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Introduction

1.1. CO, emissions and utilization

For millions of years, CO, is playing a key role in the well-known carbon
cycle, which operates in Earth; CO, is a feedstock, which in combination with
water and solar energy, via photosynthesis, contributes to the development of
vegetal life. In fact, the Earth’s cycle of carbon comprises several additional ways
of CO, transformation, for example to CaCOs, or in the absence of oxygen to CH,
by the action of bacteria. Of course, life on Earth liberates CO, through different

processes such as animal life and human activities!

The CO, concentration in the atmosphere plays a significant role in the
climate of our planet through the greenhouse effect. Over the last centuries, CO,
exchange between vegetation, atmosphere and oceans has changed. This is
partly because of deforestation and due to the extensive use of fossil fuels. As a

result, the CO, natural equilibrium has been modified.

The accumulation of CO, in the atmosphere has increased significantly,
compared to the level before the Industrial Revolution ™. In December 2017, the
concentration of CO, in the atmosphere was about 407 ppm ¥, which was
roughly 40% above the level in the mid-1800s ®. The average surface
temperature of the planet has risen about 1.1 °C since 19 th century ; the rising
of temperature can contribute to the warming of the ocean, the shrinking of the

ice cover and the increase of the sea level.

Thus, the mitigation of atmospheric CO, becomes more and more crucial.
Although CO, emissions can be reduced through carbon capture and storage
(CCS) by geologic storage process, the use of CO, in processes to manufacture
valuables and fuels is more desirable. In recent years, many efforts have been
devoted to developing efficient techniques for the capture and separation of CO,
from different effluents, mainly corresponding to combustion, gasification and

fermentation processes . Nowadays, it is possible to obtain large amounts of
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relatively clean CO, from post-combustion effluents through, among others, the
amine absorption process, the carbonate looping technology and the so-called
oxyfuel process . Today CO, is not only considered a waste, CO, can be also
conveniently used as raw material for industrial applications. The reuse of CO,
through its chemical recycling, is a promising route which could contribute to the
decrease of globally emitted CO, . Thus, nowadays we can consider CO, as

a truly key molecule in a sustainable development.

Figure 1.1 illustrates most of the current and potential pathways for CO,
utilization. In general, CO, can be used in two different categories, direct use of
CO, and conversion of CO, to valuable chemicals and fuels Y. However, some
disadvantages are still present for many of these CO, uses, such as small-scale

utilization and CO, emission to the atmosphere after use.

« Flavors/Fragrances

- Algae
» Greenhouse Gases . Decaffeination
\
)

0
1’9&\0 Carbonates Fuels

—/

[Carbonated Beverages ]

Biological
Conversion

« Methanol Fertilizer
o * - CO
Gas . ECBM Fuel

Recovery * Methane

Secondary
Chemicals
e/ ) Rer;
Polycarbonate Q\'é” 9 nt « Refrigeration
Polymers 72 +Dry Ice

* Injected Into Metal Castings

+ Respiratory Stimulant (Added to
Medical O.)

« Aerosol Can Propellant

* Dry Ice Pellets Used for Sand Blasting

+ Red Mud Carbonation

Inerting
Agent

[Fire Extinguishers

« Blanket Products
* Protection for Carbon Powder

+ Shield Gas in Welding

Figure 1.1. The illustration of use of CO, (Taken from the U.S. Department of Energy’s
National Energy Technology Laboratory. https://www.netl.doe.gov/).
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CO, is a molecule which is thermodynamically stable, and its activation
requires high energy input to overcome the energy barrier for the dissociation of
C=0 bond. However, CO, can be selectively activated by H, through catalytic
processes, under appropriate conditions of pressure and temperature. Figure 1.2
shows the transformation of CO, to chemicals and fuels via different catalytic
processes. Many studies in CO, reduction using H, are centered on the
development of highly active, selective and stable catalysts for the production of
CO, methanol and hydrocarbons ™. Production of CO on a solid catalyst via the
reverse water gas shift (RWGS) reaction is one of the key steps in the CO,
hydrogenation to valuable chemicals and fuels. Currently, the RWGS reaction to
CO, the syngas production from dry reforming of CH,, and, the direct
hydrogenation of CO, to methanol and hydrocarbons, are considered green

technologies for CO, transformation to synthetic fuels ™.

Synfuels High-added
CH,OH Value materials
CH50CH; Organic carbonates

& carboxylates

HCOOH N
CH,
H,
;R\NGS

)
2™

Syngas
CO/H2 Dry reforming
CH,, C,H,OH / Renewable fuels "\
MTG FT CoH ODH & chemicals
o CH,
N N C.H,
- CH,;OH
Chemicals 3
Synfuels . ] K HCOOH /
Hydrocarbon & alcohols Light olefins
Styrene

Figure 1.2. Catalytic routes for CO, activation in heterogeneous phase leading to fuels
and chemicals (Redrawn from reference ©).
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1.2. Reverse water gas shift reaction (RWGS)

The RWGS reaction (Eq. 1.1) is considered a promising and cheap way for
CO production from CO..

CO,+Hy>CO+H,0, AH,95¢=41.2 kJ/mol (1.1)

Figure 1.3 shows the values of thermodynamic CO, conversion in the range
180-600 °C at 0.1 MPa and using H,/CO,=1 and H,/CO,=3 molar ratios.
Thermodynamic evaluations at atmospheric pressure show that the equilibrium
conversion increases significantly with the use of an excess of H,, and with the

reaction tem perature.

60 —8— CO/H =111
—8— CO,/H,=1/3

CO, conversion (%)
w
o
1

0 — 1 - T T T T T "~ T - T
200 250 300 350 400 450 500 550 600
Temperature (°C)

Figure 1.3. CO; equilibrium conversion in RWGS reaction at 0.1 MPa and CO,/H,=1/1,
1/3 (molar ratio).

The removal of water vapour from the reactor can also be used to drive the
equilibrium towards CO production. After the RWGS and H,O separation, the

CO/CO,/H, out-stream mixture can be subsequently used as syngas input for
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other large-scale and well-known chemical processes, such as the methanol

synthesis or Fischer-Tropsch (Figure 1.2) ¥,

However, under RWGS conditions, CH, can be produced from CO, and CO

hydrogenation.
CO+3HyCHy+H,0, AH®505¢=-206.5 kJ/mol (1.2)
C02+4H2<—>CH4+2H20, AH0298K=-165.O kJ/mol (13)

Continuous efforts are applied to develop active and selective catalysts to

overcome the slow kinetics of RWGS and to maximize the CO yield.
1.3. Catalysts for the RWGS reaction

Although supported metal catalysts (Cu, Ni and noble metals) have been the
most studied for the RWGS, recently, the use of metal oxides and transition

metal carbides (TMCs) has also attracted increasing attention *%°.

1.3.1. Supported metal catalysts

Cu-based catalysts are currently used in the methanol synthesis " and
water-gas shift (WGS) processes ™ due to their high activity and low cost.
Taking into account the principle of microscopic reversibility, catalysts which are
performant for WGS could be also applied for RWGS under appropriate reaction

conditions.

The addition of promoters to Cu-based catalysts could improve their stability
and inhibit the sintering of the Cu active phase during the catalytic reaction. In
this context, the addition of iron and potassium to Cu/SiO, has been
demonstrated to have a positive effect in the RWGS reaction at relatively high
temperature [19-21 The presence of iron increased the Sger and Cu surface area

as well as inhibited the sintering of active Cu at high reaction temperature,
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consequently, Cu-Fe/SiO, showed a higher activity and stability than its Cu/SiO,
counterpart *92U. After 120 h of catalytic test at 600 °C, the CO, conversion
decreased from 15% to 12% in the case of Cu-Fe/SiO, and from 8.5% to 0.3%
for Cu/SiO,. The promotion effect of potassium in Cu-K,O/SiO, catalysts has
been related with the formation of new active sites in the K,O-Cu interface, which
can form and decompose the formate intermediate increasing the CO,
conversion %, Very recently, Pastor-Pérez et al. ?? reported that Cu-based
catalysts, containing both iron and caesium (Fe-Cu-Cs/Al,O3), showed excellent
CO, conversion, with selectivity to CO above 99%, in the temperature range of
400-750 °C. Catalysts based on mesoporous CeCu oxides have also shown high
catalytic activity in RWGS reaction by the synergistic effect of surface oxygen

vacancies and active Cu® 3,

It is well-known that ZnO and Al,O3; play an important role in Cu-based
catalysts used for methanol synthesis 7 and WGS 4. The study of Cu-
ZnOJ/Al,O3 catalysts in RWGS reaction at atmospheric pressure and 240 °C
indicated that the presence of Al,O; decreased the crystallite size of CuO and
ZnO particles and, led to high Cu surface area. Both Cu-ZnO and Cu-ZnO/Al,O3
showed a good linear relationship between the catalytic activity and the Cu
surface area; the higher the Cu surface area, the higher the CO, conversion 23],
In addition, a promotion effect of Ga,O3 in terms of catalytic activity has been
reported over Cu-Zn/SiO, catalysts in CO, conversion to methanol %" The
presence of small Ga,0O3 particles can facilitate the formation of an intermediate
state of copper (Cu®). The addition of Ga,O; enhanced not only the catalytic

activity but also the stability of catalysts.

The effect of different supports (Al,O3, CeO,, SiO,, TiO,, and ZrO,) on Cu-
based catalysts for the RWGS reaction has been recently studied (reaction
conditions: H,:C0,=0.67-1.5 molar ratio, T=280-360 °C, P=3-7 bar) 8. Among
the studied catalysts, Al,Os-supported showed the highest catalytic activity, and
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its activity decreased with increasing H,/CO, molar ratio, this was related with the

formation of different copper species 2.

On the other hand, the use of the atomic layer epitaxy (ALE) technique in
the preparation of Cu/SiO, catalysts has been applied to produce catalysts with
small Cu patrticles (about 2.9 nm) which showed high activity and stability in
RWGS 9,

Besides Cu-, Ni-based catalysts have been proposed to be appropriate for
the RWGS reaction. However, Ni-based catalysts favour CO, methanation *°.
Ni-based catalysts supported on CeO, have been extensively studied over the
past decades. The preparation method B% and the Ni loading %! were
demonstrated to influence the Ni particle size in the catalysts and therefore the
catalytic behaviour of Ni-CeO, in RWGS reaction. Catalysts with a low Ni content
(less than about 3% wt Ni) showed a small NiO patrticle size (less than 5 nm) and
were selective to the CO production. Conversely, the presence of large Ni
particles (=30 nm) was found in catalysts with a higher Ni loading, these catalysts
favoured the CH, formation B33, Thus, the control of the Ni particle size is very
important for the design of active and selective nickel catalysts for the RWGS
reaction **. Oxygen vacancies and highly dispersed Ni were proposed to be the
active sites for RWGS over Ni-based catalysts B+ A Ceq-5Zro.250,-supported
Ni catalyst was reported to show high activity and stability in the RWGS reaction
at 700 °C due to the generation of active sites by the incorporation of Ni into the

Cep 75210250, lattice 29,

Additionally, the presence of Fe in 1.5wt%Ni/CeO,, which showed high
catalytic activity and a significant CO, methanation, enhanced the selectivity
towards CO, but without a significant change in the catalytic activity *°. Other

bimetallic catalysts such as CusgNiso/C B71 " CugoNige/SDC (SDC, samarium-doped
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ceria) ¥ and Fe-Mo/ALL,O; B! have been found to have high CO selectivity and

thermal stability in the RWGS reaction.

Although supported noble metals such as Pt, Pd and Au are also highly
active and selective in the RWGS reaction, their high cost is an important
drawback for large-scale utilization *%°¥l. Kim et al. reported that the catalytic
behaviour of Pt/anatase catalysts depended on the properties of anatase support
43 1t was suggested that Pt-O,-Ti** generated at the Pt-TiO, interface was the
active site for the CO, conversion to CO 3% |n this context, the calcination
temperature of catalysts **! and the reducibility of the supports “**® have been
reported to influence the catalytic behaviour of catalysts in the RWGS reaction. A
positive effect of potassium in the CO, conversion to CO over Pt-based catalysts
has been suggested by Liang et al. on Pt/mullite catalysts “”\. The generated
KO,-Pt interface has been proposed to be the active site for the RWGS reaction
through formate decomposition. In Pd/ZnO catalysts, Lebarbier et al. found that
the catalytic activity in RWGS depended on the particle size of PdZn alloy formed
8] Small Pdzn alloy particles facilitated the CO, conversion and increased the

CO formation rate.

