytic result, as presented in Figure 7.5,

again supporting catalyst stability.

= CH,OH CH, =CO
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S 13 ¢
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2 (7]
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Figure 7.4. CO; conversion and selectivity for sample 7.5 at different temperature.

Reaction conditions: H,/CO, ratio of 4, total flow 4 mL/min, 40 bar, 40 mg catalyst.
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Figure 7.5. Stability test of samples 7.5 at 300 °C. Reaction conditions: H,/CO; ratio

of 4, total flow 4 mL/min, 40 bar, 40 mg catalyst.
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7.3 Conclusions

Although Zn metal undergoes evaporation during high-temperature pyrolysis, it has
been possible to prepare a series of Cu-ZnO@(N)C catalysts by pyrolysis of chitosan
embedding Cu(OAc); and a subsequent incorporation of Zn(OAc); on preformed
Cu@(N)C. The samples under study show very small metal NPs about 1 nm average
size well dispersed on the graphitic matrix. These samples act as catalysts for the
partial CO; hydrogenation to methanol. However, the formation of CO and methane
in considerable proportions was observed during the process. Methanol selectivity
decreased with CO; conversion and largely depended on the Cu-ZnO@(N)C catalysts,
reaching a maximum methanol value of about 64 % for about 1.5 % CO; conversion.
The catalytic results achieved represent the starting point for an optimization study

trying to reach higher methanol selectivity at lower reaction temperatures.
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8.1 General Procedures

Commercially available reagents were purchased from Aldrich and used without

further purification.

8.1.1 Synthesis of samples Co@(N)C, Co-Fe@(N)C and Co-Fe@TiO; prepared in

CHAPTER 3

Co@(N)C (sample 3.1) and Co-Fe@(N)C (samples 3.2-3.5) were prepared by two

different methods.

Samples 3.1-3.3 were prepared by co-precipitation method. Briefly, 1000 mg
chitosan, 625 pL acetic acid and certain amount of Co(OAc), and Fe(OAc), were
added into 50 mL milli-Q water. After chitosan dissolved completely, the solution
was introduced dropwise, with a syringe (0.8 mm diameter needle), in an aqueous
solution of sodium hydroxide (0.1M). The gel microspheres were formed
immediately after dropping and immersed in NaOH solution for 2 h, then profusely
washed with distilled water to pH=7. Then the resulting hydrogel microspheres were
washed by a series of ethanol/water baths with an increasing concentration of
ethanol (10, 30, 50, 70, 90 and 100 vol.%, respectively) for 15 min in each. After that,
the microspheres were reduced overnight with 500 mL NaBHs-ethanol solution
(0.05 M) for and dried with supercritical CO,. The resulting microspheres were
pyrolyzed under Ar flow (200 mL/min), increasing the temperature at a rate of 2

°C/min up to 200 °C for 2 h and then to 900 °C for 2 h.

Samples 3.4 and 3.5 were prepared by impregnation of chitosan beads in ethanol
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solution with iron and cobalt salts. Briefly, 1000 mg chitosan and 625 uL acetic acid
were added into 50 mL milli-Q water. After chitosan dissolved completely, the
solution was introduced dropwise, with a syringe (0.8 mm diameter needle), in an
aqueous solution of sodium hydroxide (2 M). The gel microspheres were formed and
immersed in NaOH solution for 2 h, then profusely washed with distilled water to
pH=7. Then the resulting hydrogel microspheres were washed by a series of
ethanol/water baths with an increasing concentration of ethanol (10, 30, 50, 70, 90,
100 vol.%, respectively) for 15 min in each and immersed in 100 mL Co-Fe-ethanol
solution with different concentration for 2 days with a slow stirring. After that, the
microspheres were reduced with 375 mL NaBHs-ethanol solution with different
concentration for a while and then exchanged by supercritical CO,. The resulting
microspheres were pyrolyzed under Ar flow (200 mL/min), increasing the

temperature at a rate of 2 °C/min up to 200 °C for 2 h and then to 900 °C for 2 h.

Table 8.1.1. List of metal sources used in the preparation of Co@(N)C (sample 3.1)

and Co-Fe@(N)C (samples 3.2-3.5) in CHAPTER 3.

Samples No. Metal source m (mg)
3.1 Co(OAc), 75
Co(OAc), 240
3.2
Fe(OAc)s 100
Co(OAc), 240
3.3
Fe(OAc); 100
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Co(OAc); 240

3.4
Fe(OAc), 100
CoCl, 150

3.5
FeCl, 75

Co-Fe@TiO;: Briefly, to obtain 10 wt.% Co and 5 wt.% Fe in the final Co-Fe@TiO;
catalyst, the required amounts of Co(OAc), and Fe(OAc); dissolved in an aqueous
solution indicated in Table 8.1.1, was impregnated on to the TiO, support. After
impregnation, the sample was dried at 120 °C for 12 h followed by heat treated in
Ar with a heating rate of 2 °C/min at 400 °C for 4 h. Then, the material prepared was

reduced by H, with a heating rate of 5 °C/min at 600 °C for 2 h.

8.1.2 Synthesis of samples Co-Fe@(N)C, Co@(N)C, Fe@(N)C, Co-Fe@C and

Co-Fe@SiO; prepared in CHAPTER 4

Co@(N)C, Fe@(N)C and Co-Fe@(N)C were prepared by impregnation of chitosan
beads in 50 vol.% ethanol aqueous solution with iron and cobalt salts. Briefly, 400
mg chitosan and 250 pL acetic acid were added into 20 mL milli-Q water. After
chitosan dissolved completely, the solution was introduced dropwise, with a syringe
(0.8 mm diameter needle), in an aqueous solution of sodium hydroxide (2 M). The
gel microspheres were formed immediately after dropping and immersed in NaOH
solution for 2 h, then, profusely washed with distilled water to pH=7. The resulting

hydrogel microspheres were washed by a series of ethanol/water baths with an
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increasing concentration of ethanol (10, 30, 50 vol.%, respectively) for 15 min in
each and immersed in 40 mL 50 vol.% ethanol aqueous solution with different
amounts of iron and cobalt salts for 2 days with a slow stirring. The exact salts and
amounts are indicated in Table 8.1.2. After that, the microspheres were dehydrated
by a series of ethanol/water baths with an increasing concentration of ethanol (70,
90 and 100 vol.%, respectively) for 15 min in each and exchanged by supercritical
CO,. The resulting dry microspheres were pyrolyzed under Ar flow (200 mL/min),
increasing the temperature at a rate of 2 °C/min up to 200 °C for 2 h and then to 900

°C for 2 h.

Co-Fe@C was prepared analogously, but starting from an alginic solution that was
dropped into an aqueous metal salt solution containing 0.5 M of CaCl,. The gel
microspheres were formed immediately after dropping and immersed in the metal
salt solution for 2 h, then washed by a series of ethanol/water baths with an
increasing concentration of ethanol (10, 30, 50, 70, 90 and 100 vol.%, respectively)
for 15 min in each and finally dried by supercritical CO,. The resulting aerogel
microspheres were pyrolyzed under Ar flow (200 mL/min), increasing the
temperature at a rate of 2 °C/min up to 200 °C for 2 h and then to 900 °C for 2 h.

Co-Fe@SiO;: Briefly, to obtain 10 wt.% Co and 5 wt.% Fe in the final Co-Fe@SiO;
catalyst, the required amount of Co(OAc), and Fe(OAc); dissolved in an aqueous
solution indicated in Table 8.1.2, were impregnated to SiO, [(Davisil Grade 646),
35-60 mesh, pore size 150 A] support. After impregnation, the sample was dried at

120 °C for 12 h followed by calcined in air with a heating rate of 2 °C/min at 400 °C
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for 4 h. Then, the material prepared was reduced by H, with a heating rate of 5

°C/min at 600 °C for 2 h.

Table 8.1.2. List of weights of metal sources used in the preparation of Co-Fe@(N)C
(samples 4.1-4.3 and 4.6-4.8), Co@(N)C (samples 4.4 and 4.9), Fe@(N)C (samples

4.5 and 4.8), Co-Fe@C (sample 4.11) and Co-Fe@SiO; (sample 4.12) in CHAPTER 4.

Samples No.  Mcooac2(Mg)  Meejoac2(Mg)  Cco (Mol/L)  Cee (mol/L)

4.1 5 5 - -
4.2 10 5 - -
4.3 15 5 - -
4.4 5 - - -
4.5 5 - -
4.6 - - 0.01 0.01
4.7 - - 0.01 0.008
4.8 - - 0.01 0.003
49 - - 0.01 -
4.10 - - - 0.01
4.11 240 100 - -
4.12 150 75 - -

8.1.3 Synthesis of the Co-Fe@(N)C samples prepared in CHAPTER 5

Co-Fe@(N)C (samples 5.1-5.5): Briefly, 400 mg chitosan and 250 uL acetic acid were
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added into 20 mL milli-Q water. After chitosan dissolved completely, the solution
was introduced dropwise, with a syringe (0.8 mm diameter needle), in an aqueous
solution of sodium hydroxide (2 M). The gel microspheres were formed and
immersed in NaOH solution for 2 h, then, profusely washed with distilled water to
pH=7. The resulting hydrogel microspheres were washed by a series of
ethanol/water baths with an increasing concentration of ethanol (10, 30, 50, 70, 90,
100 vol%, respectively) for 15 min in each and immersed in 40 mL
CoCly-FeCly-ethanol solution with different concentration for 2 days with a slow
stirring. The exact amounts of CoCl, and FeCl, employed for each sample are
indicated in Table 8.1.3. After that, the microspheres were reduction with 150 mL
NaBHs in ethanol solution with different concentrations for a while as indicated in
Table 8.1.3 and then exchanged by supercritical CO;. The resulting microspheres
were pyrolyzed under Ar flow (200 mL/min), increasing the temperature at a rate of

2 °C/min up to 200 °C for 2 h and then to 900 °C for 2 h.

Table 8.1.3. List of Co-Fe@(N)C (samples 5.1-5.5) under study in CHAPTER 5.