Several metal oxide-based catalysts have been proposed as an alternative
to metal-based catalysts for carrying out the RWGS at high temperature, this is
the case of oxide systems based on ZnO ¥**%. ZnO/AI,0; has been found to be
highly active and stable for the RWGS reaction at high temperature range (400-
700 °C); the formation of ZnAl,O, was proposed to be the responsible for the

high catalytic stability shown at 600 °C P51,

In,O5; and Ga,0O3 are also active for the RWGS reaction at 200-650 °C. Sun
et al. P prepared In,0; and Ga,O; using a thermal decomposition method and
found that In,O3 showed a better catalytic behaviour than Ga,O;. The presence

of CeO, improved the catalytic behaviour of Ga,0O3; and In,O3, favouring the CO,

10
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adsorption and activation. In addition, the generation of oxygen vacancies could

enhance the dissociative H, adsorption 3%,

Moreover, other kind of oxide-based catalysts, like BaZrygYo16ZNg 0403 and
Lag 7sSrosFe0; %% have also been considered and studied in the RWGS

reaction at high temperature.
1.3.2. Transition metal carbides (TMCs)

TMCs have attracted wide attention in catalysis due to their similar
properties to precious metals. TMCs are considered potential materials useful for

the CO, activation 7,

The activation of CO, and H, over TMCs has been theoretically studied by
several research groups %% Most of these studies dealt with catalytic
properties of specific surfaces. Using DFT calculations, the H, splitting and, the
CO, activation and dissociation have been studied on TMC(001) (TMC=VC, MoC,
TiC, ZrC and Mo,C) surfaces Y. All of the TMC(001) surfaces studied were able
to adsorb and activate CO,. Among them, Mo-terminated Mo,C(001)
(Mo,C(001)-Mo) was proposed to be the highest active for H, and CO,
dissociation ®*. Moreover, the carbon/metal ratio (C/M) has been reported to be
an important descriptor for the CO, conversion; TMCs with C/M<1 are more
active than TMCs with C/M>1, and this has been related with the easiness of
breaking of the C=0 bonds P59,

Among the different TMCs-based catalysts, those based on molybdenum
have been the most theoretically studied to date in the CO, activation.
Experimental studies of CO, reduction with H, over molybdenum carbides have
been mainly carried out using single crystal surfaces and/or at pressure higher

than atmosphere. MoC and Mo,C are known in different polymorphic phases.
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The most common structures are hexagonal close-packed (hcp) for Mo,C and

face-centered cubic (fcc) for MoC 3,

Systematic theoretical studies on the CO, activation over different
molybdenum carbide phases have been reported P08 yUsing DFT
calculations, a different adsorption and activation of CO, on cubic-MoC(001) and
orthorhombic-Mo,C(001) surfaces were found. Over the Mo0,C(001)-Mo polar
surface, when CO, is adsorbed may suffer a spontaneous rupture of a C-O bond,
leading to the formation of CO. On the MoC(001) nonpolar surface, CO, can be
activated leading to the formation of C-C bonds . Moreover, M0,C(001)-Mo
and polycrystalline MoC were experimentally studied in the hydrogenation of CO,
in the range 227-327 °C at a total pressure of 0.49 MPa. CO, CH, and CH;0OH
were the main products obtained over Mo,C(001)-Mo surface, while only CO and

CH3OH were produced on polycrystalline MoC %,

DFT studies from Shi et al. *® proposed that on both, Mo,C(001) and
Mo0,C(101) surfaces, the CO, dissociation (COg;,9s—>CO44stOags), Which can
result in high CO selectivity, is more favorable than the CO, hydrogenation
(CO3 agstHags>HCOO 45 Or COOH,q4s). Meanwhile, oxygen binding energy (OBE)
Is considered as an important parameter for CO, reduction over TMCs catalysts.
DFT calculations showed that the removal of adsorbed O in the form of H,O from

the Mo,C(0001) is feasible in the presence of an excess of H, 7.

CO production from CO, over different metal carbides (TiC, ZrC, NbC, TaC,

67691 The results

WC and Mo,C) has been experimentally studied recently
showed that Mo,C possesses much higher catalytic activity for CO, reduction to
CO than other TMCs (Reaction conditions: T=300 °C, CO,/H,=1/2 and
atmospheric pressure) . The direct participation of Mo,C in the reaction
through a facile oxygen transfer over the catalyst is proposed "% the

generated oxygen atom from CO, dissociation is incorporated into Mo,C to

12
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produce CO and oxycarbide; this oxycarbide can be subsequently reduced by H,
58] Among the TMCs catalysts, the Mo,C could be the most interesting catalyst
for the RWGS reaction, due to its dual functionality for H, dissociation and C=0

bond scission and its low cost 281,

The RWGS reaction has been recently studied over nanostructured
molybdenum carbides. Specifically, an excellent catalytic behaviour in CO,
conversion to CO over MoC,., and Mo,C nanowires has been reported at 600 °C
69 However, the transformation of MoC,_, into Mo,C is proposed to occur during

the catalytic test.

Supported molybdenum carbide on different metal oxides has been used as

[70-72]

catalysts in different processes However, the use of supported

molybdenum carbide as catalysts for RWGS has been limited. Brung et al. ["®
have studied Mo,C supported on Al,Os-, ZrO,-, SiO,- and TiO,- in the dry
reforming of methane to synthesis gas (CO,+CH;—2CO+2H,). The stability of
the catalyst followed the order: Mo,C/Al,O3;>M0,C/ZrO,>M0,C/SiO,>M0o,C/TiO,;
the results suggested that the oxidation of the carbide to MoO, is responsible for
the observed deactivation. Recently, Porosoff et al. ["¥ studied the CO,
conversion to CO on potassium promoted Mo,C/y-Al,O3. DFT studies showed
that the presence of K reduces the CO, dissociation barrier and enhances the
CO selectivity. Meanwhile, experimental results showed that the addition of K

also improves the catalyst stability along time .

On the other hand, metal carbides have been also studied as supports of
different metals used as catalysts in CO, hydrogenation reaction [83%96162
Combined experimental and theoretical studies demonstrated a high catalytic
activity to CO through the RWGS reaction over M/TiC(001) samples (M=Au, Cu
or Ni) P,
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Different metals supported on Mo,C have been studied in the CO, reduction
by H, #3687 However, different results were found depending on the reaction
conditions used, the metal loading and the preparation method of catalysts. Xu et

al, 63

prepared M/Mo,C (M=Cu, Ni or Co) catalysts by carburization of
Cu3(M00O,),(0OH),, NiMoO, and CoMoO,4enH,O using CH4/H,. Even though the
metal content was not reported, according to precursors used the calculated
metal weight percentage is about 49%, 36% and 37% for Cu, Ni and Co,
respectively ¥, The CO, hydrogenation tests, at 2 MPa and temperature range
of 200-300 °C using the reaction mixture of Ar/CO,/H,=10%/15%/75% (molar
ratio) showed that the CO, conversion followed the order: Cu/Mo,C<
Mo,C<Ni/Mo,C<Co/Mo,C. Meanwhile, the distribution of products (CO, methanol,
methane and hydrocarbons) depended on M. The selectivity towards CO
followed the order: Co/Mo,C<Ni/Mo,C<Mo0,C<Cu/Mo,C. Ni/Mo,C and Co/Mo,C
catalysts were selective to CH,; and hydrocarbons under the experimental

conditions used 3,

On the other hand, Porosoff et al. prepared a Co-Mo,C catalyst (7.5 wt%)
using an impregnation method and tested in the RWGS reaction at atmospheric
pressure in a CO,/H,=1/2 mixture flow 8. In this case, the addition of Co (7.5
wt%) to Mo,C enhanced the CO, conversion (from 8.7% to 9.5%) as well as the

CO:CHj, ratio (from 15 to 51) at 300 °C.

Moreover, a series of Cu/Mo,C catalysts with different Cu content (1-10%)
were prepared by a co-precipitation method and then a carburization step using
CH4/H,. The synthesized Cu/Mo,C catalysts were tested in the RWGS reaction
using CO,/H,=1/2 at atmospheric pressure. The results showed the improvement
of CO, conversion by the presence of Cu compare to bare Mo,C; the
1wt%Cu/Mo,C catalyst showed higher catalytic activity than the other samples ",
Meanwhile, the interaction between Cu and Mo,C is proposed to enhance the

dispersion of Cu preventing the aggregation of Cu particles. The CO selectivity
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was above 96% over the entire temperature range of 300-600 °C for all the

studied Cu/Mo,C catalysts; the main by-product was CH, [

. Regarding the
method used for the preparation of molybdenum carbides, the most common is
by reaction at high temperature of molybdenum oxides with a mixture of H, and

hydrocarbons (mainly CH,) "#74,

1.4. Mechanism of the RWGS reaction

Understanding the reaction mechanism is helpful to design specific catalysts.
In some cases, the reaction mechanism could change as a function of the
catalyst and the reaction conditions used. The reaction mechanism of the RWGS
has been studied theoretically and experimentally. Two main reaction
mechanisms have been proposed: the surface redox and the formate

intermediate mechanism; these two reaction mechanisms are still being disputed
[75-77]

The surface redox mechanism is the most accepted over Cu-based

catalysts. An oxidation-reduction cycle is proposed to occur on the surface of

copper with the following reaction steps ">"8 7I:
COy,4>CO7 ags (1.4)
CO2,2¢s>COa4stOads (1.5)
COyh4s+>COy (1.6)
Hy g2H4s 2.7)
HagstOads>OHads (1.8)
Hads *OHags > H20 4 (1.9)
H0,4,H20, (1.10)
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Figure 1.4 shows the scheme of the redox mechanism over a Cu-based
catalyst. CO, oxidizes Cu® and generates CO and Cu,O, while the presence of
H, has been proposed to reduce the formed Cu,O to metallic Cu, which is the

active phase; in this process, H,0 is formed and the RWGS is completed ..

CO, CO H,0 H,

o\.J

T ——

Cu® Cu,O

Figure 1.4. The occurrence of the redox mechanism on the Cu surface.

Fujita et al. ™™ have proposed the redox mechanism for the RWGS reaction
over Cu/ZnO catalysts prepared by a co-precipitation method. CO, CHs;OH and
H,O were found when CO,-H, was contacted with the catalyst at 165 °C and
atmospheric pressure. However, only CO was formed when the catalyst was
treated with a CO,-He mixture. Moreover, if H, was introduced after the CO,
treatment, the amount of H,O formed was similar to that of CO previously formed.
Meanwhile, the formation of Cu(l) from CO, dissociation was confirmed by X-ray
photoelectron spectroscopy (XPS) and CO adsorption followed by Fourier-

transform infrared spectroscopy (FT-IR).

Wang et al. B studied the redox mechanism over Cu(111), Cu(100), and
Cu(110) surfaces by DFT calculations. The results suggested that the RWGS is a
structure-sensitive reaction on Cu. The activation energies for CO, dissociation
follow the order: Cu(111)>Cu(100)>Cu(110). The calculations indicated that CO,

dissociation is the rate-determining step.
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As stated above, the decomposition of formate mechanism is also widely

accepted for the RWGS over different catalysts 12768182

. In this case, the
adsorption of CO,, the formation of formate species, and the decomposition of

formate take place. Following, the reaction steps proposed for the formate

intermediate mechanism #9%;
Ha g 2Hags (1.11)
CO,4>COy a0 (1.12)
CO2,ads tHadgs >HCOO 3¢5 (1.13)
HCOO, 4o >CO,qe+OH, g, (1.14)
CO4gs>COy (1.15)
Hags tOHagsoH20 4 (1.16)
H,0, . +H,0 (1.17)

g

The formation of the adsorbed formate species is considered the critical
step. An effective catalyst should be dual functional, with high activity for both,
hydrogenation and C=0 bond scission. Ishito et al. Y reported a high CO
selectivity over v-Al,Os-supported Au catalysts; this was attributed to the
formation of formate species on Au metal and the subsequent decomposition to
CO on y-Al,0s.

Although the redox mechanism is widely accepted for Cu-based catalysts,
the formation of formate intermediate species over Cu-based catalysts has been

also proposed [°79

For ZrO,-promoted Cu/SiO, and Cu/ZrO, catalysts,
hydrogen carbonate species formed from adsorbed CO, can react with H, and

produce formate species 5.
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Dietz et al. studied the RWGS reaction on Pt (111), Rh(111), Ni(111),
Cu(111), Ag(111) and Pd(111) surfaces using DFT analysis " Cu(111), Ni(111)
and Rh(111) surfaces showed a lower CO, dissociation barrier than Pt(111),
Pd(111) and Ag(111). Consequently, the former surfaces favoured the CO,
dissociation to CO and O; it was suggested that CO, dissociation is more
favoured when a stronger interaction metal-O exist. On the other hand, over
Pt(111), Pd(111) and Ag(111) a COOH-mediated mechanism is proposed to take

place.

Although using diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS), the formate decomposition mechanism has been proposed for the
RWGS over MoCy., and Mo,C nanowires 69 other studies have proposed that

the RWGS takes place over Mo,C-based catalysts through the redox mechanism
[63,67,68]

The CO, adsorption onto Mo,C has been theoretically and experimentally
studied. When CO, chemisorbs, it spontaneously decomposes on the catalyst

surface resulting in the CO and O formation (Eq. 1.5) 28]

Then, the adsorbed CO can desorb and the dissociated oxygen atom is
incorporated into Mo,C, leading the formation of oxygen-modified carbide or
molybdenum oxy-carbide (Mo,C-O) *"#%. The last step is the reaction of Mo,C-O
with H,; Mo,C-O species can form Mo,C and H,O when an excess of H, is

present.

Figure 1.5 shows the CO, adsorption and dissociation profile on Mo,C(001)-
Mo determined by DFT calculations %. It indicates that CO and O moieties are
present at the Mo,C(001)-Mo surface .
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Figure 1.5. CO, adsorption profile on M0,C(001)-Mo. Sketches of energy minima and
some intermediate steps are shown. Blue and orange balls denote Mo and C atoms,
respectively. (Reproduced from Reference % with permission from the PCCP Owner
Societies).

1.5. Methanol steam reforming reaction (MSR)

Hydrogen is a promising energy carrier for electricity generation via fuel cell
systems % The chemical storage and transportation of H, into a liquid fuel is
of current interest because it could facilitate the H, use in mobile applications. In-
situ H, production can be achieved by the reforming of alcohols and

hydrocarbons.

Methanol, the simplest alcohol with a high H/C ratio (H/C=4, molar ratio) and
no C-C bonds would be considered as a convenient chemical storage molecule
for H, ©%. Although methanol is nowadays produced from fossil fuels, it can be

also produced from biomass B H, stored in methanol can be in-situ released
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through the catalytic MSR process at moderate reaction conditions, as shown in
Eq. 1.18.

CH;OH+H,0C0,+3H,,  AH°=49.7 kJ/mol (1.18)

During the MSR reaction, the methanol decomposition (Eq. 1.19) and then,
the WGS reaction (Eq. 1.20) could take place 892

CH;OH«—CO+2H,, AH®=90.2 kJ/mol (1.19)
CO+H,0-CO,+H,, AH®=-41.2 kJ/mol (1.20)

Effective and clean H, production through MSR process requires the use of
highly active, selective and stable catalysts. Moreover, the use of stoichiometric
H,O/CH30OH (S/C=1) ratio, to avoid the use of a large excess of water, from a
practical point of view, is highly desirable for a clean H, production via the MSR

process.

Cu-based catalysts have been widely studied in MSR reaction #8899 The
catalytic behaviour of Cu-based catalysts depends on their preparation method

and the presence of promoters 8.

However, Cu-based catalysts show low
thermal stability and sintering at temperatures above 300 °C 934 To improve
the performance of the catalysts and to inhibit the selectivity to CO by-product,
different promoters, such as Al,O3 ZrO,, and CeO, have been used. The
addition of Al,O; to Cu/ZnO catalysts has been reported to increase the Cu
dispersion ! and stabilize the crystal size of Cu, preventing the Cu particles
from aggregation during reduction and reaction °*?1. However, the presence of a
large amount of Al,O; decreases the catalytic activity in MSR reaction and

favours the formation of formaldehyde as a by-product %

Matter et al. ¥ studied the MSR reaction using H,O/CH;OH=1.25 over Zr-
containing CuO-ZnO catalysts. Different calcination temperatures between 350-

500 °C were investigated; catalyst calcined at 350 °C showed the presence of
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amorphous ZrO,, high surface area, and the highest activity in MSR reaction.
They suggested that prereduction is not necessary to activate the zirconia-
containing CuO-ZnO system for MSR reaction . For ZrO,-supported Cu-ZnO-
ZrO, catalyst, the ZrO, support can suppress the sintering of Cu particles during
the reaction, and enhance the catalytic activity and the durability. It was
suggested that the increase of Cu crystallite size lead to an increase in the CO
production . Moreover, the presence of ZrO, has been shown to improve the
catalytic behaviour of Cu-ZnO-Al,O; catalysts in MSR and to decrease the CO
by-product formation ™°. Jones et al. @ also investigated the CuO-ZnO-ZrO,-
Al,O3 system for MSR reaction; the results indicated the presence of a relatively
high population of oxygen vacancies over the catalyst with ZrO, nanoparticles as
support. The strong interactions of Cu-Zr and partially oxidized Cu surface
species contribute to the catalytic activity °?. Furthermore, the promotion effect of
Ga,03; has been recently demonstrated over Cu/ZnO catalyst in the MSR

process %4,

In the present work, several Cu-based catalysts used in the RWGS were
also studied in the MSR 193,

1.6. Objectives and structure of the thesis

1.6.1. Objectives of the thesis

Taking into account the background exposed before, the main objective of
this work is to study the CO, conversion to CO via RWGS under mild conditions
over multicomponent CuZnOGa,03;M,O, (M=Al, Zr) and new Mo.C-based

catalysts.
In this work, the following specific purposes are proposed:

e Preparation and characterization of new Al,O3- and ZrO,-containing

multicomponent CuZnOGa,03-based catalysts and their study in RWGS
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reaction. Evaluation of the catalytic behaviour of CuzZnOGa,0s-based

catalysts in MSR reaction under stoichiometric H,O/CH3;OH ratio.

e Preparation of bulk and supported Mo,C-based catalysts using sol-gel
methods without additional reducing thermal treatment with H, and /or CH,.
Study of their catalytic behaviour in the RWGS reaction in the 275-400 °C
range. Analysis of the well-defined polycrystalline hexagonal Mo,C in the

light of its characteristics and catalytic performance.
1.6.2. Structure of the thesis

The current dissertation has been divided into 5 chapters. This first chapter

briefly summarizes the background, which motivated this study.

In Chapter 2, the characterization techniques, as well as the reaction

systems used for the RWGS and MSR are presented.

Chapter 3 covers the study of CuZnOGa,0;M,O, (M=Al, Zr) catalysts. The
preparation, characterization as well as their catalytic behaviour in RWGS under
3 MPa and atmospheric pressure are presented. This chapter also reports the
catalytic behaviour of multicomponent CuZnOGa,0s-based catalysts in MSR

reaction.

Chapter 4 is devoted to the study of Mo,C-based catalysts. The preparation
and characterization of bulk Mo,C, supported Mo,C and MMo,C (M=Cu, Co)
catalysts are reported. The catalytic behaviour of Mo,C-based catalysts in RWGS

reaction is presented.

Chapter 5 summarizes the most relevant conclusions of this work.
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Experimental section

In this chapter, the characterization techniques applied in this work for the
determination of physicochemical properties of catalysts are briefly described;
The reaction systems of the RWGS and MSR are also presented. The
preparation procedures of the catalysts, as well as the specific reaction
conditions for RWGS and MSR, will be described in chapters 3 and 4.

2.1. Characterization techniques

The calcined, Ho-reduced and post-reaction catalysts were characterized by

the following techniques:

¢ Inductively-coupled plasma atomic emission spectrometry (ICP-AES)

e N, adsorption-desorption isotherms (BET)

e Powder X-Ray diffraction (XRD)

e Raman spectroscopy

e Ho-Temperature programmed reduction (H,-TPR)

e N,O chemisorption

e X-ray photoelectron spectroscopy (XPS)

e Temperature programmed desorption of CO, (CO,-TPD), H, (H,-TPD) and
CO (CO-TPD)

e Chemisorption of CO, and CO studied by in-situ diffuse reflectance
infrared Fourier transform spectroscopy (CO,-DRIFTS, CO-DRIFTS)

e Thermogravimetry-differential scanning calorimetry (TG-DSC)

e Scanning electron microscopy (SEM)
2.1.1. Inductively-coupled plasma atomic emission spectrometry

ICP-AES is a quantitative analytical technique based on emission
spectroscopy. In principle, the excited atoms and ions generated under the
plasma conditions emit electromagnetic radiation characteristic of a particular

element. The concentration of the desired elements is determined by the

35



Chapter 2

intensity of the light emitted at the characteristic wavelengths . For the analysis
of the chemical compositions of the catalysts, the solid samples were properly
digested and consequently the corresponding solutions were prepared and

analyzed.

For Al,Os-containing samples, about 50 mg of samples were digested with 2
mL H,SO,4, 3 mL HNO3z and 3 mL H;PO, at 210 °C in a microwave oven.

For ZrO,-containing samples, 50 mg of samples were digested with 0.5 g
NH,CI, 4 mL HCl and 3 mL H,SO, at 210 °C in a microwave oven.

For TiO,- and SiO,-containing samples, 50 mg of samples were digested
with 4 mL HNO3;, 3 mL H,SO, and 1 mL HF at 210 °C in a microwave oven.

The solutions which contained the digested samples were diluted with HPLC
grade water up to 50 mL and then analyzed by ICP-AES; standarized solutions

were used for quantification.

In this work, ICP-AES measurements were carried out using a Perkin Elmer
Optima 3200RL apparatus in the Scientific and Technological Centers of the
University of Barcelona (CCiTUB).

2.1.2. N, adsorption-desorption isotherms

Physisorption, using N,, is a widely applied method to determine the total
specific surface area of porous materials. The equation of Brunauer-Emmett-
Teller (BET) method is described as

p _ 1 )

X — (2.1)

0”

11 ”

is the relative pressure, “p” is the equilibrium pressure of

adsorbed gas, “p” is the saturation vapour pressure at the adsorption

Where “p/p

“, 0 ”

temperature, “v’ is the volume of the adsorbed gas at relative pressure p/p°, “vp,
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[{pgt)

is the volume of the gas adsorbed when a monolayer is formed, and “c” is a

constant (exponentially related to the energy of monolayer adsorption).

The specific BET surface area (Sger) is given by the Eq. 2.2 B

_Vmp
SBET=0m-nm-NA/m nm—M—m (22)

Where “c,,” (molecular cross-sectional area) is the area effectively occupied

by one molecule of the adsorbate, “n,” is the number of moles of the gas

adsorbed in monolayer, “N,” is the Avogadro constant, “p” is the density of
adsorbed gas (N,), “M,,” is the molecular mass of the adsorbate and “m” is the

mass of adsorbent.

Porosity characteristics were obtained using the information provided by

desorption isotherms, using the method of Barret, Joyner and Halenda .

N, adsorption-desorption isotherms were recorded at -196 °C using a
Micromeritics Tristar Il equipment in the Catalonia Institute for Energy Research
(IREC). Prior to the measurements, the samples were degassed at 250 °C for 5 h
under N, flow. The Sger of catalysts was calculated by multi-point BET analysis

from N, adsorption isotherms.
2.1.3. Powder X-Ray diffraction

Powder X-ray diffraction (XRD) is a characterization technique used to
identify the crystalline phases present in a solid and to estimate the

corresponding crystallite size.

The crystallite size was estimated using the Debye-Scherrer equation .

KA
d= bcosB (2.3)

37



Chapter 2

Where, “d” is the crystallite size, “K” is a constant, “A” is the X-ray
wavelength, “0” is the incident Bragg diffraction angle expressed in radians, “b” is
the corrected full width at half maximum (FWHM) of the chosen peak of the

desired phase. The “b” value is calculated according to the following equation [":

b=[(B*-%) (2.4)

Where “B” is the observed FWHM of the chosen peak of the corresponding

phase, and “B” is the instrumental broadening obtained from a-Al,O3 standard.

In this work, the XRD measurements were performed in CCiTUB using a
PANalytical X’Pert PRO MPD Alpha1 powder diffractometer equipped with a Cu
Ko, radiation in Bragg-Brentano 6/26 geometry of 240 mm of radius. The XRD
profiles were recorded at 20 = 4-100° with a step size of 0.017° and measuring
time of 50 s per step. For Co-containing Mo,C samples, a counting time of 150 s

per step was used.
2.1.4. Raman spectroscopy

Raman spectroscopy is an effective characterization technique which can
be applied for the identification of oxides, and for the characterization of
carbonaceous deposits ®#%. In this work, Raman spectroscopy analyses were

carried out over the fresh and spent catalysts.

Raman spectra were performed in CCiTUB using a Jobin-Yvon LabRam HR
800 coupled with an optical Olympus BXFM microscope, a 532 nm laser and a
CCD detector. Raman spectra were collected in the range of 100-1800 cm™ and
with a laser power limited to 1.5 mW to minimize the laser-heating effects. In
general, for a given sample, Raman spectra were collected at least in two

different zones.
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2.1.5. H-Temperature programmed reduction

H,-Temperature programmed reduction (H,-TPR) experiments were carried
out to study the behaviour of catalysts under H, atmosphere with the temperature.
The reduction temperature and the amount of H, consumption can be obtained
from the H,-TPR profiles. In general, the reduction temperature of a particular
metal oxide depends on its particle size and on the interaction between the oxide
and the support or other components in the catalyst. In our work, H>-TPR was
applied to study the reducibility of Cu®* in multicomponent catalysts and the
potential surface MoO, or molybdenum oxycarbide species on the Mo,C-based

catalysts.

Cold trap

Furnace Cooler system

Figure 2.1. Micromeritics Autochem 1l 2920.

H,-TPR experiments were performed using an Autochem HP 2950
chemisorption analyzer or a Micromeritics AutoChem Il 2920 (Figure 2.1) in IREC
and at the Catalytic Materials (MATCAT) laboratory in the Inorganic Chemistry
section of University of Barcelona (MATCAT-UB). Approximately, 50 mg of
calcined samples were placed in a U-shape reactor and fixed with quartz wool.

Prior to the reduction measurement, the sample was pre-treated at 90 °C for 15
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min under flowing He. After this treatment, the reactor was cooled to room
temperature under He flow, and then the sample was exposed to a flow of H,/Ar
(12% vol/vol). Finally, the temperature was linearly increased up to 800 °C at a
rate of 10 °C/min under continuous H,/Ar flow. A thermal conductivity detector

(TCD) was employed to determine the H, consumption.
2.1.6. N,O chemisorption

N,O chemisorption has been extensively applied to determine the
dispersion of Cu (Dc,) and exposed Cu surface area (Sc,) in Cu-containing
catalysts .. In these determinations, the CuO initially present in the calcined
catalyst was firstly reduced to metallic Cu by H, thermal treatment (Eq. 2.5). After,
the catalyst was exposed to a diluted N,O flow, and it was considered that only
the surface copper atoms were oxidized to Cu,O by N,O (Eqg. 2.6). Lastly, a H,-

TPR experiment was performed and Cu,O was reduced (Eq. 2.7) 7.