Samples No. Cco (mol/L) Cre (Mol/L)  Cnagna (mol/L)  Time (h)

5.1 0.001x0.79/0.21 0.001 0.05 5
5.2 0.002x0.79/0.21 0.002 0.05 5
5.3 0.003x0.79/0.21 0.003 0.05 5
5.4 0.003x0.79/0.21 0.003 0.05 12
5.5 0.003x0.79/0.21 0.002 0.1 5
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8.1.4 Synthesis of samples Co-Fe@(N)C and Co-Fe@C prepared in CHAPTER 6

The samples were prepared following three routes. Route a: Samples 6.1 and 6.2
were prepared following route a. Briefly, 1000 mg chitosan and 625 pL acetic acid
were added into 50 mL milli-Q water. After chitosan dissolved completely, the
solution was introduced dropwise, with a syringe (0.8 mm diameter needle), in an
aqueous solution of sodium hydroxide (500 mL, 2 M). The gel microspheres were
formed immediately and immersed in NaOH solution for 2 h, then profusely washed
with distilled water to pH=7. Afterwards, the resulting hydrogel microspheres were
washed by a series of ethanol/water baths with an increasing concentration of
ethanol (10, 30, 50, 70, 90, 100 vol.%, respectively) for 15 min in each and immersed
in 100 mL Co-Fe-ethanol or Co-Fe-Pd-ethanol solution with different concentration
for 2 days with a slow stirring. The exact amounts of each salt employed are
indicated in Table 8.1.4. After that, the microspheres were reduced with 375 mL
0.05 M NaBHz-ethanol solution for 5 h and then dried by supercritical CO,. The
resulting microspheres were pyrolyzed under Ar flow (200 mL/min), increasing the
temperature at a rate of 2 °C/min up to 200 °C for 2 h and then to 900 °C for 2 h.
Preparation of samples 6.8-6.11 was performed following route a with an additional
thiourea impregnation step in 375 mL EtOH after NaBH4 reduction and before steps

of supercritical CO; drying and pyrolysis.

Route b: Samples 6.3 and 6.4 were prepared following route b. Briefly, 1000 mg
chitosan, 625 pL acetic acid and certain amount of Co(OAc), and Fe(OAc), or

hydrated Ce(OAc)s were added into 50 mL milli-Q water. After chitosan dissolved
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completely, the solution was introduced dropwise, with a syringe (0.8 mm diameter
needle), in an aqueous solution of sodium hydroxide (500 mL, 0.1 M). The gel
microspheres were formed immediately after dropping and immersed in NaOH
solution for 1 h, then profusely washed with distilled water to pH=7. The resulting
hydrogel microspheres were washed by a series of ethanol/water baths with an
increasing concentration of ethanol (10, 30, 50, 70, 90 and 100 vol.%, respectively)
for 15 minu in each. After that, the microspheres were reduced with 500 mL
NaBHs-ethanol solution (0.05M) for overnight and exchanged by supercritical CO,.
The resulting microspheres were pyrolyzed under Ar flow (200 mL/min), increasing

the temperature at a rate of 2 °C/min up to 200 °C for 2 h and then to 900 °C for 2 h.

Route c: Samples 6.5-6.7 were prepared following route c. In this procedure, 1000
mg sodium alginate were added into 50 mL milli-Q water. After sodium alginate
dissolved completely, the solution was introduced dropwise, with a syringe (0.8 mm
diameter needle), in 100 mL an aqueous solution of CoCl;:6H,0 and FeCl; or
hydrated Ce(OAc)s. The exact amounts of each salt employed are indicated in Table
8.1.4. The gel microspheres were formed immediately and equilibrated by stirring
the mixture overnight. Then the resulting hydrogel microspheres were washed by a
series of ethanol/water baths with an increasing concentration of ethanol (10, 30,
50, 70, 90 and 100 vol.%, respectively) for 15 min in each and subsequently dried by
supercritical CO,. Unlike samples 6.5 and 6.7, sample 6.6 was prepared precipitating
alginate acid aqueous solution (30 mL; 2 g alginic acid; 2.5 mL 25 wt.% ammonia
solution) into CaCl, aqueous solution (4 g, 100 mL), then profusely washed with

distilled water. Afterwards, the resulting hydrogel microspheres were washed by a
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series of ethanol/water baths with an increasing concentration of ethanol (10, 30,
50, 70, 90 and 100 vol.%, respectively) for 15 min in each. The resulting alcogel
microspheres were immersed in Fe-Co-ethanol solution for 1 day, then washed with
anhydrous ethanol and dried by supercritical CO;. The resulting aerogel
microspheres were pyrolyzed under Ar flow (200 mL/min), increasing the

temperature at a rate of 2 °C/min up to 200 °C for 2 h and then to 900 °C for 2 h.

Table 8.1.4. List of metal sources and weights used in the preparation of samples

6.1-6.11 in CHAPTER 6.

Sample No. Metal source m (mg) Promoter
CoCl; 146.5
6.1 -
FeCl, 38.9
CoCl, 146.5
6.2 PdCl; (5 mg)
FeCl, 38.9
Co(OAc), 150
6.3 -
Fe(OAc); 50
Co(OAc), 150 Ce(OAc)3-xH,0
6.4
Fe(OAc), 50 (10 mg)
CoCly-6H,0 150
6.5 -
FeCl, 75
Co(OAc), 240
6.6 -
Fe(OAc); 100
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CoCly-6H,0 951.7 Ce(OAC)a'XHzo
6.7
FeCl, 101.4 (126.9 mg)
CoCl, 146.5 Thiourea
6.8
FeCl, 38.9 (20 mg/mL)
CoCl, 146.5 Thiourea
6.9
FeCl, 38.9 (5 mg/mL)
CoCl, 146.5 Thiourea
6.10
FeCl, 38.9 (2 mg/mL)
Co(OAC); 40 NaOAc(8 me)
6.11 KOAc (4 mg)

Fe(OA 16.5
e(OAc), Thiourea (2 mg/mL)

8.1.5 Synthesis of samples Cu@(N)C and Cu-ZnO@C prepared in CHAPTER 7

Cu@(N)C (Sample 7.1) and Cu-ZnO@C (samples 7.2-7.6) were obtained by dissolving
1000 mg chitosan with 625 pL acetic acid in 50 mL milli-Q water. After chitosan
dissolved completely, the solution was introduced dropwise, with a syringe (0.8 mm
diameter needle), in an aqueous solution of sodium hydroxide (500 mL; 2 M). The
hydrogel microspheres were formed immediately and immersed in NaOH solution
for 2 h and then profusely washed with distilled water to pH=7. Afterwards, the
resulting hydrogel microspheres were washed by a series of ethanol/water baths
with an increasing concentration of ethanol (10, 30, 50, 70, 90, 100 vol.%,

respectively) for 15 min in each and immersed in 100 mL Cu-ethanol solution with
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different concentrations as indicated in Table 8.1.5 for 2 days with a slow stirring,
then washed with anhydrous ethanol and subsequently dried by supercritical CO,.
The resulting aerogel microspheres were pyrolyzed under Ar flow (200 mL/min),
increasing the temperature at a rate of 2 °C/min up to 200 °C for 2 h and then to 900
°C for 2 h. The resulting Cu@(N)C was ground into powder and immersed in 30 mL
Zn-ethanol solution with different concentration for 2 days with a slow stirring. After
removal of ethanol at 60 °C overnight, the Zn?*-containing Cu@(N)C was heated at a

rate of 2 °C/min up to 200 °C for 2 h to obtain the final of Cu-ZnO@C.

Table 8.1.5. List of metal amounts employed in the preparation of Cu@(N)C

(Samples 7.1) and Cu-ZnO@C (samples 7.2-7.6) under study in CHAPTER 7.

Samples No.  Ccy(oac2 (mol/L)  Mzn(oac)2 (Mg)

7.1 0.005 -
7.2 0.005 109.8
7.3 0.005 43.9
7.4 0.005 22.0
7.5 0.005 27.3
7.6 0.005 11.0

8.2 Sample Characterization

X-ray diffraction patterns were obtained in a Philips XPert diffractometer (40 kV and

45 mA) equipped with a graphite monochromator employing Ni-filtered Cu Ka
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radiation (1.541178 A). Raman spectra were collected with a Horiba Jobin
Yvon-Labram HR UV-visible-NIR (200-1600 nm). Raman microscope spectrometer
model, resolution using a 514 nm laser. The carbon and nitrogen content of the
samples was determined by combustion chemical analysis by using a CHNS FISONS
elemental analyzer. The chemical analysis was determined by ICP-OES (iCAP 7400,
Thermo Scientific, Waltham, MA, USA). Field emission scanning electron microscopy
images were acquired by using a JEOL JSM 6300 apparatus. High resolution
transmission electron microscope images were recorded in a JEOL JEM 2100F under
an accelerating voltage of 200 kV coupled with an X-Max 80 energy dispersive X-ray
detector (Oxford instruments). This HR-TEM is equipped with the dark-field and
high-angle field image detectors that facilitate the observation of phase contrast
with different atomic number. Samples for measurement were prepared by
dropping few drops of the suspended material in ethanol or dichloromethane on a

carbon-coated nickel or copper grid and drying at room temperature overnight.

8.3 Catalytic Tests

Catalytic tests were performed in collaboration with the group of Prof. Vasile I.
Parvulescu at the University of Bucharest. A setup (Microactivity tester, PID
Eng&Tech) equipped with a stainless steel (316 SS) fixed bed tube reactor (Autoclave
Engineers) featured with an inner K-type thermocouple was used. Two mass flow
controllers (EL-FLOW Select, Bronkhorst) were used to feed the mixture of the inlet

gases: hydrogen (5.0, Linde) and carbon dioxide (4.5, Linde). The total gas flow rate
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was checked before each experiment using a gas calibrated burette connected to
the outlet of the reactor setup. After catalyst activation at 300 °C under N3, an
amount of 40 mg catalyst powder was introduced in the reactor. Air was removed by
flushing the system at room temperature for 15 min with 30 mL/min H; and
10 mL/min CO,, followed by 30 min catalytic reaction at the flow rates of different
ratio of H, and CO; (in total 4 mL/min). Afterwards, the reactor was pressurized at
10 or 20 or 40 bar depending on different reactions. Each sample was submitted to
a 5 h test starting at 250 °C and increasing the temperature in 50 °C steps. Each
temperature was maintained for 1 h period before increasing another 50 °C.
Analysis of the reaction products was carried out on line with multichannel gas
chromatography that quantifies the percentage of CO,, CO, CHs and Cy. products.
Data at each temperature corresponds to the average value of the analysis
measured for each temperature at 30, 45 and 55 min after the stabilization of the
temperature. The values of the CO; conversion obtained from the GC measurements
coincided very well in all the experiments, indicating that the reactor setup reached

the steady state operation conditions.

GC analyses were performed using H; as carrier gas on an Agilent 7890A
chromatograph equipped with a capillary PLOT column (RT-Msieve 5A, Restek) and a
thermal conductivity detector (TCD). Oven temperature program started with a
5min dwell at 50°C, then continue with a ramp with 25 °C/min up to 250 °C
followed by a final dwell of 5 min, allowing thus a very good separation between CHa,
CO and CO,. The gas samples were injected through a remotely controlled 6-way

valve (A4C6WE, Vici) kept at ambient temperature. The reproducibility of the
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analysis system was checked prior to each experiment by injecting a series of three

successive samples of standard gas mixtures of known composition passed through

the reactor at room temperature.