CUO+H2—>CU+H20 (25)
2CuSurface"'NZO_’CUZOSurface-"NZ (2.6)
Cu2OSurface+H2—’20uSurface+H20 (2.7)

The amount of H, consumed after the N,O adsorption (Eqg. 2.6 and 2.7) was

used to estimate D¢, and Sc,.

During the realization of this PhD thesis, it was reported that the presence of
ZnO influences the values of D¢, and Sc, calculated using the method exposed
above. During the reduction of CuO (Eq. 2.5), ZnOy in the Cu/ZnO interface can
be formed. Then, during N,O chemisorption, the N,O can react with surface Cu

and with interfacial Cu-ZnO, species ™.

Voxygen(CU-ZnO interface)+N,O0—Cu-ZnO+N, (2.8)
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After this step, the H, consumption will quantify not only the surface copper

but also the interfacial Cu-ZnO, oxygen defects (Voxygen)-

In this work, CuZnOGa,0Os-based catalysts were compared as a function of
the amount of H, consumption after N,O chemisorption. This allows the

estimation of the total amount of surface Cu and oxygen defects.

N,O chemisorption was carried out using a Micromeritics AutoChem 11 2920
chemisorption analyzer in MATCAT-UB laboratory. Prior to the N,O adsorption,
the calcined catalysts were pre-treated at 90 °C for 15 min under flowing He.
Later, the catalysts were in-situ reduced in a H./Ar (12% vol/vol) flow at 275 °C
for 1 h. The samples were then cooled to 50 °C and maintained for 15 min under

He flow.

Afterwards, the samples were contacted with N,O/He (6% vol/vol) flow at
50 °C for 0.5 h. The surface Cu° (Eq. 2.5) generated from the CuZnOGa,Os-
based catalysts during the above reduction step and oxygen defects at the Cu-
ZnO interface will react with N,O to form Cu,O (Eqg. 2.6) and ZnO (Eqg. 2.8). After
the N,O adsorption, the temperature was decreased to room temperature under
He flow, and then the samples were purged with He for 15 min at this
temperature. Finally, the H,/Ar was introduced to the reactor to determine the H,

consumption from room temperature up to 800 °C at 10 °C/min.
2.1.7. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface sensitive analysis
technique which can quantitatively analyze the surface composition of catalysts,
including the chemical state and the atomic concentration of different elements
present on the surface. In principle, a monochromatic beam of X-rays radiation
hits the sample causing the emission of electrons. The kinetic energies of the

emitted electrons are measured by means of an energy analyzer. The binding
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energy (BE) of the electron emitted can be obtained from the following equation
[12].

Eb:hV-Ek-Q (29)

Where “Ey” is the BE of the electron, “E,” is the kinetic energy of the emitted
electrons, “¢”is the work function of the spectrometer and “hv” is the energy of
the incident X-ray. The atomic concentration of the elements on the surface can
be calculated by the Eq. 2.10 *¥;

I /Sy

CESs,

(2.10)

”. “I’!

Where “C,” is the atomic concentration of the element “x”; “I” is the area of
the peak of a particular element and “S” is the corresponding atomic sensitivity

factor.

XPS measurements were performed using a Perkin Elmer PHI-5500
Multitechnique System (Physical Electronics) with an Al Ka X-ray source (hv =
1486.6 eV and 350 W) in CCiTUB. All of the measurements were carried out in
an ultra-high vacuum chamber with a pressure in the 5-10°-2.10® torr range
during data acquisition. The BE values were referred to the BE of C 1s of
adventitious carbon at 284.8 eV. For Mo,C-based catalysts, the C 1s peak
position was determined using as reference the previously calibrated Au 4f;,
peak at 84.0 eV.

2.1.8. Temperature programmed desorption of CO,, H, and CO

Temperature programmed desorption (TPD) is a method widely applied to
study the interaction of a gas with the surface of heterogeneous catalysts. In this
work, CuZnOGa,03-based catalysts were characterized using CO,-TPD and H,-
TPD while Mo,C-based catalysts were analyzed by CO-TPD. All the
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measurements were carried out using a Micromeritics AutoChem HP 2950

chemisorption analyzer in IREC.
CO,-TPD

The sample was first treated under a He flow for 15 min at 90 °C and then
with a Hy/Ar flow (12% vol/vol) for 2 h at 300 °C. Then, the temperature was
cooled down to 35 °C under a He flow and was maintained for 1 h at this
temperature. After, the sample was contacted with a CO,/He (10% vol/vol)
mixture for 1 h at 35 °C. The sample was then purged under flowing He for 2 h.
Finally, the TPD profile was recorded from 35 to 500 °C at 5 °C/min under a He

flow. During desorption, the TCD signal was registered.
CO-TPD

Prior to CO adsorption, the sample was treated with H./Ar (12% vol/vol) flow
for 2 h at 300 °C, then temperature was cooled down to 35 °C under He and kept
for 2 h. Afterwards, the CO/He (10% vol/vol) flow was dosed to the sample at
35 °C. Finally, the temperature was increased to 800 °C with a heating rate of

10 °C/min, under a He flow. During desorption, the TCD signal was registered.
H,-TPD

H,-TPD was carried out similarly to CO,-TPD. In this case, after an initial
treatment with He and H,/Ar flows up to 300 °C, the temperature was
subsequently decreased to 50 °C under Hy/Ar (12% vol/vol) mixture and kept for
0.5 h. Afterwards, an Ar flow was fed into the reactor for 1 h at 50 °C. Finally, the
temperature was linearly increased up to 500 °C at 5 °C/min under Ar. The outlet
gases were monitored by mass spectrometry using an OmniStar GSD32002

equipment.
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2.1.9. Chemisorption of CO, and CO studied by in-situ diffuse

reflectance infrared Fourier transform spectroscopy

DRIFTS is a powerful technique to study the behaviour of catalysts in front
of probe molecules. In this work, CO and CO, chemisorption was followed using
in-situ DRIFTS equipment in IREC.

Measurements were carried out using a Bruker VERTEX 70 FTIR
spectrometer equipped with a liquid nitrogen cooled MCT detector and a Harrick
Scientific HVC-DRP-4 DRIFTS chamber with a thermocouple for temperature
measurement and control. The outlet of the chamber was connected on-line with
a ThermoStar GSD320T1 mass spectrometer. Figure 2.2 shows the Harrick
Scientific HVC-DRP-4 reaction chamber.

Screw

Gas outlet Sample holder

Outletto MS

(N )
Thermocouple
connector

Gas inlet

Cooling ports Heater connector

Figure 2.2. Harrick Scientific HYC-DRP-4 reaction chamber.

A small amount of catalyst (about 20 mg) was deposited in the sample

holder of the reaction chamber. After purging the chamber with He flow, the
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desired mixture (CO/He or CO,/He) was switched to the reaction chamber. The
spectra were taken at a resolution of 4 cm™ by collecting 256 scans in the range
of 400-4000 cm™.

Specific details for CO,-DRIFTS and CO-DRIFTS studies carried out with

different catalysts will be described in the corresponding chapter.
2.1.10. Thermogravimetry-differential scanning calorimetry

In this work, thermogravimetry-differential scanning calorimetry (TG-DSC)
was used to determine the enthalpy of CO, adsorption on Mo,C-based catalysts
at 35 °C. The system contains two cells for the measurement. One of the cells
contains the sample while the other cell serves as reference. The two cells are
maintained at the same temperature during the measurement. The adsorption of
a gas on a solid sample results in a heat exchange. Then, a heat flow signal can
be recorded. The value of the heat flow is obtained according to the Tian

equation 4

dQ dAT
= +c —
— =hAT+c— (2.11)

Where “h” is the heat transfer coefficient and “c” is the heat capacity of the

calorimeter.

The measurements were carried out using a Sensys evo TG-DSC
instrument (Setaram) equipped with a 3D thermal flow sensor. The sample was
firstly in-situ reduced in a H,/Ar (12% vol/vol) flow at 300 °C for 3 h. Then, the
sample was treated at 300 °C for 1 h and at 35 °C for 2 h under Ar flow. After that,
a CO,/He (10% vol/vol) mixture was introduced at 35 °C for 2 h. The exothermic
peak corresponding to CO, adsorption was integrated to provide the total

enthalpy of adsorption. The mean adsorption energy was calculated by
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considering the total amount of adsorbed CO, measured by the mass change of

the sample which is determined by a coupled microbalance.
2.1.11. Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) was used to study the morphology of
catalysts. The combined energy dispersive X-ray (EDX) analysis allowed us to

determine the distribution of a particular element in a specific area of the catalyst.

The morphology and the element distribution of the samples were
determined using a ZEISS Auriga microscope equipped with an EDX detector in
IREC.

2.2. Reaction systems for RWGS and MSR

The catalytic tests of the RWGS reaction were carried out using
Microactivity-Reference units (PID Eng&Tech) at the MATCAT-UB laboratory and
IREC. In all cases, a fixed-bed tubular reactor and different reactant mixture,
CO,/H,/N»,=1/3/1 or 1/1/3 (molar ratio), under reaction pressure of 0.1-3 MPa
were used. The outlet of the system was connected on-line through a

thermostatic transfer line to a gas chromatograph.

Figure 2.3 shows the scheme of the Microactivity-Reference reaction
system used. As shown in Figure 2.3, the reactant mixture of CO,/H, was mixed
with high purity N, before passing through the 6-port valves, and then the mixture
was fed into the reactor downwards contacting with the catalyst. The mass flow
of gas streams was measured and controlled by the means of mass flow
controllers (MFC). Meanwhile, 316 stainless steel sintered filters were placed at
both the inlet and outlet of the reactor to avoid the passing of possible fine

catalyst particles.
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Figure 2.4 shows an overview of the RWGS reaction system used for high
pressure tests which includes the Microactivity-Reference unit (PID Eng&Tech),

a gas chromatograph (GC) Varian 450GC-MS, and a control computer.
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Figure 2.3. Scheme of the RWGS reaction system. MFC, Mass flow controller; PC,
Pressure controller; TC, Temperature controller; M, Electric valve.

GILSON pump
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Touch screen

Hot box temperature
controller

Reactor temperature —
controller

Microactivity-Reference unit

Pressure controller

Figure 2.4. An overview of the reaction system for RWGS.
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The inside view of the hot box is shown in Figure 2.5A. The temperature of
the hot box was maintained at 180 °C during the RWGS reaction test. The
catalyst was placed in a tubular fixed-bed reactor (316-L stainless steel, 305 mm
long, 9 mm i.d.) equipped with a porous plate. The temperature of the reactor
was controlled by a thermocouple which was in direct contact with the catalyst.
The gas flows, reaction temperature and pressure, were remotely controlled by a
Process@ program via Ethernet communication. Figure 2.5B shows the control
panel that can display and modify the gas flow, reaction pressure and
temperature online; while the session table was responsible for the reaction

sequence.

The effluent of reaction was periodically analyzed on-line using a Varian
450-GC-MS (Figure 2.4) equipped with one TCD, two FID and a mass detector.
The TCD channel has a Mol.Sieve 13X column (1.5 m) and uses Ar as carrier.
The FID channels use He as carrier and have Hayesep Q (0.5 m) and CP-Sil 5
CB (25 m) columns. For proper quantification of CO and CO,, they are first
separated then converted into methane using an appropriate methanizer
accessory incorporated into the chromatograph equipment. Then, CH, formed is
determined in one FID channel. Identification of products can be completed when
necessary by the MS detector. The analysis sequence was automatically
controlled by the “SampleList” table which is an internal program of the
workstation for Varian 450 GC.

Experiments performed at atmospheric pressure were carried out using a

similar equipment but with a GC Varian 450 with only TCD and FID.
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Inlet Filter GCprogram Session table of reaction
Heating unit
Thermocouple™

6-ports valve

Oven

Reactor  oytlet Filter Control panel of Microactivity

Figure 2.5. Inside view of hot box (A) and control programs of GC and Microactivity (B).

CO, conversion and product distribution were determined at each
temperature by the average of at least 3 different analyses. The CO, conversion

(Xco,) and selectivity (S;) of each product excluding H,O, are defined as follows:

(Cco,)outlet
X (0 =(1_ 2 >><100 2.12
€Oz (%) (Ccoz)outlet +n*XL(Ci)outlet ( :
(Ci)outlet
1( /0) X(Choutlet ( )

Where (Ci)outer IS the molar concentration of the product “i” in the effluent,

and “n” is the number of carbon atoms in the product.

Catalytic tests of the MSR reaction were also carried out using a
Microactivity-Reference unit (PID Eng&Tech) at MATCAT-UB. In this case, the
Microactivity-Reference unit was coupled with a GILSON liquid pump that
allowed inject at atmospheric pressure the reactant mixture: H,O/CH;OH=1/1
(molar ratio). The outlet of the system was connected on-line through a
thermostatic transfer line to a Varian 4900 micro-chromatograph. The scheme of

the Microactivity-Reference reaction system is shown in Figure 2.6.
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Figure 2.6. Scheme of the MSR reaction system. MFC, Mass flow controller; PC,
Pressure controller; TC, Temperature controller; LC, Level controller; M, Electric valve.

Firstly, the CH3OH/H,O liquid mixture, controlled by the GILSON pump, was
fed at constant flow, evaporated and pre-heated at 160 °C. Then, the
CH30H/H,O gas mixture was mixed with high purity N, and flowed to a 6-port
valve which allows sending the mixture to the reactor, to the analysis system or
to venting. A liquid-gas separator fitted with a high-resolution capacitive level
sensor allowed the condensation of liquids at the outlet of the system. After
condensation, the accumulated liquid (CH;OH and H,O) was removed
automatically by a level control system. The collected liquid was periodically

guantified and analyzed using the Varian 450 GC equipment mentioned above.

50



Experimental section

The gaseous reaction products were analyzed on-line using a Varian 4900
micro-GC equipped with three TCD and three channels. One using Ar carrier and
M5A column (10 m), and the others using He carrier and 5CB (8 m), PPQ (10 m)

columns.

MoreoverThe CH3;OH conversion (Xcu,on) and molar fraction of products (Xi)

are defined as following:

(TOtal ﬂow)outlet -Flow N2

0 —

Xenyon (%) = (Flow CHsOH)merxd 100 (2.14)
Xl(%) — (Ci)outlet x 100 (215)

Z(Ci)outlet

Where (Ci)outlet IS the molar concentration of the product “i” in the effluent.

2.3 References

[1] Mermet JM. Is it still possible, necessary and beneficial to perform research in ICP-
atomic emission spectrometry? J Anal At Spectrom 2005;20:11-16.

[2] Brunauer S, Emmett PH, Teller E. Adsorption of gases in multimolecular layers. J.
Am. Chem. Soc. 1938;60:309-319.

[3] Thommes M, Kaneko K, Neimark AV, Olivier JP, Rodriguez-Reinoso F,
Rouquerol J, et al. Physisorption of gases, with special reference to the
evaluation of surface area and pore size distribution (IUPAC Technical Report).
Pure Appl. Chem. 2015;87:1051-1069.

[4] Barrett EP, Joyner LG, Halenda PP. The determination of pore volume and area
distributions in porous substances. I. Computations from nitrogen isotherms. J.
Am. Chem. Soc. 1951;73:373-380.

[5] Patterson A. The Scherrer formula for X-ray particle size determination. Phys. rev.
1939;56:978-982.

[6] Niemantsverdriet JW. Spectroscopy in catalysis: an introduction. John Wiley &
Sons; 2007.

51


javascript:popupOBO('CMO:0000228','B416511J')

Chapter 2

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

Alexander L, Klug HP. Determination of crystallite size with the X-Ray
spectrometer. J. Appl. Phys. 1950;21:137-142.

Chan S, Wachs I, Murrell L, Wang L, Hall WK. In situ laser Raman spectroscopy
of supported metal oxides. The J. Phys. Chem. 1984,88:5831-5835.

Cai W, Ramirez de La Piscina P, Toyir J, Homs N. CO, hydrogenation to
methanol over CuZnGa catalysts prepared using microwave-assisted methods.
Catal. Today. 2015;242:193-199.

Yuan Z, Wang L, Wang J, Xia S, Chen P, Hou Z, Zheng X. Hydrogenolysis of
glycerol over homogenously dispersed copper on solid base catalysts. Appl.
Catal. B: Environ. 2011;101:431-440.

Fichtl MB, Schumann J, Kasatkin I, Jacobsen N, Behrens M, Schiégl R, Muhler
M, Hinrichsen O. Counting of oxygen defects versus metal surface sites in
methanol synthesis catalysts by different probe molecules. Angew. Chem. Int. Ed.
2014;53:7043-7047.

Imelik B, Vedrine JC (Eds.). Catalyst characterization: physical techniques for
solid materials. Plenum Press, New York, 1994.

Moulder JF, Stickle W, Sobol PE, Bomben KD. Handbook of X-ray photoelectron
spectroscopy. Perkin-Elmer Corporation Physical Electronics Division. 1992.
Cérdoba Sola A. Estudio de catalizadores basados en Pt/TiO, en la
fotoproduccién de H, y otros productos valorizados a partir de etanol. PhD thesis.

2015, University of Barcelona.

52



Chapter 3

Cu-Zn0O-Ga,0;-based

catalysts in RWGS reaction

53






Cu-ZnO-Ga,03-based catalysts in RWGS reaction

In this chapter, the preparation and characterization of new Cu-ZnO-Ga,Os-
based catalysts are presented. The catalytic behaviour of Cu-ZnO-Ga,03-based
catalysts in the RWGS and stoichiometric MSR is also shown. Moreover, the
effect of Ru on the catalyst which showed the best performance in the CO,

reduction to CO was studied under the RWGS conditions used.

Catalysts were characterized after calcination, reduction and catalytic test
using different techniques, such as ICP-AES, N, adsorption-desorption isotherms,
XRD, Raman spectroscopy, H>-TPR, N,O chemisorption, XPS, CO,-TPD, H,-
TPD, TPO and CO-DRIFTS.

3.1. Preparation of catalysts

Figure 3.1 shows the general preparation procedure of CuZnOGa,0O3M,0,

(M=Al, Zr) catalysts.

Al3tor ZrOz*
solution

Zn3+ Ga3+
EDTA EDTA

ED \ ED
[ Mixed solution ]
Treatedat 60 °C, 32 h

‘ Drying at 200 °C, 4 h under air

[ Uncalcined samples ]
' Calcinationat 500 °C, 4 h under air

Catalysts

Figure 3.1. Preparation procedure of CuZnOGa,03M,0y (M=Al, Zr) catalysts.
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The corresponding preparation details of Cu-ZnO-Ga,05-Al,03;, Cu-ZnO-

Ga,03-Zr0O,, and Ru-containing samples are given below:

a)

b)

A series of multicomponent CuZnOGa,O3M,0, (M=Al, Zr) catalysts with
different compositions were prepared on the basis of the sol-gel method
proposed by Mathew et al. for the preparation of pseudo-3D mesoporous v-

Al xM,Os., (Where M=Ti** through Ga*>*) materials .

In all cases, separate 0.5 M aqueous solutions of Cu(NOs3),-3H,0,
Zn(NO3),-6H,O and Ga(NO3);-nH,O containing ethylene diamine tetraacetic
acid (EDTA, 0.5 M) and ethylene diamine (ED, 1 M) were prepared.
Thereafter, appropriate amounts of the above mentioned solutions, which
depended on the composition of the catalyst, were mixed in a beaker with an
aqueous solution containing AI** (AI(NOs3);-9H,0, 0.5 M; EDTA, 0.5 M; ED,
1.5 M) or ZrO* (ZrO(NOs),-xH,O, 0.5 M); the mixture was kept in a
thermostatic bath at 60 °C for 32 h to obtain a gel. Finally, the gel was treated
in an oven at 200 °C for 4 h before subsequent calcination in air at 500 °C.
The catalysts were labelled as CuZnxGaM (M=Al, Zr), where x corresponds
to the weight percentage of Ga,Os in the catalyst. For comparison, a catalyst
Cu-ZnO (CuZn) and two samples without Cu, ZnO-Ga,03-Al,03 (Zn2GaAl)
and ZnO-Ga,03-ZrO, (Zn2GaZr) were prepared.

Ru-containing samples based on CuZn3GaZr were prepared following a
similar preparation method than that mentioned above. The appropriate
amount of Ru(NO)(NO3); solution (Ru 1.5% wl/v, Alfa Aesar) was added to
the solution containing Cu?*, Zn**, Ga®>" and ZrO*" to form the gel. Afterwards,
the gel was treated at 200 °C for 4 h and at 450 °C for 6 h in an oven under
air. The samples were denoted as xRuCuzZnGaZr, where x is the weight

percentage of Ru (0.2-2.0 wt %) in the catalysts.
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3.2. Characterization of catalysts

3.2.1. CuZnxGaM (M=Al, Zr) catalysts

Table 3.1 shows the chemical composition determined from ICP-AES and
the Sger values of the calcined CuZnxGaM (M=Al, Zr) catalysts prepared in this

work.

Table 3.1. Chemical composition, Sger values and, crystallite sizes of CuO and
ZnO calculated from XRD of calcined CuzZnxGaM (M=Al, Zr) catalysts.

Chemical analysis Crystallite size

Catalyst CuO  Ga0;  Al,O;or (riBzZ) dewo  dzno
(Wt.%)  (wt.%)  ZrO,(wt.%) (nm) (nm)
Cuzn 39.6 - - 10.6 30.6 32.8
CuZnl0Ga 39.5 9.9 - 26.4 25.2 21.9
CuzZnlGaAl 35.5 1.4 24.0 44.7 21.1 25.0
CuzZn3GaAl 35.4 2.8 18.0 39.3 20.5 23.7
CuZn6GaAl 27.4 5.7 36.2 462 217 (13.1)7°
Cuznl2GaAl 27.6 12.4 28.7 49.8 25.6 28.0
Cuzn3GaZzr 38.3 2.8 231 43.9 215 23.9
Cuzn7GaZzr 28.0 6.8 34.2 48.3 22.3 284
Zn2GaAl - 2.3 36.1 89.6 - (4.0)2
Zn2GaZzr - 2.4 37.6 39.8 - 16.1

& Crystallite size of ZnAl,O, was determined using the XRD peaks at 26=59.2° and 26=36.7 °
for CuZn6GaAl and Zn2GaAl, respectively.

The bare CuZn catalyst showed the lowest Sger (10.6 m?/g), while the
Zn2GaAl sample showed the highest Sger (89.6 m?/g). Moreover, CuZnxGaAl
and CuzZnxGaZr samples showed higher Sger than that of CuZn10Ga sample.
For the samples with similar Ga,O; (3 wt% and 6-7 wt%) content, the Sger Of
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CuzZnxGaZr was slightly higher than that of the corresponding CuZnxGaAl

sample.

XRD patterns of the calcined catalysts are presented in Figure 3.2. All CuO-
containing catalysts showed the characteristic diffraction peaks that correspond
to monoclinic CuO (JCPDS 01-080-1268).

Except for CuzZn6GaAl and Zn2GaAl, well-defined diffraction peaks
assigned to hexagonal ZnO (JCPDS 03-065-3411) were observed. The XRD
peaks of Ga,0O3; were not detected for any of the Ga,0O3-containing samples. For
Zn2GaAl, all of the observed diffraction peaks were ascribed to the presence of
ZnAl,O, (JCPDS 00-005-0669) spinel phase. Although the presence of
crystalline ZnAl,O, could be also proposed from CuzZnlGaAl, CuZn6GaAl and
CuZnl12GaAl XRD patterns (Figure 3.2), the XRD patterns of ZnAl,O, (JCPDS
00-005-0669) and CuAl,O, (JCPDS 01-076-2295) are similar and this makes
difficult to unambiguously assign the corresponding peaks in CuZnlGaAl,
CuzZn6GaAl and CuzZnl2GaAl patterns . However, the formation of bulk
CuAl,O4 species from CuO and Al,O3 has been reported to be not favoured at a
temperature lower than 612 °C B! Meanwhile, the spinel ZnAl,O, has been
obtained in Cu-free systems prepared using sol-gel methods and calcined at
500 °C %! Taking into account this background, the presence of spinel ZnAl,0,
in the CuZnxGaAl catalysts, can be tentatively proposed. XRD patterns of
CuZnxGaAl catalysts did not show characteristic peaks of Al,Os, this indicates

that if there was some free Al,O; in the solid, its crystallinity was low.

For CuZnxGaZr catalysts, the broad shoulders at 26=28.7-31.1° and
20=49.4-52.5° could be indicative of the presence of tetragonal ZrO, (JCPDS 01-
080-0784) or cubic ZrO, (JCPDS 03-065-0461); tetragonal and cubic ZrO, are
difficult to be clearly distinguished by XRD due to the proximity of their diffraction

lines [,
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Figure 3.2. XRD patterns of calcined CuzZnxGaM (M=Al, Zr) catalysts. (a) ZnO; (&)
ZnAl;Oy4; (¢) CuO.

Table 3.1 also lists the crystallite sizes of CuO and ZnO for the calcined
catalysts calculated using the Debye-Scherrer equation and CuO (111) and ZnO
(110) XRD peaks at 206=38.7° and 56.6°, respectively. The highest crystallite size
of CuO (30.6 nm) and ZnO (32.8 nm) was obtained for the bare CuZn catalyst.
The crystallite sizes of ZnAl,O, were 13.1 nm and 4.0 nm in CuZn6GaAl and

Zn2GaAl, respectively.
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Figure 3.3 shows the Raman spectra of the calcined catalysts. Raman
bands at about 282, 337 and 613 cm™ have been assigned to CuO . However,
in our case, a slight shift of these Raman peaks was observed. This could be due
to a possible interaction between CuO and other components in the catalyst or
related to the particle size of CuO . Peaks at about 434 and 568 cm™ can be
attributed to znO % Furthermore, CuzZnl12GaAl (highest Ga,O; content)
showed a band at 185 cm™ which can be ascribed to Ga,0; ™. Finally, the
Raman spectrum of the CuzZn7GaZr catalyst showed a characteristic band of

tetragonal ZrO, at 141 cm™ according with XRD results 23,

——__ CuzZn7GaZzr

CuzZn3GaZr
. CuZnl12GaAl

CuzZn6GaAl
CuZn3GaAl

Intensity (a.u.)