8.4 Tables of Catalytic Activity and Selectivity

8.4.1 Tables of catalytic activity and selectivity for methane in CHAPTER 3

Table 8.4.1.1. CO, conversion and selectivity for sample 3.1 at different

temperatures. (Reaction conditions: H,/CO, ratio of 7, total flow 4 mL/min, 10 bar,

40 mg catalyst.)

C(%) | S(%) | S(%) | S(%) | S(%) | S(%) | S(%) | S(%)
T(°C)

CO; CHs | CHe | C3Hg [n-Cs4Hio| CiHa | C3He Cco
400 | 30.2 | 77.1 0.3 0.2 0 0 0 224
450 | 50.8 | 81.0 0.2 0 0 0 0 18.8
500 | 67.4 | 86.2 0.3 0 0 0 0 13.5

Table 8.4.1.2. CO. conversion and selectivity for sample 3.2 at different

temperatures. (Reaction conditions: H,/CO, ratio of 7, total flow 4 mL/min, 10 bar,

40 mg catalyst.)

C(%) | S(%) | S(%) | S(%) | S(%) | S(%) | S(%) | S(%)
T (°C)

CO, CH4 CoHe CsHs [n-C4Hi0| CaHa CsHs CcO
400 55.9 | 84.6 34 1.2 1.0 0 0 9.9
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450 | 72.0 | 90.9 21 0.2 0 0 0 6.8

500 | 80.4 | 92.6 1.0 0.1 0 0 0 6.3

Table 8.4.1.3. CO. conversion and selectivity for sample 3.3 at different
temperatures. (Reaction conditions: H,/CO, ratio of 7, total flow 4 mL/min, 10 bar,

40 mg catalyst.)

C(%) | S(%) | S(%) | S(%) | S(%) | S(%) | S(%) | S(%)
T (°C)
CO, CH4 CoHe CsHs [n-C4Hi0| CaH4 CsHs CcO

300 8.2 | 65.6 | 0.7 0 0 0 0 33.7

350 | 28.8 | 61.9 3.8 1.6 1.6 0 0.9 30.3

400 | 64.4 | 64.2 | 114 5.3 3.4 0.8 2.1 12.8

450 | 77.0 | 80.3 6.3 1.3 0.4 0.2 0.3 11.2

500 | 82.4 | 86.0 2.2 0.2 0 0 0 11.6

Table 8.4.1.4. CO. conversion and selectivity for sample 3.4 at different
temperatures. (Reaction conditions: H,/CO, ratio of 7, total flow 4 mL/min, 10 bar,

40 mg catalyst.)

C(%) | S(%) | S(%) | S(%) | S(%) | S(%) | S(%) | S(%)
T (°C)
CO, CH4 CoHe CsHs [n-C4Hi0| CaH4 CsHs CcO

300 | 149 | 70.1 2.0 0 0 0 0.9 26.9

350 | 35.5 | 62.8 5.0 1.8 1.5 0 1.3 27.6

400 | 67.8 | 69.3 9.0 4.6 2.1 11 2.2 11.6
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450 | 81.3 | 87.0 3.6 0.7 0.3 0.3 0.2 8.0

500 | 87.1 | 91.2 13 0.2 0 0 0 7.3

Table 8.4.1.5. CO. conversion and selectivity for sample 3.5 at different
temperatures. (Reaction conditions: H,/CO, ratio of 7, total flow 4 mL/min, 10 bar,

40 mg catalyst.)

C(%) | S(%) | S(%) | S(%) | S(%) | S(%) | S(%) | S(%)

T (°C)
CO, CH4 CoHe CsHs [n-C4Hi0| CaH4 CsHs CcO
300 2.7 71.9 4.9 0 0 0 0 23.1
350 10.6 | 75.7 0.8 0 0 0 0 23.6

400 | 42.9 | 75.8 4.1 1.6 1.0 0 0.5 17.1

450 | 74.6 | 86.7 3.8 0.7 0.3 0.1 0.1 8.2

500 | 85.0 | 90.5 1.7 0.2 0 0 0 7.6

Table 8.4.1.6. CO, conversion and selectivity for Co-Fe@TiO, at different
temperatures. (Reaction conditions: H,/CO, ratio of 7, total flow 4 mL/min, 10 bar,

40 mg catalyst.)

C(%) | S(%) | S(%) | S(%) | S(%) | S(%) | S(%) | S(%)
T (°C)
CO, CH4 CoHe CsHs [n-C4Hi0| CaH4 CsHs CcoO
250 0.3 16.1 0 0 0 0 0 83.9
300 0.7 11.8 3.9 0 0 0 0 84.3
350 4.5 6.4 0.7 0 0 0 0 93.0
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400 | 16.1 | 6.1 0.5 0 0 0 0 93.5

450 | 29.8 6.5 0.7 0 0 0 0 92.8

8.4.2 Tables of catalytic activity and selectivity for carbon monoxide in CHAPTER 4
Table 8.4.2.1. CO, conversion and selectivity for sample 4.1 at different
temperatures. (Reaction conditions: H,/CO, ratio of 7, total flow 4 mL/min, 10 bar,

40 mg catalyst.)

C(%) | S(%) | S(%) | S(%) | S(%) | S(%) | S(%) | S(%)
T (°C)
CO, CHgy CoHe CsHs [n-C4Hi0| CaHa CsHs co
300 34 2.0 4.5 0 0 0 7.3 86.2
350 8.1 1.6 2.8 0 0 0 0 95.6
400 19.3 1.0 0.8 0 0 0 0 98.2
450 37.0 1.0 0.4 0 0 0 0 98.7
500 55.8 1.6 0.5 0 0 0 0 97.9

Table 8.4.2.2. CO, conversion and selectivity for sample 4.2 at different
temperatures. (Reaction conditions: H,/CO, ratio of 7, total flow 4 mL/min, 10 bar,

40 mg catalyst.)

C(%) | S(%) | S(%) | S(%) | S(%) | S(%) | S(%) | S(%)
T (°C)
CO, CHgy CoHe CsHs [n-C4Hi0| CaHa CsHs co

300 0.8 8.0 6.5 0 0 0 0 85.5
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350 6.3 1.9 11 0 0 0 0 96.9
400 | 16.0 1.3 0.5 0 0 0 0 98.3
450 | 31.6 2.4 11 0.5 0 0 0 96.0

500 | 57.8 | 15.8 7.2 2.6 0.7 0 0.4 74.3

Table 8.4.2.3. CO, conversion and selectivity for sample 4.3 at different
temperatures. (Reaction conditions: H,/CO, ratio of 7, total flow 4 mL/min, 10 bar,

40 mg catalyst.)

C(%) | S(%) | S(%) | S(%) | S(%) | S(%) | S(%) | S(%)
T(°C)

CO; CHs | CHe | C3Hg [n-C4Hio| CiHa | C3He co
300 4.2 2.2 4.6 0 0 0 4.0 89.2
350 | 12.6 1.1 1.7 0 0 0 0 97.2
400 | 25.8 1.0 0.9 0 0 0 0 98.1
450 | 42.4 1.4 0.6 0.2 0 0 0 97.8
500 | 55.2 7.1 3.0 0.8 0 0 0 89.1

Table 8.4.2.4. CO, conversion and selectivity for sample 4.4 at different
temperatures. (Reaction conditions: H,/CO, ratio of 7, total flow 4 mL/min, 10 bar,

40 mg catalyst.)

C(%) | S(%) | S(%) | S(%) | S(%) | S(%) | S(%) | S(%)
T(°C)
CO; | CHs | CoH | CsHs |[n-CaHio| CoHa | CsHs | €O

300 7.1 11.5 3.8 0 0 0 0 84.7
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350 | 12.8 7.0 1.4 0 0 0 3.5 88.1
400 | 17.3 2.9 0.9 0 0 0 0 96.2
450 | 36.3 1.6 0.6 0 0 0 0 97.9
500 | 50.8 1.9 0.4 0 0 0 0 97.9

Table 8.4.2.5. CO, conversion and selectivity for sample 4.5 at different
temperatures. (Reaction conditions: H,/CO, ratio of 7, total flow 4 mL/min, 10 bar,

40 mg catalyst.)

C(%) | S(%) | S(%) | S(%) | S(%) | S(%) | S(%) | S(%)
T(°C)

CO; CHs | CHe | C3Hg [n-C4Hio| CiHa | C3He co
300 1.0 0 6.9 0 0 0 15.4 | 77.7
350 3.7 1.9 5.2 0 0 0 0 92.9
400 | 11.9 1.3 1.6 0 0 0 0 97.2
450 | 28.6 11 0.6 0 0 0 0 98.2
500 | 46.6 1.6 0.5 0 0 0 0 97.9

Table 8.4.2.6. CO, conversion and selectivity for sample 4.6 at different
temperatures. (Reaction conditions: H,/CO, ratio of 7, total flow 4 mL/min, 10 bar,

40 mg catalyst.)

C(%) | S(%) | S(%) | S(%) | S(%) | S(%) | S(%) | S(%)
T(°C)
CO; | CHs | CoH | CsHs |[n-CaHio| CoHa | CsHs | €O

400 | 12.6 | 13.4 13 0 0 0 0 85.4
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450

17.8

1.7

0.5

97.7

500

30.2

6.6

1.7

0.2

91.5

Table 8.4.2.7. CO, conversion and selectivity for sample 4.7 at different

temperatures. (Reaction conditions: H,/CO, ratio of 7, total flow 4 mL/min, 10 bar,

40 mg catalyst.)

C(%) | S(%) | S(%) | S(%) | S(%) | S(%) | S(%) | S(%)
T (°C)
CO, CHgy CoHe CsHs [n-C4Hi0| CaH4 CsHs co
400 3.9 2.2 0.9 0 0 0 0 96.9
450 8.2 1.5 0.7 0 0 0 0 97.9
500 14.7 2.5 1.0 0 0 0 0 96.5

Table 8.4.2.8. CO, conversion and selectivity for sample 4.8 at different

temperatures. (Reaction conditions: H,/CO; ratio of 7, total flow 4 mL/min, 10 bar,

40 mg catalyst.)

at different

C(%) | S(%) | S(%) | S(%) | S(%) | S(%) | S(%) | S(%)
T(°C)
Cco; CHy | CHe | CsHg [n-C4Hi0| CoHs | CsHe co
400 | 17.5 9.7 2.0 1.0 0.8 0 0 86.5
450 | 22.4 1.8 0.6 0 0 0 0 97.7
500 | 39.8 | 12.5 3.5 1.1 0.4 0 0 82.5
Table 8.4.2.9. CO, conversion and selectivity for sample 4.9
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temperatures. (Reaction conditions: H,/CO, ratio of 7, total flow 4 mL/min, 10 bar,

40 mg catalyst.)