CuZnlGaAl
e, CUZN10GA

e —— CuZn

200 400 600 800 1000 1200 1400 1600
Raman Shift (cm™)

Figure 3.3. Raman spectra of calcined catalysts.

The H,-TPR profiles of calcined samples are shown in Figure 3.4. Zn2GaAl

and Zn2GaZr samples showed negligible H, consumption in the studied

60



Cu-ZnO-Ga,03-based catalysts in RWGS reaction

temperature range. The values of H, consumption for all CuO-containing
samples appear in Table 3.2. Within the experimental error, a complete reduction
of CuO can be proposed. However, the reduction of other reducible species in

the catalysts cannot be ruled out.

190

CuZn7/GaZr /\265
CuzZn3Gazr /\
Cuzni2GaAl /™~
CuZn6GaAl A
Cuzn3GaAl e
CuZn1GaAl TN
Cuzn10Ga A\
CuZn

[Zn2GaZr
Zn2GaAl
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Figure 3.4. H,-TPR profiles of calcined samples.

All CuO-containing catalysts showed H, consumption peaks at temperatures
below 300 °C. The bare CuZn catalyst showed a slightly asymmetric single H,
consumption peak centered at 230 °C ™%, Broader H, consumption peaks with
different components were observed for the remaining samples. This can be
related to the presence of CuO particles with different sizes or to the different
interactions between the CuO particles and other oxide components in the

catalysts >
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The H, consumption peaks appearing at about 190-195 °C can be ascribed
to highly dispersed CuO or small CuO particles which had a moderate interaction
with other metal oxides *"*®: the presence of oxygen vacancies at the CuO-

oxide interface could facilitate the reduction of CuO species ®.

Table 3.2. Maximum of the CuO reduction peak (Tg¥®) and H,
consumption determined for calcined catalysts from H,-TPR; crystallite
sizes of Cu® and ZnO in the reduced catalysts calculated from XRD

patterns.

H>-TPR dey dzno

Catalyst TR"™  H, consumption (nm) (nm)
(°C) (mol Ha/mol Cu)

CuZn 230 0.98 46.8 35.3
CuZnl10Ga 239 0.96 32.6 18.4
CuzZnlGaAl 258 1.16 35.1 44.5
CuzZn3GaAl 265 1.15 32.2 38.5
CuzZn6GaAl 225 1.18 n.d. (14.7)%
CuzZnl12GaAl 208 1.22 34.5 43.4
Cuzn3GaZr 190 1.08 30.0 24.6
Cuzn7GaZr 195 1.09 25.9 19.2

4 ZnAl,O, phase.
n.d.: not determined

CuzZnlGaAl and CuzZn3GaAl showed a higher reduction temperature than
the other CuO-containing catalysts, this can be related to the presence of larger
CuO particles and/or to a stronger interaction between CuO and the other
species in the catalysts. Moreover, the broadness of the reduction peaks of
CuZnlGaAl and CuZn3GaAl indicates the presence of more heterogeneous
interactions of CuO with other components in these two catalysts ™. The
maximum of the reduction peak of CuO in CuZnxGaZr catalysts was at 190-

195 °C, while all remaining catalysts showed reduction peaks located at higher
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temperatures than 190-195 °C, indicating the presence of a larger amount of
smaller CuO particles in CuZnxGaZr than in the other catalysts. For CuZn6GaAl,
the shoulder located at 190 °C suggests the presence of a small amount of small
CuO particles.

Catalysts were also characterized using XRD after H, reduction at 275 °C,

the corresponding XRD patterns appear in Figure 3.5.
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Figure 3.5. XRD patterns of H,-reduced (T=275 °C) CuzZnxGaM (M=Al, Zr) catalysts. (a)
Zn0; (%) ZnAl,Oy; (V) Cu.
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In all cases, characteristic peaks of cubic Cu® (JCPDS 00-004-0836) were
observed and those of CuO were not, indicating the complete reduction of
crystalline CuO under the conditions used. The diffraction peaks characteristic of
ZnO and ZnAl,O, observed for the calcined catalysts were also found for the
corresponding H,-reduced catalysts. For CuZnxGaZr samples, the broad peak
centered at about 26=30.2° related with the most intense peak of tetragonal or

cubic ZrO, was also found.

The crystallite sizes of Cu® and ZnO were calculated using the diffraction
peaks at 26=43.3° (Cu® (111)) and at 26=56.6° (ZnO (110)); the results are listed
in Table 3.2. For CuZn6GaAl, the crystallite size of Cu® cannot be estimated due
to the proximity of Cu® (111) and ZnAl,O, (400) peaks. The bare CuZn catalyst
presented the largest crystallite size of Cu® (46.8 nm). In general, the crystallite
size of Cu® in Hy-reduced catalysts is higher than that of CuO in the
corresponding calcined catalysts. The crystallite size of ZnO was in the range of
18.4-44.5 nm. After H, reduction, CuZnxGaZr catalysts showed smaller ZnO
crystallite size than H,-reduced CuZnxGaAl catalysts, which in turn showed
higher ZnO crystallite size than calcined CuZnxGaAl samples. For CuZn6GaAl,
the crystallite size of ZnAl,O, after H, reduction was 14.7 nm, only slightly higher

than that after calcination (13.1 nm).

CuZn, CuzZn3GaAl, CuzZn6GaAl, CuzZn3GaZr and CuzZn7GaZr catalysts
were used in the RWGS reaction. The samples were in-situ reduced with H,
before each RWGS test. For this reason, we characterized more deeply these

catalysts after H, reduction.

The Sger values of H,-reduced samples are shown in Table 3.3. After H,
treatment, the lowest Sgervalue (12.7 mzlg) was found for the bare CuZn catalyst.

For the catalysts which have similar Ga,O3; content, CuZnxGaZr showed higher

64



Cu-ZnO-Ga,03-based catalysts in RWGS reaction

Sget Value than the corresponding CuZnxGaAl, similarly to the results of the

calcined catalysts.

Table 3.3. Sger of Hy-reduced catalysts and H, consumption
after N,O chemisorption.

SgET H, consumption (umol/gcar)

Catalyst (m?/g)  after N,O chemisorption
Cuzn 12.7 197
CuzZn3GaAl 21.0 258
Cuzn6GaAl 40.9 292
Cuzn3GaZr 45.5 415
CuzZn7GaZr 52.2 421

After H, reduction of the catalysts, N,O chemisorption was carried out. As
stated in the Experimental section, N,O chemisorption is widely used for the
quantification of Cu® on the surface of catalysts. However, it has been
demonstrated that N,O chemisorption quantifies not only the Cu® atoms but also
the oxygen defects at the interface of Cu-ZnO, in Cu/ZnO/Al,0O; and
Cu/ZnO/MgO catalysts *¥. As mentioned in Chapter 2, catalysts were first
reduced with H,, during this treatment CuO is reduced to Cu (Eq. 2.5) but also
the generation of oxygen defects at the Cu-support interface takes place. During
N,O chemisorption, surface Cu and oxygen vacancies react with N,O to form
Cu,0 and Cu-support interface (Eg. 2.6 and 2.8). After N,O chemisorption, the
formed Cu,O and Cu-support interface were treated with H,, and the amount of
H, consumption was recorded; this amount can be related with the amount of

surface Cu and oxygen vacancies on the catalysts.

The values of H, consumed after N,O chemisorption are shown in Table 3.3.

The values of H, consumption were in the range of 197-421 umol/g.,. The bare
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CuZn catalyst showed the lowest H, consumption, indicating the presence of the
fewest reducible species (Cu,O and reducible species at the Cu-support interface)
after N,O chemisorption. Generally, ZrO,-containing samples showed a higher
value of H, consumption than Al,Os-containing samples. Moreover, a slight
increase of the H, consumption was observed with the increasing of Ga,O3;
content for both CuzZnxGaZr and CuZnxGaAl samples. For the samples which
contain a similar amount of Ga,O;, the corresponding CuZnxGaZr catalysts
showed a higher H, consumption than the corresponding CuZnxGaAl catalysts.
As shown in H,-TPR profiles, CuZnxGaZr catalysts showed well-defined peaks at
a lower reduction temperature than their CuZnxGaAl counterparts (Figure 3.4).
These findings indicate that smaller Cu particles could be present in CuZnxGaZr;
in these catalysts, ZrO, and Ga,O; could favour the Cu dispersion and enable

CuO species to be more easily reduced %,

H,-reduced catalysts were also characterized by XPS. Cu 2p, Zn 2p3, Al 2p,
Zr 3d and Ga 2ps3, core level spectra were recorded; the corresponding XPS
profiles are shown in Figure 3.6. For all the samples, the BE values of Cu 2ps»
were at 932.1-932.3 eV which are usually assigned to Cu® (932.0-932.5 eV) 4,

However, Cu* has been proposed to show similar BE values %2

All the catalysts showed broad O 1s XPS peaks, indicating the presence of
oxide and -OH species on the surface. For CuZnxGaZr, the O 1s peak was
centered at 530.0-530.5 eV, meanwhile, for CuZn and CuzZnxGaAl samples was
at 531.0 eV. This finding indicates the main presence of O% on the surface of
CuZnxGaZr and a higher contribution of -OH species on the CuZn and
CuzZnxGaAl catalysts ®. BE values found for Zn 2ps, (1021.3-1021.9 eV), Al 2p
at (74.1-74.2 eV) and Zr 3ds, (182.0 eV) indicated in all cases the presence of

Zn?*, AP* and Zr** species 1#1:2224-20]
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For all the Ga,Os-containing samples, Ga 2ps, BE values of 1117.5-
1118.20 eV were found. Although according to the literature, these Ga 2p3, BE
values can be attributed the presence of Ga,03 Y, for pure B-Ga,0s, a value of

1119.4 eV has been reported "
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Figure 3.6. XPS profiles of H,-reduced samples.

The surface atomic concentration of reduced catalysts determined by XPS
is shown in Table 3.4. CuZnxGaAl showed lower surface Cu concentration than
CuZn and CuzZnxGaZr samples. In addition, the CuzZnxGaZr catalysts possessed
a higher concentration of surface Zn and Ga than CuZnxGaAl catalysts,

indicating that the presence of ZrO, could favour the surface distribution of Cu,
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ZnO and Ga,0;. CuZnxGaAl catalysts showed mainly the presence of aluminium

species on the surface.

Table 3.4. Surface atomic concentration (O excluded) of
reduced catalysts determined by XPS.

mol/mol (%)

Catalyst

Cu Zn Ga AlorZzr
Cuzn 11.6 88.4 - -
Cuzn3GaAl 4.5 24.1 2.8 68.6
CuzZn6GaAl 6.6 146 33 75.5
Cuzn3GaZr 11.6 45.5 4.9 37.9
Cuzn7GaZr 12.7 27.9 7.5 51.9

H,-reduced samples were also characterized by CO,-TPD, the profiles are
shown in Figure 3.7A. The amount of basic sites present on catalysts is reflected
in the peak area of CO, desorption profile *®. CuznxGaAl and CuzZnxGaZr
showed a broad CO, desorption peak in the temperature range of 50-500 °C; the
corresponding peaks in the CO,-TPD profile of the bare CuZn showed a lower
intensity, that indicates the presence of a lower amount of surface basic sites on
CuZn than on CuzZnxGaM (M=Al, Zr).

Reduced catalysts were also characterized by H,-TPD; H,-TPD profiles of
the reduced samples are shown in Figure 3.7B. The interaction of Cu catalysts
with H, has been studied and used for the characterization of the exposed Cu
sites %, It has been reported that H, desorption from surface adsorbed H atoms
and subsurface atomic H on Cu takes place at about 27 and 287 °C, respectively
1930 Eor Cu-ZnO-based catalysts, H, desorption peaks at about 100-120 °C
have been associated to the desorption of H atoms from highly defective ZnO at

the Cu/ZnO interface % while the peaks in the range 350-500 °C have been
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ascribed to the desorption of H, on bulk Cu particles or on the ZnO surface 32,
Moreover, the dissociative chemisorption of H, on Ga,O3; has been observed at
temperatures above 227 °C; heterolytic adsorption of H, at Ga-O-Ga sites

produces OH and Ga-H, which can recombine and desorb as molecular H, at
temperatures of 400 °C or higher B3
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Figure 3.7. CO,-TPD (A) and H,-TPD (B) profiles of reduced catalysts as a function of
desorption temperature.

In our case, two H, desorption peaks with maxima at about 104-125 °C and
352-382 °C were observed for CuZnxGaM (M=Al, Zr) samples. The Zn2GaZr and
Zn2GaAl samples showed only one desorption peak at the high temperature
range (352-382 °C). Peaks appearing at the low temperature range (104-125 °C)
could be related to the presence of Cu°, probably with atomic H on highly

defective oxide (ZnO, Ga,0O3 or ZrO,) at the Cu-support interface % peaks at
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the high temperature range (352-382 °C) could be ascribed to the adsorption of

H, on the support.