C(%) | S(%) | S(%) | S(%) | S(%) | S(%) | S(%) | S(%)
T(°C)

CO; CHs | CHe | C3Hg [n-Cs4Hio| CiHa | C3He co
250 0.8 45.8 5.0 0 0 0 0 49.2
300 2.5 333 24 0 0 0 0 64.4
350 4.7 18.7 0.9 0 0 0 0 70.4
400 8.0 9.3 0.6 0 0 0 0 90.2
450 9.3 4.9 0.6 0 0 0 0 94.5

Table 8.4.2.10. CO; conversion and selectivity for sample 4.10 at different
temperatures. (Reaction conditions: H,/CO, ratio of 7, total flow 4 mL/min, 10 bar,

40 mg catalyst.)

C(%) | S(%) | S(%) | S(%) | S(%) | S(%) | S(%) | S(%)
T(°C)

CO; CHs | CHe | C3Hg [n-C4Hio| CiHa | CsHe co
250 0 0 0 0 0 0 0 100
300 04 | 410 | 114 0 0 0 0 47.6
350 1.7 25.3 41 0 0 0 0 70.6
400 6.4 13.7 2.9 0 0 0 0 83.4
450 9.7 4.6 0.8 0 0 0 0 94.6

Table 8.4.2.11. CO; conversion and selectivity for sample 4.11 at different
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temperatures. (Reaction conditions: H,/CO, ratio of 7, total flow 4 mL/min, 10 bar,

40 mg catalyst.)

C(%) | S(%) | S(%) | S(%) | S(%) | S(%) | S(%) | S(%)
T(°C)

CO; CHs | CHe | C3Hg [n-Cs4Hio| CiHa | C3He co
300 |32.06 |95.76 | 1.77 | 0.75 0 0 0 1.71
350 | 65.63 | 959 | 2.29 0.3 0 0 0 1.51
400 | 84.76 | 96.9 | 1.62 | 0.11 0 0 0 1.36
450 | 92.08 | 97.91 | 0.79 | 0.07 0 0 0 1.22
500 |94.16 | 97.78 | 0.59 | 0.08 0 0 0 1.54

Table 8.4.2.12. CO; conversion and selectivity for sample 4.12 at different
temperatures. (Reaction conditions: H,/CO, ratio of 7, total flow 4 mL/min, 10 bar,

40 mg catalyst.)

C(%) | S(%) | S(%) | S(%) | S(%) | S(%) | S(%) | S(%)
T(°C)

CO; CHs | CHe | C3Hg [n-C4Hio| CiHa | CsHe co
250 11 23.7 59 30.5 0 0 149 | 25.0
300 4.5 60.1 34 4.1 0 0 0 324
350 9.6 59.8 4.8 1.5 0 0 0 33.9
400 | 15.7 | 60.8 4.7 1.0 0 0 0.7 32.9
450 | 22.6 | 61.9 4.8 0.5 0 0 0.4 325

8.4.3 Tables of catalytic activity and selectivity for C,-C, hydrocarbons in CHAPTER
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5
Table 8.4.3.1. CO, conversion and selectivity for sample 5.1 at different
temperatures. (Reaction conditions: H,/CO, ratio of 7, total flow 4 mL/min, 10 bar,

40 mg catalyst.)

C(%) | S(%) | S(%)|S(%)| S(%) |S(%)|S(%)|S(%)|S(%)|S(%)]|S(%)
T(°C)
CO; | CHq | CoHg | CsHs [n-CaHigl CoHa | CsHe | CO | €2-Ca®| C2-Ca™| Co-Ca

300 | 3.8 | 67.0| 1.6 0 0 0 40 (273 | 16 | 4.0 5.6

350 | 12.9 | 70.2 | 2.3 0 0 0 1.2 1262 | 23 | 1.2 3.6

400 | 47.8 | 64.4 | 10.8 | 5.9 3.0 03 | 10 |146|19.7 | 13 | 21.0

450 | 70.4 | 645 | 13.0 | 5.8 14 04 | 0.7 | 142 ]20.2 | 1.1 | 213

500 | 76.6 | 74.2 | 7.0 | 1.1 0.2 01| 02 (172| 83 | 0.3 8.6

Table 8.4.3.2. CO, conversion and selectivity for sample 5.2 at different
temperatures. (Reaction conditions: H,/CO, ratio of 7, total flow 4 mL/min, 10 bar,

40 mg catalyst.)

C(%) | S(%) | S(%)[S(%)| S(%) |S(%)|S(%)|S(%)|S(%)|S(%)]|S(%)
T(°C)
CO; | CHq | CoHg | CsHs [n-CaHiol CoHa | CsHs | CO  C-Ca®| C2-Ca™ | Co-Ca

300 | 6.7 | 80.8 | 1.3 0 0 0 0 179 | 1.3 0 13

350 | 21.2 | 82.4 | 1.7 0 0 0 0 159 | 1.7 0 1.7

400 | 623 | 789 | 7.7 | 3.3 1.2 02 | 05 | 81 |123 | 0.7 | 13.0

450 | 79.4 | 82.2 | 7.1 | 1.8 0.4 02 | 03| 81|92 04| 97

500 | 82.4 | 84.7 | 3.7 | 0.4 0 0.1 0 11.2 | 41 | 0.1 | 4.2
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Table 8.4.3.3. CO. conversion and selectivity for sample 5.3 at different

temperatures. (Reaction conditions: H,/CO, ratio of 7, total flow 4 mL/min, 10 bar,

40 mg catalyst.)

C(%)|S(%)|S(%)|S(%)| S(%) | S(%)|S(%)|S(%)|S(%)|S(%)|S(%)
o
rea CO; | CHs | CHe | CsHs [n-CaHio| CoHa | CsHe | CO | C2-Ca®|C2-Ca™| C2-Ca
300 | 9.8 [ 813 | 1.3 0 0 0 0 174 | 1.3 0 13
350 | 32.7 | 76.1 | 44 | 16 1.4 0 05 |160| 74 | 05 | 7.9
400 | 74.4 | 684 | 119 | 74 3.5 06 | 14 | 69 | 228 | 2.0 | 24.8
450 | 829|830 | 69 | 1.8 0.6 03 |03 (72|93 )| 05| 98
500 | 87.9 | 914 | 21 | 0.2 0 0.1 0 63 | 23 | 01 | 23

Table 8.4.3.4. CO, conversion and selectivity for sample 5.4 at different

temperatures. (Reaction conditions: H,/CO, ratio of 7, total flow 4 mL/min, 10 bar,

40 mg catalyst.)

C(%)|S(%)|S(%)|S(%)]| S(%) | S(%)|S(%)|S(%)|S(%)|S(%)|S(%)
o
ra CO; | CHs | CHe | CsHs [n-CaHio| CoHa | CsHe | CO | C2-Ca®|C2-Ca™| C2-Ca
400 | 71.6 | 63.5 | 11.8 | 8.1 3.7 1.7 | 26 | 87 | 23.6 | 4.2 | 27.8
450 | 75.0 | 780 | 7.5 | 1.9 0.6 06 | 05 | 109 | 10 11 | 111
500 | 75.1 { 83.7 | 25 | 0.2 0.4 01| 01 (129 3.2 | 0.2 | 34

Table 8.4.3.5. CO, conversion and selectivity for sample 5.5 at different

temperatures. (Reaction conditions: H,/CO, ratio of 7, total flow 4 mL/min, 10 bar,
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40 mg catalyst.)

C(%)|S(%)|S(%)|S(%)| S(%) |S(%)[S(%)|S(%)|S(%)|S(%)]|S(%)
T (°C)
CO; CHs | CGoHe | C3Hg [n-C4H10| CoHs | C3He Cco Cz-C40 C-Cs~ | C-Cy

350 | 80.0 | 77.0 | 10 5.6 2.1 05 | 08 | 44 |17.7 | 1.2 | 18.9

400 | 83.2 |1 89.2 | 46 | 0.8 0.2 0 01 | 50 | 56 | 0.1 | 58

450 | 855|924 | 14 | 0.1 0 0 0 6.1 | 1.6 0 1.6

Table 8.4.3.6. Stability of CO, conversion and selectivity for sample 5.3 at different
temperatures. (Reaction conditions: H,/CO; ratio of 7, total flow 4 mL/min, 10 bar,

40 mg catalyst.)

C(%) | S(%) | S(%)[S(%)| S(%) |S(%)|S(%)|S(%)|S(%)|S(%)]|S(%)
T(°C)
CO; | CHy | CoHg | CsHs [n-CaHiol CoHa | CsHg | CO  C-Ca®| C2-Ca™ | Co-Ca

300 | 9.8 [ 813 | 1.3 0 0 0 0 174 | 13 0 13

350 (327 | 76.1 | 44 | 1.6 1.4 0 05 |160( 74 | 05 | 7.9

400 | 74.4 | 684 | 119 | 74 3.5 06 | 14 | 69 | 228 | 2.0 | 24.8

450 | 829 | 83.0 | 6.9 | 1.8 0.6 03 03| 72|93 | 05| 98

500 | 87.9 ({914 | 2.1 | 0.2 0 0.1 0 63 | 23 | 0.1 | 23

300 | 18.6 {439 | 7.8 | 5.1 54 | 06 | 41 |33.1|18.2| 48 | 23.0

350 | 50.9 | 58.3 | 129 | 7.7 5.1 09 | 33 | 11.8 | 25.6 | 4.2 | 29.8

400 | 77.5 | 69.0 | 126 | 7.0 2.9 07 | 1.7 | 6.1 | 225 | 2.4 | 24.9

450 | 82.2 | 8.9 | 6.2 | 1.2 0.3 02 | 03 |61)|77 |04 81

500 | 85.6 {919 | 19 | 0.2 0 0 0 6.0 | 2.0 0 2.0
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300 | 19.0 { 45.2 | 79 | 55 51 | 06 | 35 323|185 | 4.1 | 22.6

350 | 51.2 | 58.7 | 129 | 7.9 4.7 09 | 33 | 11.7 | 25,5 | 4.2 | 29.7

400 | 77.3 | 68.8 | 12.4 | 6.7 3.5 07 | 1.7 | 6.2 | 22.6 | 2.4 | 25.0

450 | 82.2 | 8.6 | 59 | 1.1 0 01|02 |61|69 /|04 73

500 | 86.2 {919 | 1.8 | 0.1 0 0 0 6.2 | 1.9 0 1.9

300 | 21.7 | 46.1 | 89 | 6.4 6.1 08 | 3.7 | 282|213 | 44 | 25.7

350 | 55.4 | 589 | 13.3 | 8.3 50 | 09 | 35 10 | 26.7 | 4.4 | 31.1

400 | 779 | 70 | 12.2| 64 3.1 07 | 1.6 | 6.0 | 21.7 | 2.3 | 24.0

450 | 843 | 86.2 | 5.7 | 13 0.3 02 |02 |60| 73 | 04| 77

500 | 88.6 | 92.0 | 1.8 | 0.3 0 0 0 6.0 | 2.1 0 2.1

Table 8.4.3.7. CO. conversion and selectivity for sample 5.3 at different
temperatures. (Reaction conditions: H,/CO, ratio of 4, total flow 4 mL/min, 10 bar,

40 mg catalyst.)

C(%)|S(%)|S(%)|S(%)]| S(%) | S(%)|S(%)|S(%)|S(%)|S(%)|S(%)
T(°C)
CO; | CHy | CoHg | CsHg [n-CaHig| CoHa | CsHs | CO | €2-C4®| C2-Ca™ | C2-Ca

300 | 21.0 | 323 | 115 | 7.6 7.1 19 | 10.8 | 28.8 | 26.2 | 12.7 | 38.9

350 | 48.9 | 52.9 | 15.9 | 6.6 6.3 16 | 74 | 9.2 | 289 | 9.0 | 37.9

400 | 61.3 | 59.8 | 154 | 6.1 4.8 10 | 3.7 | 91 |26.4| 4.7 | 31.0

450 | 66.7 | 776 | 8.2 | 1.8 0.5 03 | 0.6 |11.0|10.6 | 0.8 | 11.4

500 | 70.3 | 83.6 | 29 | 0.3 0 0 0 133 | 3.1 0 3.1
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Table 8.4.3.8. CO. conversion and selectivity for sample 5.3 at different
temperatures. (Reaction conditions: H,/CO, ratio of 3, total flow 4 mL/min, 10 bar,

40 mg catalyst.)

C(%) [ S(%)|S(%)|S(%)| S(%) |S(%)|S(%)|S(%)|S(%)|S(%)]|S(%)
T (°C)
CO, | CHy | CHe | CsHg [n-CaH1o| CoHa | C3Hg | CO | C2-Ca®|C2-Ca™| C2-Ca

300 | 13.6 [ 347 | 79 | 4.9 6.0 | 0.8 | 63 |395|18.7| 7.1 | 25.9

350 | 38.6 | 493 | 144 | 7.2 6.1 16 | 76 | 139 |27.6 | 9.2 | 36.9

400 | 51.0 | 50.8 | 15.3 | 8.9 6.0 14 | 51 | 125 |30.2 | 6.4 | 36.6

450 | 545|688 | 99 | 2.6 0.9 03 | 09 166 |13.4 | 1.2 | 14.6

500 | 58.1|76.2| 35 | 0.3 0 0 01 199 3.8 | 0.1 | 3.9

Table 8.4.3.9. CO. conversion and selectivity for sample 5.3 at different
temperatures. (Reaction conditions: H,/CO, ratio of 2, total flow 4 mL/min, 10 bar,

40 mg catalyst.)

C(%) [ S(%)|S(%)|S(%)| S(%) |S(%)|S(%)|S(%)|S(%)|S(%)]|S(%)
T (°C)
CO, | CHy | CoHe | CsHg [n-CaH1o| CoHa | C3Hg | CO | C2-Ca®|C2-Ca™| C2-Ca

300 | 13.5 | 273 | 9.0 | 6.1 6.2 22 | 94 |399|21.2|11.6 | 32.8

350 | 34.5 | 46.1 | 148 | 9.1 6.1 24 | 83 | 13.3|29.9 | 10.7 | 40.6

400 | 40.3 | 483 | 153 | 74 6.4 16 | 55 | 156 |29.0 | 7.1 | 36.2

450 | 43.2 | 62.5 | 10.9 | 3.5 0.7 04 | 1.0 | 210|151 | 14 | 16.5

500 | 45.8 | 68.2| 41 | 04 0 01|01 |270| 45 | 0.2 | 4.7
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Table 8.4.3.10. CO; conversion and selectivity for sample 5.3 at different
temperatures. (Reaction conditions: H,/CO, ratio of 1, total flow 4 mL/min, 10 bar,

40 mg catalyst.)

C(%) [ S(%)|S(%)|S(%)| S(%) |S(%)|S(%)|S(%)|S(%)|S(%)]|S(%)
T (°C)
CO, | CHy | CHe | CsHg [n-CaH1o| CoHa | C3Hg | CO | C2-Ca®|C2-Ca™| C2-Ca

300 | 9.0 | 178 | 7.0 | 4.0 5.1 26 | 11.1 | 52.5 | 16.0 | 13.7 | 29.7

350 | 19.1 | 36.9 | 124 | 6.2 5.3 3.8 | 11.0 | 245 | 23.9 | 14.8 | 38.7

400 | 245 |139.2 | 129 | 7.6 6.9 20 | 64 | 251|273 | 84 |35.7

450 | 27.3 | 50 9.4 | 3.6 3.1 05 | 12 | 322|161 | 1.7 | 17.8

500 | 29.6 | 49.5| 3.8 | 0.6 2.5 01 | 02 [433| 69 | 03 | 7.2

Table 8.4.3.11. CO, conversion and selectivity for sample 5.3 at different
temperatures. (Reaction conditions: H2/CO; ratio of 4, total flow 4 mL/min, 5 bar, 40

mg catalyst.)

C(%) [ S(%)|S(%)|S(%)| S(%) |S(%)|S(%)|S(%)|S(%)|S(%)]|S(%)
T (°C)
CO, | CHy | CoHe | CsHg [n-CaH1o| CoHa | C3Hg | CO | C2-Ca®|C2-Ca™| C2-Ca

250 | 188 | 64 | 44 | 51 0 3.8 | 615|188 | 9.5 | 653 |74.8

300 | 34.4 | 13.7 | 10.7 | 9.7 11 7.8 | 22.6 | 344 | 21.5 | 30.3 | 51.9

350 | 52.3 | 17.5| 81 | 8.2 1.0 44 | 85 | 523 |17.3 | 12,9 | 30.2

400 | 60.1 | 16.1 | 75 | 6.2 0.3 1.2 | 86 | 60.1|14.0| 9.8 | 23.7

450 | 72.6 | 109 | 3.4 | 0.8 0.1 03 | 119|726 | 43 | 12.2 | 16.5
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Table 8.4.3.12. CO; conversion and selectivity for sample 5.3 at different
temperatures. (Reaction conditions: H,/CO, ratio of 4, total flow 4 mL/min, 15 bar,

40 mg catalyst.)

C(%)|S(%)|S(%)|S(%)| S(%) |S(%)[S(%)|S(%)|S(%)|S(%)]|S(%)
T (°C)
CO; CHs | GoHe | C3Hg [n-C4Hi0| CoHs | C3He Cco Cz-C40 C-Cs~ | C-Cy

250 | 7.1 {395 54 | 35 4.3 0 29 | 445 |13.1| 29 | 16.0

300 | 34.0 | 53.7 | 12.0 | 104 | 8.6 04 | 3.2 | 11.8 309 | 3.6 | 345

350 | 68.3 (629|149 108 | 64 | 0.2 | 15 | 3.3 |32.1| 1.7 |33.8

400 | 76.9 | 76.7 | 11.9 | 5.9 1.9 01| 04 | 31 |19.7 | 0.5 | 20.2

450 | 80.1 | 889 | 5.8 | 1.2 0.1 0 01|40 |70 | 01 | 71

Table 8.4.3.13. CO; conversion and selectivity for sample 5.3 at different
temperatures. (Reaction conditions: H,/CO, ratio of 4, total flow 4 mL/min, 20 bar,

40 mg catalyst.)

C(%)|S(%)|S(%)|S(%)| S(%) |S(%)[S(%)|S(%)|S(%)|S(%)]|S(%)
T (°C)
CO; CHs | CGoHe | C3Hg [n-C4Hi0| CoHs | C3He Cco Cz-C40 C-Cs~ | C-Cy

250 | 83 | 21.0| 88 | 6.0 9.6 0 3.0 | 51.7 | 24.3 | 3.0 | 27.3

300 | 40.7 | 463 | 158 | 129 | 135 | 03 | 3.1 | 8.2 | 422 | 3.4 | 456

350 | 82.7 (760|123 | 55 | 47 | 0.2 | 05 | 09 | 224 | 0.8 | 23.2

400 | 87.8 | 878 | 81 | 21 0.7 01|02 | 10 |11.0| 03 | 11.2

450 | 84.6 | 90.2 | 6.1 | 1.1 0.2 0 01|23 |74 |01 |75
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Table 8.4.3.14. CO; conversion and selectivity for sample 5.3 at different
temperatures. (Reaction conditions: H,/CO, ratio of 4, total flow 4 mL/min, 40 bar,

40 mg catalyst.)

C(%)|S(%)|S(%)|S(%)| S(%) |S(%)[S(%)|S(%)|S(%)|S(%)]|S(%)
T (°C)
CO; CHs | GoHe | C3Hg [n-C4Hi0| CoHs | C3He Cco Cz-C40 C-Cs~ | C-Cy

250 | 10.1 | 35.6 | 10.2 | 7.8 | 10.7 0 47 | 31.0|28.7 | 4.7 | 334

300 | 58.4 | 52.7 | 169|145 | 101 | 0.2 | 28 | 29 |41.5| 3.0 | 445

350 {925 (798|103 | 50 | 41 | 01 | 04 | 03 |19.4 | 0.5 | 19.9

400 | 96.8 | 894 | 6.2 | 2.6 1.4 01|01 |02 |102| 0.2 |10.4

450 | 97.4 | 934 | 44 | 15 0.2 01 01| 02]|62| 02| 64

Table 8.4.3.15. CO; conversion and selectivity for sample 5.3 at different
temperatures. (Reaction conditions: H,/CO, ratio of 2, total flow 4 mL/min, 5 bar, 40

mg catalyst.)

C(%)|S(%)|S(%)|S(%)| S(%) |S(%)[S(%)|S(%)|S(%)|S(%)]|S(%)
T (°C)
CO; CHs | CGoHe | C3Hg [n-C4Hi0| CoHs | C3He Cco Cz-C40 C-Cs~ | C-Cy

250 | 3.6 | 7.7 | 20 | 31 0 0 1.7 | 8.5 | 51 | 1.7 | 6.7

300 | 13.6 | 12.4 | 46 | 2.0 3.0 10 | 78 | 693 | 9.6 | 8.7 | 18.4

350 | 26.1 | 30.8 | 11.3 | 5.0 4.4 2.7 | 10.7 | 35.2 | 20.6 | 13.4 | 34.0

400 | 36.4 | 449 | 142 | 6.1 3.2 10 | 52 | 254|235 | 6.2 | 29.7

450 | 409 | 606 | 7.4 | 13 0.3 03 | 07 | 294 | 89 | 11 10
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Table 8.4.3.16. CO; conversion and selectivity for sample 5.3 at different
temperatures. (Reaction conditions: H,/CO; ratio of 2, total flow 4 mL/min, 7.5 bar,

40 mg catalyst.)