The intensity of the peaks corresponding to CuZn was lower than that of
CuzZnxGaZr and CuZnxGaAl, indicating a higher capacity for H, adsorption of
multicomponent catalysts than the bare CuZn. Moreover, the peak intensity
increased with the increase of Ga content for both CuZnxGaZr and CuzZnxGaAl
samples. This observation could be related with the capacity of Ga,O3; for H,
adsorption ®® and the change of the Cu-support interface with the variation of

Ga,0O3 content.
3.2.2. xRuCuzZnGaZr catalysts

As stated above, xRuCuzZnGaZr catalysts based on CuzZn3GaZr, with
different Ru content (0.2-2 wt%) were prepared, characterized and studied in the
RWGS reaction.

Table 3.5 shows the chemical composition and Sggr of XxRuCuzZnGaZr
catalysts. The Sger values were in the range of 31.3-41.4 m?/g; all the samples

showed a lower Sger than the corresponding CuzZn3GaZr.

Table 3.5. Chemical composition, Sger and crystallite sizes of CuO and ZnO for
calcined xRuCuznGaZr catalysts.

Chemical Analysis Sger  Crystallite size (nm)

Catalyst 2

Ru CuO Ga0; 2zro, (Mm7g) Cuo Zno
0.2RuCuznGazr 0.2 40.2 2.6 20.4 37.6 16.6 20.7
0.4RuCuznGaZzr 0.4 39.6 2.6 20.3 41.4 17.5 21.4
0.7RuCuznGazr 0.7 38.0 2.5 20.4 31.3 16.5 214
2.0RuCuznGazr 2.0 38.8 2.7 20.9 38.7 20.0 24.7
Cuzn3Gazr - 38.3 2.8 23.1 43.9 215 23.9

70



Cu-ZnO-Ga,03-based catalysts in RWGS reaction

The XRD patterns of calcined xRuCuzZnGaZr samples are shown in Figure
3.8. The characteristic diffraction peaks of CuO, ZnO and ZrO, observed for the
calcined Cuzn3GaZr, were also found for all the xRuCuzZnGaZr catalysts. For
2.0RuCuznGaZr, XRD peaks located at 26=28.1° and 54.3° were ascribed to
(110) and (211) peaks of the tetragonal RuO, (JCPDS 01-071-2273). The
crystallite sizes of CuO and ZnO calculated using the Scherrer equation are
listed in Table 3.5. The 2.0RuCuZnGaZr catalyst showed the highest crystallite
sizes of both CuO (20.0 nm) and ZnO (24.7 nm). The CuO crystallite sizes
calculated for xRuCuzZnGaZr were slightly lower than that of CuZn3GaZr (Table
3.5). On the other hand, the crystallite size of ZnO in 2.0RuCuZnGaZr was
slightly higher than that of CuzZn3GaZr, while those of the remaining
XRuCuznGaZr were slightly lower (Table 3.5).
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Figure 3.8. XRD patterns of calcined xRuCuzZnGaZr samples.
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The Raman spectra of calcined xRuCuZnGaZr catalysts are shown in
Figure 3.9. In all cases, the Raman spectra of xRuCuzZnGaZr were similar to that
of the corresponding CuZn3GaZr. Raman bands assigned to CuO centered at
273, 328 and 601 cm™ were observed for all the xRuCuZnGaZr catalysts. The

band located at 434 cm™ related with the presence of ZnO was also visible for
XRuCuzZnGaZr catalysts.

2.0RuCuzZnGaZzr
0.7RuCuzZnGaZr

Intensity (a.u.)

0.4RuCuzZnGaZr

0.2RuCuzZnGaZr
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Raman Shift (cm™)

Figure 3.9. Raman spectra of calcined xRuCuzZnGaZr samples.

Figure 3.10 shows the H,-TPR profiles of calcined xRuCuzZnGaZr catalysts.
The H,-TPR profile of CuZn3GaZr catalyst was also presented for comparison. In
general, for xRuCuzZnGaZr catalysts, the H, consumption peak shifted to lower
temperatures when the Ru content in the catalysts increased. A similar shift of

reduction temperatures was found by Chang et al. for CuO-Zn0O-Al,O3 (30/60/10)
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with 0.5-2.0 Ru wt% catalysts B4 This shift was attributed to the easiness of
dissociative hydrogen adsorption on Ru and then the spillover of hydrogen which
facilitates the reduction of CuO B*3® Taking into account the H, consumption

necessary for RuO, and CuO reduction:
RU02+2H2—)RU+2H20 (31)
CuO+H,—Cu+H,0 (3.2)

The theoretical H, consumption was calculated; the experimental H,
consumption/theoretical H, consumption ratio values were 0.93, 0.97, 0.94 and
0.86 for 0.2RuCuzZnGaZr, 0.4RuCuzZnGaZr, 0.7RuCuzZnGaZr and
2.0RuCuzZnGaZr, respectively. Within the experimental error, a complete

reduction of RuO, and CuO can be proposed.
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Figure 3.10. H,-TPR profiles of calcined xRuCuzZnGaZr samples.
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The CO,-TPD profiles of reduced xRuCuzZnGaZr catalysts are shown in
Figure 3.11. The corresponding profile of CuZn3GaZr sample is presented in
dashed line for comparison purpose. Although slight differences in the profiles
can be seen, in all cases, a broad desorption peak between 50-500 °C was

obtained.
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Figure 3.11. CO,-TPD profiles of reduced xRuCuzZnGaZr catalysts as a function of
desorption temperature.

3.3. Catalytic behaviour in RWGS reaction

As mentioned above, we studied the RWGS reaction over CuZn,
CuZn3GaAl, CuzZzn6GaAl, CuzZn3GaZr, CuZn7GaZr and xRuCuzZnGaZr catalysts;
for comparative purposes, Zn2GaAl and Zn2GaZr were also studied in the
RWGS. The catalytic tests were carried out at a pressure of 3 MPa, temperature
of 250-270 °C, gas hourly space velocity (GHSV) of 3000 h* and using

CO,/H,/N, (1/3/1, molar ratio) as reactant mixture. Prior to each run, the catalysts
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were in-situ reduced in a Hy/Ar (12% vol/vol) stream at 300 °C for 2 h at
atmospheric pressure and then at 3 MPa for 1 h to achieve the total reduction of

CuO species according to H,-TPR profiles (Figure 3.4).

In general, about 150 mg of sieved samples (0.2-0.4 mm) were diluted with

inactive SiC (Prolabo, 0.5 mm) up to 1 mL.

Moreover, the influence of the GHSV and the total pressure on the RWGS
reaction was also investigated over CuzZn3GaZr, which showed the highest

catalytic activity and CO production.
3.3.1. RWGS reaction over CuzZnxGaM (M=Al, Zr) catalysts
Effect of temperature on the RWGS reaction

After reduction at 300 °C and 3 MPa, the temperature was decreased to
240 °C and the samples were then exposed to the reactant mixture CO,/H,/N,
(1/3/1, molar ratio). The sequence of reaction temperatures was 250 °C
(15h)—260 °C (5h)—»270 °C (5h)—250 °C (15h).

Figure 3.12 displays the CO, conversion of CuzZn and CuZnxGaM (M=Al, Zr)
catalysts as a function of reaction temperature. Zn2GaAl and Zn2GaZr showed
quite low activity in the RWGS reaction, the corresponding values of CO,

conversion are listed in Table 3.6.

As shown in Figure 3.12, CO, conversion increased with the increase of
reaction temperature. As stated above, after the increase of reaction temperature
from 250 to 270 °C, the temperature was decreased to 250 °C. Except for
CuzZn6GaAl, in all cases, the initial CO, conversion at 250 °C was higher than

that obtained at 250 °C at the final stage of the catalytic test.
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Figure 3.12. CO, conversion obtained over CuZnxGaM (M=Al, Zr) catalysts. Reaction
conditions: T=250-270 °C, P=3 MPa, GHSV=3000 h™, CO,/H,/N,=1/3/1.

CuZnxGaZr catalysts were more active than CuzZn and CuZnxGaAl catalysts.
For Cuzn3GaZr, the CO, conversion could reach up to 11.2% at 270 °C and 3
MPa. As discussed above, the presence of a larger amount of surface Cu, Ga
and Zn (Table 3.4) in CuZnxGaZr than those on CuZnxGaAl was determined by
XPS. Moreover, N,O chemisorption pointed out the presence of a larger amount
of surface Cu® and oxygen defects at the Cu-support interface on CuZnxGaZzr

when compared with CuZn or CuZnxGaAl catalysts.

Table 3.6 shows the catalytic behaviour of all catalysts in the RWGS
reaction. Although in all cases CO was the main product observed, CH;OH and
very small amounts of CH, were also produced. As expected, in general, the CO
selectivity increased and the CH3;OH selectivity decreased with the increase of
reaction temperature (Table 3.6). CuZnxGaZr showed a higher CO production

than CuzZn and CuZnxGaAl in the overall temperature range studied.
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Table 3.6. Catalytic behaviour in the RWGS reaction of CuzZznxGaM (M=Al, Zr)
catalysts. Reaction conditions: T=250-270 °C, P=3 MPa, COy/Hy/N,=1/3/1,
GHSV=3000 h™.

Catalyst TC) co nvecr:sc? (2) n(%) mm o(I:/gg{:lﬁ s:lj)c:wty (0?34 4
250 2.4 3354 14.0 <0.01
CuZn 260 3.9 5817 8.6 0.01
270 5.3 8098 6.8 0.01
250 15 1634 33.9 1.1
Cuzn3GaAl 260 19 2141 28.3 1.3
270 2.6 3319 21.9 1.4
250 2.6 3879 9.4 0.03
Cuzn6GaAl 260 4.6 7061 6.4 0.03
270 7.5 11788 4.2 0.04
250 6.5 9226 12.7 0.2
CuZn3GaZzr 260 7.9 11635 10.1 0.1
270 11.2 17047 6.9 0.1
250 5.8 8050 14.5 0.01
Cuzn7GaZr 260 7.0 10133 11.8 0.02
270 9.5 14321 8.2 0.02
250 0.1 137 18.9 1.9
Zn2GaAl 260 0.2 207 19.1 1.7
270 0.2 317 18.7 1.4
250 0.1 82 28.9 4.0
Zn2GaZr 260 0.1 118 28.0 3.8
270 0.2 179 27.8 3.5

For CuZnxGaAl, the low catalytic activity could be related with the presence
of a small amount of Cu on the surface (Table 3.4). Although CuzZnxGaZr and

CuZn presented a similar amount of surface Cu (Table 3.4); the CuzZnxGaZr
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catalysts have much higher Sger values and a larger amount of reducible oxide
species at the Cu-support interface than CuZn. We propose that synergy
involving the surface Cu and the oxygen vacancies at the Cu-support interface is
responsible for the better performance in the RWGS reaction of CuZnxGaZr with
respect to CuZn and CuZnxGaAl samples. On this matter, for binary Cu/ZnO
catalysts, an important role of optimized Cu/ZnO interfaces in the activation and
dissociation of CO,, which is considered the rate-determining step of the RWGS

reaction, has been recently proposed E7.

Figure 3.13 shows the XRD patterns of the post-reaction catalysts. After
RWGS reaction, for all Cu-containing catalysts, characteristic peaks of Cu® are
present. However, for CuZnxGaAl, low intensity peaks indicative of the CuO
presence were also found. The absence of characteristic CuO peaks in the XRD
patterns of CuZnxGaZr could be related to the lower reduction temperature of

CuO in these catalysts compared to CuZnxGaAl catalysts (Figure 3.4).
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Figure 3.13. XRD patterns of post-reaction catalysts. “x” corresponds to SiC
impurity used as a diluent in the catalytic tests. Reaction conditions: T=250-270 °C,
P=3 MPa, CO2/H2/N,=1/3/1, GHSV=3000 h™,
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The estimated crystallite sizes of Cu® and ZnO are compiled in Table 3.7.
There are no large differences in the crystallite sizes of Cu and ZnO between the
post-reaction catalysts and those of the corresponding reduced catalysts (Table
3.2).

Table 3.7. Crystallite sizes of Cu® and ZnO in post-
reaction catalysts determined by XRD. Reaction
conditions: T=250-270 °C, P=3 MPa, CO,/H,/N,=1/3/1,
GHSV=3000 h™.

Catalyst dcu (NM) dzno (M)
CuZn 39.4 34.2
Cuzn3GaAl 27.9 33.4
CuzZn6GaAl n.d. (14.6)
CuzZn3Gazr 315 23.8
Cuzn7GaZzr 29.5 23.0

& ZnAl,O, phase.
n.d. not determined

Effect of the GHSV on the RWGS reaction

As was previously pointed out, the highest CO, conversion (11.2%) and CO
production (17047 mmol/Kgeh) were obtained over the CuZn3GaZr catalyst at
270 °C and 3 MPa. The CuzZn3GaZr sample was used to study the effect of
contact time on the RWGS reaction and to investigate the relationship between

CO formation and methanol synthesis under the reaction conditions used.

A new experiment was carried out by varying the GHSV from 10000 h™* up
to 48000 h™* at 270 °C under a total pressure of 3 MPa. The obtained CO,
conversion and corresponding CO and methanol selectivities as a function of
GHSV are shown in Figure 3.14.
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Under the experimental conditions used, CO, reduction by H, mainly
produced CO through the RWGS reaction. The values of CO, conversion highly
changed with the change of the contact time; CO, conversion increased from 5.5

to 12.6% with the increase of contact time.