C(%)|S(%)|S(%)|S(%)|S(%)|S(%)|S(%)|S(%)|S(%)]|S(%)]|S(%)
T(°C)
COz CH4 C2H6 C3H8 n'C4H10 C2H4 C3H6 CO Cz-C4° CZ'C4= Cz-C4

250 | 43 | 88 | 1.9 | 0.7 2.0 0 26 | 84.0| 47 | 26 | 7.2

300 | 15.1 | 159 | 6.5 | 4.0 3.8 19 | 83 |59.6 |14.3 | 10.1 | 24.4

350 | 29.3 [ 366 | 141 | 7.1 5.9 22 | 85 |25.7|27.1|10.6 | 37.7

400 | 38.8 | 495|156 | 7.2 4.2 0.7 | 3.6 [193|27.0| 43 |31.2

450 | 43.0 | 65.5 | 9.1 | 2.2 0.2 0.2 | 0.7 | 221|115 | 0.9 | 12.4

Table 8.4.3.17. CO; conversion and selectivity for sample 5.3 at different
temperatures. (Reaction conditions: H,/CO, ratio of 2, total flow 4 mL/min, 15 bar,

40 mg catalyst.)

C(%)|S(%)|S(%)|S(%)|S(%)|S(%)|S(%)|S(%)|S(%)|S(%)]|S(%)
T(°C)
COz CH4 C2H6 C3H8 n'C4H10 C2H4 C3H6 CO Cz-C4° CZ'C4= Cz-C4

250 | 5.6 | 18.8| 6.4 | 44 5.1 0 3.8 | 615|159 | 3.8 | 19.7

300 | 21.3 | 34.4 | 13.7 | 10.7 | 9.7 11 | 7.8 | 22.6 | 34.1 | 8.9 | 43.0

350 | 38.0 | 52.3 | 17.5 | 8.1 8.2 10 | 44 | 85 |33.8| 54 |39.1

400 | 48.7 | 60.1 | 16.1 | 7.5 6.2 03 | 12 | 86 |29.8| 1.5 | 313

450 | 50.2 | 72.6 | 10.9 | 3.4 0.8 01| 03 |119|151 | 04 | 155
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Table 8.4.3.18. CO; conversion and selectivity for sample 5.3 at different
temperatures. (Reaction conditions: H,/CO, ratio of 2, total flow 4 mL/min, 20 bar,

40 mg catalyst.)

C(%)|S(%)|S(%)|S(%)| S(%) |S(%)[S(%)|S(%)|S(%)|S(%)]|S(%)
T (°C)
CO; CHs | GoHe | C3Hg [n-C4Hi0| CoHs | C3He Cco Cz-C40 C-Cs~ | C-Cy

250 | 5.8 {389 | 63 | 438 6.0 0 14 | 426 |17.1 | 1.4 | 185

300 | 26.5 | 51.8 | 119 | 11.7 | 9.4 03 | 3.2 | 11.8|33.0 | 3.5 | 36.5

350 | 44.8 | 60.2 | 15.8 | 8.8 76 | 03 | 20 | 53 | 322 | 23 | 345

400 | 50.5 | 68.9 | 147 | 6.1 33 02 | 0.8 | 59 |24.2 | 1.0 | 25.2

450 | 51.8 | 77.5 | 10.5 | 2.6 0.3 01 | 02 | 89 |133 | 0.3 | 13.6

Table 8.4.3.19. CO; conversion and selectivity for sample 5.3 at different
temperatures. (Reaction conditions: H,/CO, ratio of 1, total flow 4 mL/min, 5 bar, 40

mg catalyst.)

C(%)|S(%)|S(%)|S(%)| S(%) |S(%)[S(%)|S(%)|S(%)|S(%)]|S(%)
T (°C)
CO; CHs | CGoHe | C3Hg [n-C4Hi0| CoHs | C3He Cco Cz-C40 C-Cs~ | C-Cy

250 | 3.5 | 29 | 0.8 0 0 0 14 {949 | 08 | 14 | 2.2

300 (109 | 55 | 19 | 1.2 1.3 0 45 | 8.7 | 44 | 45 | 838

350 | 16.6 | 16.4 | 6.0 | 1.3 1.9 21 | 75 | 648 | 9.2 | 9.6 | 18.8

400 | 22.2 | 28.6 | 10.2 | 3.6 2.0 09 | 5.6 [49.1|15.8| 6.5 | 223

Table 8.4.3.20. CO; conversion and selectivity for sample 5.3 at different
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temperatures. (Reaction conditions: H,/CO, ratio of 1, total flow 4 mL/min, 15 bar,

40 mg catalyst.)

C(%) | S(%) | S(%)[S(%)| S(%) |S(%)|S(%)|S(%)|S(%)|S(%)]|S(%)
T(°C)
CO; | CHq | CoHg | CsHs [n-CaHiol CoHa | CsHs | CO  C-Ca®| C2-Ca™ | Co-Ca

250 | 3.8 | 84 | 29 | 1.8 3.2 0 28 | 8.0 | 7.9 | 2.8 | 10.7

300 | 21.9 | 12.8 | 51.7 | 3.4 2.6 05 | 3.1 [ 259|57.7| 3.6 |61.4

350 | 26.4 | 31.0| 333 | 79 5.5 1.2 | 46 | 16.6 | 46.6 | 5.8 | 52.4

400 | 30.8 | 35.5 335 | 6.1 5.2 06 | 24 | 16.7 | 44.8 | 3.0 | 47.8

Table 8.4.3.21. CO; conversion and selectivity for sample 5.3 at different
temperatures. (Reaction conditions: H,/CO, ratio of 1, total flow 4 mL/min, 20 bar,

40 mg catalyst.)

C(%)|S(%)|S(%)|S(%)| S(%) | S(%) [S(%)|S(%)|S(%)|S(%)]|S(%)
T (°C)
CO; CHs | CGoHe | C3Hg [n-C4Hi0| CoHs | C3He Cco Cz-C40 C-Cs~ | C-Cy

250 | 3.7 | 121 | 29 | 25 3.4 0 30 |76.2 | 88 | 3.0 | 11.8

300 | 129 | 24.1 | 104 | 9.2 7.9 16 | 74 | 395|275 | 9.0 | 36.4

350 | 24.0 | 40.3 | 16.0 | 12.5 | 8.8 13 | 57 | 154 |37.2 | 7.0 | 443

400 | 29.2 | 45.7 | 16.2 | 12.2 | 83 05 | 23 | 149 |36.7 | 2.8 | 39.5

8.4.4 Tables of catalytic activity and selectivity for C,-C; hydrocarbons with
promoters and poison in CHAPTER 6

Table 8.4.4.1. CO, conversion and selectivity for sample 6.1 at different
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temperatures. (Reaction conditions: H,/CO, ratio of 7, total flow 4 mL/min, 10 bar,

40 mg catalyst.)

C(%) | S(%) | S(%)[S(%)| S(%) |S(%)|S(%)|S(%)|S(%)|S(%)]|S(%)
T(°C)
CO; | CHq | CoHg | CsHs [n-CaHiol CoHa | CsHs | CO  C-Ca®| C2-Ca™ | Co-Ca

300 | 9.8 [ 813 | 1.3 0 0 0 0 174 | 13 0 13

350 (327 | 76.1 | 44 | 16 1.4 0 05 |160( 74 | 05 | 7.9

400 | 74.4 | 684 | 119 | 74 3.5 06 | 14 | 69 | 228 | 2.0 | 24.8

450 | 829 | 83.0 | 6.9 | 1.8 0.6 03 03| 72|93 | 05| 98

500 | 87.9 {914 | 2.1 | 0.2 0 0.1 0 63 | 23 | 0.1 | 23

Table 8.4.4.2. CO, conversion and selectivity for sample 6.2 at different
temperatures. (Reaction conditions: H,/CO, ratio of 7, total flow 4 mL/min, 10 bar,

40 mg catalyst.)

C(%) | S(%) | S(%) [ S(%)| S(%) | S(%)|S(%)|S(%)|S(%)|S(%)]|S(%)
T(°C)
CO; | CHq | CoHg | CsHs [n-CaHiol CoHa | CsHs | CO  C-Ca®| C2-Ca™ | Co-Ca

300 | 19.6 | 68.0 | 6.1 | 2.8 3.2 0 21 |179 (121 | 2.1 | 141

350 | 39.6 | 844 | 2.4 | 23 1.6 0 08 | 85 [ 63 | 0.8 | 7.1

400 | 74.4 | 85.1 | 6.6 | 2.0 0.9 0 04 | 51 | 94 | 04 | 98

450 | 83.8 | 89.7 | 4.0 | 0.5 0 01 | 01| 55|46 | 03 | 48

500 | 84.7 {914 | 15 | 0.2 0 0 0 6.9 | 1.7 0 1.7

Table 8.4.4.3. CO, conversion and selectivity for sample 6.3 at different
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temperatures. (Reaction conditions: H,/CO, ratio of 7, total flow 4 mL/min, 10 bar,

40 mg catalyst.)

C(%) | S (%) | S(%) | S(%)| S(%) [S(%)|S(%)|S(%)|S(%)|S(%)|S(%)
T(°C)
CO; | CHs | CoHg | CsHs [n-CaHigl CoHa | CsHs | CO | C-Ca®| C2-Ca™| C2-Ca

300 | 82 | 656 | 0.7 0 0 0 0 33.7 | 0.7 0 0.7

350 | 28.8 | 619 | 3.8 | 1.6 1.6 0 09 {30370 | 09 | 79

400 | 64.4 | 64.2 | 114 | 53 3.4 08 | 21 |12.8|20.1| 2.9 | 23.0

450 | 77.0 | 803 | 63 | 1.3 0.4 02 | 03 |112| 80 | 0.5 | 85

500 | 82.4 | 86.0 | 2.2 | 0.2 0 0 0 116 | 2.4 0 2.4

Table 8.4.4.4. CO, conversion and selectivity for sample 6.4 at different
temperatures. (Reaction conditions: H,/CO, ratio of 7, total flow 4 mL/min, 10 bar,

40 mg catalyst.)

C(%) S (%) | S(%) | S(%)| S(%) [ S(%)|S(%)|S(%)|S(%)|S(%)|S(%)
T(°C)
CO; | CHs | CoHg | CsHs [n-CaHigl CoHa | CsHs | CO  |C-Ca®| C2-Ca™ | Co-Ca

300 | 6.0 | 80.6 | 2.5 0 0 0 0 16.9 | 2.5 0 2.5

350 | 23.9 | 844 | 2.4 0 0 0 0 13.2 | 2.4 0 2.4

400 | 71.3 | 75.2 | 9.8 | 5.2 2.2 03 | 11 | 6.2 |17.2 | 1.4 | 18.6

450 | 84.3 | 866 | 58 | 1.3 0.3 02 |02 | 56|74 |04 | 78

500 | 88.6 | 916 | 2.2 | 0.3 0 0 0 6.0 | 24 0 2.4

Table 8.4.4.5. CO, conversion and selectivity for sample 6.5 at different
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temperatures. (Reaction conditions: H,/CO, ratio of 7, total flow 4 mL/min, 10 bar,

40 mg catalyst.)

C(%) | S(%) | S(%)[S(%)| S(%) |S(%)|S(%)|S(%)|S(%)|S(%)]|S(%)
T(°C)
CO; | CHq | CoHg | CsHs [n-CaHiol CoHa | CsHs | CO  C-Ca®| C2-Ca™ | Co-Ca

250 | 6.8 [ 86.0| 3.0 | 7.6 0 0 0 34 1106 | O 10.6

300 | 24.5 { 92.0 | 3.6 | 15 0 0 0 29 | 51 0 5.1

350 | 50.9 | 88.4| 6.6 | 2.0 0.8 0 0 23 | 9.3 0 9.3

400 | 72.2 | 90.2 | 6.2 | 1.1 0.3 0 0 22 | 7.5 0 7.5

450 | 80.0 | 945 | 2.7 | 0.1 0 0 0 2.7 | 2.8 0 2.8

Table 8.4.4.6. CO, conversion and selectivity for sample 6.6 at different
temperatures. (Reaction conditions: H,/CO, ratio of 7, total flow 4 mL/min, 10 bar,

40 mg catalyst.)

C(%) | S(%) | S(%) [ S(%)| S(%) | S(%)|S(%)|S(%)|S(%)|S(%)]|S(%)
T(°C)
CO; | CHq | CoHg | CsHs [n-CaHiol CoHa | CsHs | CO  C-Ca®| C2-Ca™ | Co-Ca

300 | 32.1 ([ 95.8 | 1.8 | 0.8 0 0 0 1.7 | 25 0 2.5

350 | 65.6 [ 959 | 2.3 | 0.3 0 0 0 15 | 2.6 0 2.6

400 | 84.8 |99 | 16 | 0.1 0 0 0 14 | 1.7 0 1.7

450 | 92.1 | 979 | 0.8 | 0.1 0 0 0 1.2 | 0.9 0 0.9

500 | 94.2 {978 | 0.6 | 0.1 0 0 0 1.5 | 0.7 0 0.7

Table 8.4.4.7. CO, conversion and selectivity for sample 6.7 at different
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temperatures. (Reaction conditions: H,/CO, ratio of 4, total flow 4 mL/min, 10 bar,

40 mg catalyst.)

C(%) | S(%) | S(%)[S(%)| S(%) |S(%)|S(%)|S(%)|S(%)|S(%)]|S(%)
T(°C)
CO; | CHq | CoHg | CsHs [n-CaHiol CoHa | CsHs | CO  C-Ca®| C2-Ca™ | Co-Ca

250 | 1.4 | 414 | 16.0 | 17.8 0 0 0 248 133.8| 0 33.8

300 | 4.8 [ 544 | 3.7 | 88 0 0 0 [331(|125| 0 |125

350 | 12.3 | 499 | 53 | 2.2 2.7 0 0 39.8 | 10.3 0 10.3

400 | 37.3 | 61.3 | 10.5 | 5.1 1.9 0 03 |209|175| 03 | 17.8

450 | 62.0 | 79.2 | 7.6 | 14 0.2 0 01 |115] 9.1 | 0.1 | 9.2

Table 8.4.4.8. CO, conversion and selectivity for sample 6.8 at different
temperatures. (Reaction conditions: H,/CO, ratio of 3, total flow 4 mL/min, 10 bar,

40 mg catalyst.)

C(%) | S(%) | S(%) [ S(%)| S(%) | S(%)|S(%)|S(%)|S(%)|S(%)|S(%)
T(°C)
CO; | CHq | CoHg | CsHs [n-CaHiol CoHa | CaHs | €O |Co-Ca®| Co-Ca™ | Co-Ca

300 | 1.6 0 14.4 | 48.1 0 0 [30.7] 6.9 | 625 |30.7|93.1

350 | 0.5 0 9.2 0 0 0 0 |908 | 9.2 0 9.2

400 | 1.8 0 2.7 0 0 0 0 973 | 2.7 0 2.7

450 | 6.7 | 16 | 0.8 0 0 0 0 97.7 | 0.8 0 0.8

500 | 19.6 | 1.5 | 0.6 0 0 0 0 |98.0| 0.6 0 0.6

Table 8.4.4.9. CO, conversion and selectivity for sample 6.9 at different
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temperatures. (Reaction conditions: H,/CO, ratio of 2, total flow 4 mL/min, 10 bar,

40 mg catalyst.)

C(%) | S(%) | S(%) [ S(%)| S(%) | S(%)|S(%)|S(%)|S(%)|S(%)|S(%)
T(°C)
CO; | CHa | CoHg | CsHs [n-CaHiol CoHa | CaHs | €O |Co-Ca®| Co-Ca™ | Co-Ca

300 | 1.4 0 19.8 | 40.9 0 0 219 | 17.4 | 60.7 | 21.9 | 82.7

350 | 1.0 0 6.2 0 0 0 0 |93.8| 6.2 0 6.2

400 | 3.7 | 21 | 11 0 0 0 0 96.9 | 1.1 0 11

450 | 114 | 11 | 05 0 0 0 0 98.4 | 0.5 0 0.5

500 {311 1.2 | 04 0 0 0 0 |984 | 04 0 0.4

Table 8.4.4.10. CO; conversion and selectivity for sample 6.10 at different
temperatures. (Reaction conditions: H,/CO, ratio of 1, total flow 4 mL/min, 10 bar,

40 mg catalyst.)

C(%) | S(%) | S(%) [ S(%)| S(%) | S(%)|S(%)|S(%)|S(%)|S(%)|S(%)
T(°C)
CO; | CHq | CoHg | CsHs [n-CaHiol CoHa | CaHs | €O |Co-Ca®| Co-Ca™ | Co-Ca

300 | 1.0 0 |233]387 0 0 |235]14.5|62.0 | 235 855

350 | 0.7 0 5.6 0 0 0 0 |944 | 56 0 5.6

400 | 2.0 | 42 | 26 0 0 0 0 93.2 | 2.6 0 2.6

450 | 5.1 | 23 | 1.2 0 0 0 0 96.5 | 1.2 0 1.2

500 | 13.2 | 1.7 | 1.2 0 0 0 0 97.1 | 1.2 0 1.2

Table 8.4.4.11. CO; conversion and selectivity for sample 6.11 at different
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temperatures. (Reaction conditions: H,/CO, ratio of 1, total flow 4 mL/min, 10 bar,

40 mg catalyst.)

C(%) | S(%) | S(%) [ S(%)| S(%) | S(%)|S(%)|S(%)|S(%)|S(%)|S(%)
T(°C)
CO; | CHa | CoHg | CsHs [n-CaHiol CoHa | CaHs | €O |Co-Ca®| Co-Ca™ | Co-Ca

300 | 43 | 1.8 | 34 0 0 0 59 |89 | 34 | 59 | 93

350 | 15.3 | 0.6 | 0.9 0 0 0 0 |985 | 0.9 0 0.9

400 | 30.6 | 0.6 | 0.3 0 0 0 0 99.1 | 0.3 0 0.3

450 | 46.2 | 0.7 | 0.2 0 0 0 0 99.1 | 0.2 0 0.2

500 | 59.2 | 1.2 | 05 0 0 0 0 |983| 05 0 0.5

8.4.5 Tables of catalytic activity and selectivity for methanol in CHAPTER 7
Table 8.4.5.1. CO, conversion and selectivity for sample 7.1 at different
temperatures. (Reaction conditions: H,/CO, ratio of 4, total flow 4 mL/min, 40 bar,

40 mg catalyst.)

C(%) | S(%) | S(%) | S(%) | S(%) | S(%) | S(%) | S(%) | S(%)
o
rd Cco; CHa CHe | C3Hs |[n-CsHio| CoHs | CsHs CO |CHsOH
150 0 0 0 0 0 0 0 0 0
200 0.1 0 0 0 0 0 0 100 0
250 0.6 0 0 10.5 0 0 0 89.5 0
300 2.6 6.0 1.8 25.8 0 0 0 66.4 0

Table 8.4.5.2. CO, conversion and selectivity for sample 7.3 at different
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temperatures. (Reaction conditions: H,/CO, ratio of 4, total flow 4 mL/min, 40 bar,

40 mg catalyst.)

C(%) | S(%) | S(%) | S(%) | S(%) | S(%) | S(%) | S(%) | S(%)
o
rd Cco; CHa CHe | C3Hs |[n-CsHio| CoHs | CsHs CO |CHsOH

150 0 0 0 0 0 0 0 0 0
200 0.1 0 0 0 0 0 0 100 0
250 3.2 1.3 0 0 0 0 0 399 | 58.8
300 11.1 1.7 0.6 0.5 0 0 0 729 | 244
150 0 0 0 0 0 0 0 0 0
200 0.1 0 0 0 0 0 0 100 0
250 1.6 2.1 0 0 0 0 0 98.0 0
300 9.3 2.8 0.5 0 0 0 0 96.7 0

Table 8.4.5.3. CO. conversion and selectivity for sample 7.5 at different
temperatures. (Reaction conditions: H,/CO, ratio of 4, total flow 4 mL/min, 40 bar,

40 mg catalyst.)

C(%) | S(%) | S(%) | S(%) | S(%) | S(%) | S(%) | S(%) | S(%)
o
rd Cco; CHa CHs | CsHs |[n-CsHio| CoHs | CsHs CO |CHsOH
150 0.2 0 0 0 0 0 0 0 100
200 0.2 0 0 0 0 0 0 529 | 47.1
250 1.2 10.1 0 0 0 0 0 53.3 | 36.6
300 4.4 19.6 1.0 0 0 0 0 51.3 | 28.2
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150 0.2 0 0 0 0 100
200 0.3 0 0 0 28.7 | 71.3
250 15 4.2 0 0 316 | 64.1
300 4.4 5.4 0 0 49.4 | 45.2
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The previous Chapters present the preparation and catalytic activity of various metal
nanoparticles supported on defective N-doped graphenes. During this Doctoral
Thesis, highly selective and stable catalysts for CO, hydrogenation have been
developed that are able to drive the reaction towards different high-value products.
The properties of catalysts with remarkable performance were controlled, exhibiting
significant influence of the metal nanoparticle size and composition of catalysts on

the outcome of the catalytic reaction.

More specifically, in view of results presented in CHAPTERS 3 to 7, the following

conclusions can be drawn based on the catalytic activity of materials.

1) Co and Co-Fe alloy nanoparticles wrapped on defective N-doped graphenes with
a broad nanoparticle size distribution are highly efficient catalysts for the Sabatier
reaction with remarkable catalytic activity and stability, achieving a selectivity of

methane over 90 % at high CO, conversion values over 85 %.

2) Small clusters of Co-Fe alloy nanoparticles supported on N-doped graphitic
carbon matrix are highly selective catalysts for the reverse-water-gas-shift reaction,
reaching a conversion of 56 % with 98 % CO selectivity. These catalysts with the
metal loading even below 0.2 wt.% exhibit a higher selectivity and better
performance than the ones with larger Co-Fe alloy nanoparticles and higher metal

loading in similar composition.

3) By the preparation of Co-Fe alloy nanoparticles with a narrow particle size
distribution ranging from 7 to 17 nm, it has been possible to drive the selectivity of

CO; hydrogenation towards value-added C,+ hydrocarbons. It was found that an
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increase in temperature, particularly in the range from 300 to 450 °C, is essential for
selectivity of C,+ products and CO, conversion. Under optimized conditions, a
selectivity towards C,.+ hydrocarbons about 45% was obtained with CO, conversion
closing to 60% and remarkable selectivity values of ethylene and propylene as high

as 30 % were also detected at CO; conversion about 34 %.

4) It has been found that the presence of Ca and Pd promotes the catalytic activity
of Co-Fe alloy nanoparticles wrapped on defective N-doped graphenes towards
selectivity of CHa. Under effective control, the presence of S as a poison on the
catalysts could significantly drive selectivity towards CO, although accompanied by a

substantial decrease of the catalytic activity.

5) Cu-ZnO-based catalysts have been prepared by the two-step method, in which Zn
was added after pyrolysis and the resulting Cu-ZnO supported on defective N-doped
graphitic matrix exhibits a high selectivity for CO, conversion to methanol at a

temperature of 250 °C, but with low CO; conversion.

In summary, during the present Doctoral Thesis, a series of highly selective catalysts
for CO; hydrogenation have been developed based on the use of abundant
transition metals and natural polysaccharides as graphene precursors. With all the
results achieved, high selectivity to CH4, remarkable selectivity of reverse water-gas
shift reaction and a high proportion of C,. hydrocarbons are the most relevant
achievements of the present PhD Thesis, making a contribution to the field of CO;

hydrogenation.
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Abstract

Considering the depletion of fossil fuels and the increasing atmospheric CO;
concentration, CO; hydrogenation is a promising way to convert CO; into
value-added carbon-containing chemicals and fuels. Taking into account the
significant influences of the particle size, chemical composition, nature of the
support, and operation conditions on the catalytic performance of catalysts, a series
of catalysts for CO, hydrogenation have been developed based on the use of
abundant non-noble metals and natural polysaccharides as graphene precursors. In
the present PhD Thesis, metal species supported on defective graphitic carbon
matrix with different particle sizes show different catalytic activity and selectivity for

CO; hydrogenation.

Under effective control, Co and Co-Fe alloy nanoparticles wrapped on defective
N-doped graphenes with a broad nanoparticle size distribution were prepared and
performed for the Sabatier reaction, exhibiting a selectivity to methane over 90 % at
CO; conversion values over 85 %. In the case of single Co or Fe metal and their alloys
in the form of clusters and small nanoparticles wrapped on the same support, the
selectivity for CO; hydrogenation shifts to CO, rather than methane, reaching a
conversion of 56 % with 98 % CO selectivity. It is worth noting that the metal alloy
clusters-based catalysts with the metal loading even below 0.2 wt.% exhibit a higher
selectivity and better performance than the ones with larger Co-Fe alloy
nanoparticles ranging from 1-4 nm and higher metal loading in a similar

composition.
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Following the research line for CO, hydrogenation, a series of Co-Fe alloy
nanoparticles supported on defective N-doped graphenes with controlled
nanoparticle size distribution in the range of 7-17 nm are developed, obtaining a
selectivity towards C,+ hydrocarbons about 45% with a CO, conversion close to 60%.
In addition, a comparative catalytic activity of similar Co-Fe-based catalysts with
promoters and poison has been studied for CO, hydrogenation to observe their
influence on CO; conversion and selectivity. Finally, besides Co-Fe-based catalysts,
Cu-ZnO-based catalysts have also been prepared by a two-step method. These
Cu-ZnO nanoparticles supported on N-doped defective graphene exhibit a high

selectivity for CO; conversion to methanol.
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Resumen

Teniendo en cuenta el agotamiento de los combustibles fésiles y la creciente
concentracion de CO; en la atmdsfera, la hidrogenacién de CO, es una forma
prometedora de convertir el CO, en productos quimicos y combustibles de carbono
de alto valor afadido. Considerando la gran influencia del tamafio de particula, la
composicién quimica, la naturaleza del soporte y las condiciones de operacién sobre
el comportamiento catalitico de los catalizadores, se han desarrollado una serie de
catalizadores para la hidrogenacién de CO, basados en metales abundantes no
nobles y polisacaridos naturales como precursores del grafeno. En la presente tesis
doctoral, las especies metalicas soportadas sobre una matriz de carbono grafitico
defectuosa, con diferentes tamafios de particulas, muestran diferente actividad

catalitica y selectividad para la hidrogenacién de CO..

Se prepararon, de forma controlada, nanoparticulas de aleaciones de Co y Co-Fe
soportadas en grafenos dopados con N defectuosos, con una amplia distribucién de
tamafio de nanoparticulas, para la reaccion de Sabatier, presentando una
selectividad a metano superior al 90% con valores de conversién de CO, superiores
al 85%. En el caso de un solo metal, Co o Fe, y sus aleaciones en forma de “clusters”
y pequeiias nanoparticulas soportadas en el mismo material, la selectividad de la
hidrogenacion de CO, cambia a CO, en lugar de metano, obteniéndose un valor del
98 % y alcanzando una conversion de CO; del 56%. Conviene resaltar que, los
catalizadores basados en “clusters” de aleaciones de metal con una carga de metal

incluso por debajo del 0.2 % en peso, exhiben una mayor selectividad y rendimiento
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que los que tienen nanoparticulas de aleaciones de Co-Fe mas grandes que varian

de 1 a4 nmy una carga de metal mas alta en una composicién similar.

Siguiendo la linea de investigacion de hidrogenacién de CO,, se desarrollaron una
serie de nanoparticulas de aleaciones de Co-Fe soportadas sobre grafenos dopados
con N defectuosos con distribucién de tamafo de nanoparticulas controlada en el
rango de 7-17 nm, obteniendo una selectividad hacia hidrocarburos C,. alrededor
del 45% y una conversidn del CO; cercana al 60%. Ademas, se realizé un estudio
comparativo de la actividad catalitica de catalizadores similares basados en Co-Fe
con promotores e inhibidores para la hidrogenacién de CO,, observando su
influencia en la conversidon y selectividad de CO,. Finalmente, ademds de los
catalizadores basados en Co-Fe, también se han preparado catalizadores basados en
Cu-ZnO mediante un método de dos pasos. Estas nanoparticulas de Cu-ZnO
soportadas sobre grafeno defectuoso dopado con N exhiben una alta selectividad

hacia la conversion de CO, a metanol.
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Resum

Tenint en compte I'esgotament dels combustibles fossils i la creixent concentracié de
CO; en l'atmosfera, la hidrogenacié de CO, és una forma prometedora de convertir
el CO; en productes quimics i combustibles de carboni d'alt valor afegit. Considerant
la gran influencia de la grandaria de particula, la composicid quimica, la naturalesa
del suport i les condicions d'operacid6 sobre el comportament catalitic dels
catalitzadors, s'han desenvolupat una serie de catalitzadors per a la hidrogenacié de
CO, basats en metalls abundants no nobles i polisacarids naturals com a precursors
del grafé. En la present tesi doctoral, les espéecies metal-liques suportades sobre una
matriu de carboni grafitic defectuosa, amb diferents grandaries de particules,

mostren diferent activitat catalitica i selectivitat per a la hidrogenacié de CO,.

Es van preparar, de manera controlada, nanoparticules d'aliatges de Co i Co-Fe
suportades en grafens dopats amb N defectuosos, amb una amplia distribucié de
grandaria de nanoparticules, per a la reaccié de Sabatier, presentant una selectivitat
a meta superior al 90% amb valors de conversié de CO, superiors al 85%. En el cas
d'un sol metall, Co o Fe, i els seus aliatges en forma de “clusters” i xicotetes
nanoparticules suportades en el mateix material, la selectivitat de la hidrogenacié
de CO; canvia a CO, en lloc de meta, obtenint-se un valor del 98% i aconseguint una
conversid de CO, del 56%. Convé ressaltar que, els catalitzadors basats en “clusters”
d'aliatges de metall amb una carrega de metall fins i tot per davall del 0.2% en pes,
exhibeixen una major selectivitat i rendiment que els que tenen nanoparticules

d'aliatges de Co-Fe més grans que varien d'1 a 4 nm i una carrega de metall més alta
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en una composicié similar.

Seguint la linia d'investigacié d'hidrogenacié de CO,, es van desenvolupar una serie
de nanoparticules d'aliatges de Co-Fe suportades sobre grafens dopats amb N
defectuosos amb distribucié de grandaria de nanoparticules controlada en el rang
de 7-17 nm, obtenint una selectivitat cap a hidrocarburs Cy. al voltant del 45% i una
conversid del CO, proxima al 60%. A més, es va realitzar un estudi comparatiu de
I'activitat catalitica de catalitzadors similars basats en Co-Fe amb promotors i
inhibidors per a la hidrogenacié de CO,, observant la seua influéncia en la conversio
i selectivitat de CO,. Finalment, a més dels catalitzadors basats en Co-Fe, també
s'han preparat catalitzadors basats en Cu-ZnO mitjancant un métode de dos passos.
Aquestes nanoparticules de Cu-ZnO suportades sobre grafé defectuds dopat amb N

exhibeixen una alta selectivitat cap a la conversié de CO, a metanol.
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