100 14
S

Co

A Co,

o
o
1
1
—
N

(@)
o
1
1
—
o

A

-~ s
O -.._ . . CHEOH .
! : ! Y T v T v T 4
> 4 6 8 10
10° x (1/GHSV)/h

Figure 3.14. Effect of the GHSV on CO; conversion (Xco,), and CO (Sco) and CH30H
(Schgon) selectivity over the CuZn3GaZr catalyst. Reaction conditions: T=270 °C, P=3
MPa, GHSV=10000-48000 h™, CO,/H2/N»=1/3/1.
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However, only a slight change in CO and methanol selectivity was observed.
These results suggest that CO and methanol are primary products formed

through independent reaction pathways .
CO formation: CO,+H,«>CO+H,0 (3.3)
Methanol synthesis: CO,+3H«>CH30H +H,0O (3.4)

However, we could not discard that a small fraction of CO formed could

come from the decomposition of methanol.
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CH;OH—>CO+2H, (3.5)

Simultaneous formation of CO and CH3;OH has been previously observed
on Cu-ZnO-ZrO, catalysts *®. Competitive elementary steps have been also
proposed for the parallel formation of CO and methanol in the CO, hydrogenation
over Cu-ZnO-based catalysts ¥%4%. Recently, H/D exchange experiments have
been performed on Cu-based catalysts, results suggested that methanol
synthesis and RWGS reaction take place via parallel pathways involving different
intermediates and surface sites [41]; as stated in the Introduction section, RWGS
reaction over Cu-based catalysts more likely proceeds through the surface redox

mechanism 12 431,

Effect of the reaction pressure on the RWGS reaction

Besides the influence of the contact time, the effect of total pressure on the
RWGS reaction was also studied over the CuZn3GaZr catalyst. The experiment
was performed at a constant GHSV of 3000 h™, a temperature of 270 °C and
pressure of 3-0.1 MPa. Figure 3.15 shows CO, conversion and selectivities to
CO and CH30OH as a function of the total pressure used. As expected, the
decrease of total pressure reduced CO, conversion from 10.7% (at 3 MPa) to 5.2%
(at 0.1 MPa). Meanwhile, CH3OH selectivity decreased significantly from 6.7% (3
MPa) to 0.4% (0.1 MPa) with the decreasing of pressure; this catalytic behaviour
corresponds well with the equilibrium shift of the CH;OH formation (Eq. 3.4)
when the pressure decreases. Under these conditions, CH, selectivity was

always below 0.2%.
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Figure 3.15. CO; conversion (E=]), and CO (EZ3) and CH3;OH ([I1) selectivity values as
a function of reaction pressure (0.1-3 MPa) over the CuzZn3GaZr catalyst. T=270 °C,
GHSV=3000 h™, CO,/H2/N,=1/3/1.

Finally, the catalytic behaviour of CuZn3GaZr in the RWGS was studied at
atmospheric pressure in the range 275-325 °C under GHSV of 3000 h™. Before
switching to the reactant mixture, the sample was in-situ reduced in a H,/Ar (12%
vol/vol) flow at 325 °C for 3 h under atmospheric pressure. Then the RWGS was
studied following the sequence: 325 °C (3h)—300 °C (3h)—275 °C (3h). Table
3.8 shows the CO, conversion and selectivity values of products as a function of
temperature. Both CO, conversion and CO yield increased significantly when the
temperature increased from 275 to 325 °C. CO selectivity was 99.7-99.8% in the
mentioned range of temperatures. At temperatures higher than 275 °C, negligible
selectivity to methanol was obtained and only a small amount of CH, was found
(Sch,<0.3%).
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Table 3.8. Catalytic behaviour of CuzZn3GaZr in the RWGS reaction. Reaction
conditions: GHSV=3000 h™, CO,/H,/N,=1/3/1, T=275-325 °C, P=0.1 MPa.

T¢0) CO, conversion CO yield Selectivity (%)
(%) mmol/Kgea®h ~ CO  CH;OH  CH,
325 16.8 27415 99.7 <0.01 0.3
300 9.6 15612 99.8 <0.02 0.2
275 4.6 7472 99.7 0.2 0.1

For CO production, the estimated apparent activation energy (Ea) from
Arrhenius plot (Figure 3.16) was 70.9+3.7 kJ/mol. This value is similar to that
previously reported for CuzZrO,CeO, catalysts with similar Cu content ¥, For
Cu/ZnO-Al and Cu/ZnO-Ga catalysts with a lower Cu content (approx. 10 wt%)
and prepared by impregnation, apparent Ea value of 112 kJ/mol in the 190-250

°C range has been recently reported *!,
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Figure 3.16. Arrhenius plot of CO production over CuZn3GaZr at 275-325 °C. Reaction
conditions: GHSV=3000 h™*, CO,/H2/N,=1/3/1, P=0.1 MPa.
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3.3.2 RWGS reaction over xRuCuzZnGaZr catalysts

As mentioned above, xRuCuzZnGaZr catalysts based on CuzZn3GaZr and
containing 0.2-2.0 Ru wt% were also tested in the CO, reduction by H,
(CO,/H,/N,=1/3/1) at 3 MPa and GHSV of 3000 h in the range of 250-270 °C; the
sequence of reaction temperature was 250 °C (3h)—»260 °C (3h)—»270 °C
(3h)—>250 °C (3h). Prior to reaction, the samples were in-situ reduced at 270 °C
for 5 h. Lee et al. “® have studied the CO, and CO hydrogenation over Ru-
modified Cu/ZnO/Al,O5 catalysts (2 wt%) at 250 °C and 3 MPa; only CO and
CH3;0OH were found when a H,/CO,=4 (molar ratio) mixture was used; the CO,
conversion showed only a slight increase from 7.0 to 7.4% with the presence of
Ru on Cu/ZnO/Al,03, but the methanol yield enhanced !,

Under our conditions, xRuCuzZnGaZr catalysts showed lower values of CO,
conversion than CuZn3GaZr. Moreover, a slight decrease of CO, conversion was
found when the temperature returned back to 250 °C after 12 h of reaction,

compared with the initial CO, conversion at this temperature.

Table 3.9 compiles CO, conversion and selectivity values to CO, methanol
and methane. The highest CH3;OH selectivity (35.0%) was found for
0.2RuCuZnGaZr catalyst at 250 °C under 1.8% CO, conversion; as expected,
the selectivity to methanol decreased when the temperature increased. However,
it is difficult to compare the selectivity values of xRuCuzZnGaZr and Cuzn3GaZr

due to the difference in the CO, conversion.

CO and CH3OH were the main products for 0.2RuCuzZnGaZr,
0.4RuCuznGaZr and 0.7RuCuZnGaZr catalysts, only very small amounts of CH,4
(<0.5%) were observed. Only over 2.0RuCuzZnGaZr, a significant amount of CH,
was obtained under the conditions used. The low CH, selectivity obtained over
XRuCuzZnGaZr (x<0.7) catalysts can be related to the presence of highly

dispersed Ru on the catalysts ",
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Table 3.9. Catalytic behaviour of xRuCuZnGaZr samples in RWGS reaction.
Reaction conditions: GHSV=3000 h™, CO,/H,/N,=1/3/1, P=3 MPa.

. COz. CO vield Selectivity (%)
Catalyst T(°C) con\;;)r‘smn mmoI/f(gcatoh CO _choH  com.
250 1.8 1890 64.7 35.0 0.3
0.2RuCuzZnGazr 260 2.4 2809 71.7 27.9 0.4
270 3.2 4103 77.4 22.1 0.5
250 3.7 4969 81.0 19.0 0.1
0.4RuCuzZnGaZr 260 5.0 7004 85.5 14.4 0.1
270 6.7 9864 89.3 10.6 0.1
250 2.8 3408 74.5 25.4 0.1
0.7RuCuzZnGaZr 260 3.3 4208 78.2 21.7 0.1
270 4.1 5504 82.2 17.7 0.1
250 15 1086 449 28.1 27.0
2.0RuCuznGazr 260 1.6 1186 45.4 25.9 28.7
270 2.1 1743 51.0 21.6 27.4
250 6.5 9226 87.1 12.7 0.2
CuzZn3GaZzr 260 7.9 11635 89.7 10.1 0.1
270 11.2 17047 93.0 6.9 0.1

3.4. Methanol steam reforming over CuOZnO-based catalysts

Calcined CuZn, CuZnl0Ga, CuZnlGaAl, CuzZnl2GaAl, CuzZn3GaZr and
CuzZn7GaZr catalysts were studied in the MSR reaction (Eq. 1.18) under
atmospheric pressure and a GHSV of about 2200 h™. The sieved samples (0.2-
0.4 mm, diameter) were diluted with inactive SiC to reach a catalytic bed of 1 mL,;
different amounts of calcined samples (75-300 mg) were used to keep the
conversion of CH;OH below the 100% under the conditions used. Firstly, the
temperature was increased up to 275 °C at 2 °C/min under a He flow. The MSR
reaction was tested under stoichiometric H,O/CH;OH=1 at 275 °C for 44 h and
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then, the temperature was decreased to 250 °C and the reaction kept under
these conditions for 6 h.

All of catalysts showed similar distribution of products at both temperatures
275 °C and 250 °C; H, and CO, were the main products being in all cases the
H,/CO, molar ratio close to the expected stoichiometric value of 3. Small
amounts of CO were detected as by-product; its molar fraction in the product was

always lower than 0.6%.

The H, production rate obtained at 275 °C as a function of reaction time is
shown in Figure 3.17; meanwhile, the initial and final CHsOH conversion

achieved under the experimental conditions used are listed in Table 3.10.
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Figure 3.17. H, production rate as a function of reaction time during the MSR. Reaction
conditions: T=275 °C, GHSV=2200 h™*, CH3OH/H,0/N»=1/1/1.3 molar ratio, P=0.1 MPa.
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CuZnl1l0Ga showed higher H, production rate than the bare CuZn catalyst,
and lower than CuzZnxGaZr samples. CuZnxGaAl samples resulted in a relatively
low catalytic activity, but showed higher stability than CuzZn and CuzZn10Ga under
the reaction conditions used. Under our reaction conditions, the CuZn3GaZr
catalyst showed the highest H, production rate during the time on stream; the H,
production rate at the final stage of reaction was about 312 mL/gcemin.
Moreover, CuZn3GaZr was more stable than CuzZn7GaZr; for CuZn7GaZr
catalyst, the conversion of CH;OH decreased from 75 to 57% after approximately
44 h in MSR reaction at 275 °C, whereas only a deactivation of 8.5% was
observed for CuZn3GaZr.

Table 3.10. Initial and final (44 h) CH3OH conversion of
CuzZnxGaM (M=Al, Zr) catalysts. Reaction conditions:
T=275 °C, GHSV=2200 h™, CH3;OH/H,O/N,=1/1/1.3
molar ratio, P=0.1 MPa, catalysts=75-300 mg.

CH30H conversion (%)

Catalyst
Initial Final (44 h)

CuZn 63 52
CuZnl0Ga 74 60
CuzZnlGaAl 57 57
CuzZnl2GaAl 88 79
Cuzn3GaZr 82 75
CuZn7Gazr 75 57

As stated above, after the study of MSR at 275 °C, the reaction temperature
was decreased to 250 °C, the corresponding initial and final hydrogen production
rate, as well as the CO concentration and CH3;OH conversion obtained over
CuzZnxGaM (M=Al, Zr) are shown in Table 3.11. The MSR reaction was
maintained about 6 h at 250 °C.
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Table 3.11. H, production rate, CO molar fraction in product and CH3zOH conversion
during the MSR over CuzZnxGaM (M=Al, Zr) catalysts at 250 °C. These measurements
were done after 44 h at 275 °C under MSR. Reaction conditions: T=250 °C,
GHSV=2200 h™, CH30H/H,0/N,=1/1/1.3 molar ratio, P=0.1 MPa, catalysts=75-300 mg.

H, production rate

Catalyst mL(STP)/gcaemin Xco CH3OH
" . (%) conversion (%)
Initial Final
CuznlGaAl 31 30(6h) 0.5 29.2(6h)
CuzZnl12GaAl 90 89(6h) 0.3 43.1(6h)
Cuzn3GaZzr 173 177(6h) 0.3 42.9(6h)
Cuzn7Gazr 139 125(5h) 0.4 30.3(5h)

CuZnxGaZr catalysts also showed a higher catalytic activity in MSR reaction
at 250 °C when compared with CuZnxGaAl. In all cases, the value of CO molar
concentration at 250 °C was lower than that obtained at 275 °C, indicating that

CO formation could result from the RWGS reaction.

As discussed above, the catalysts prepared in this work are highly active for
the RWGS reaction. The higher catalytic activity in the MSR of CuZnxGaZr when
compared with CuZnxGaAl could be related with the higher reducibility of the
CuZnxGaZr catalysts which can help to maintain the active site of Cu during the
MSR reaction. Furthermore, the characterization by N,O chemisorption and XPS
indicated the presence of a high amount of surface Cu and interfacial oxygen

vacancies on CuzZnxGaZr.
Characterization of post-reaction catalysts

After the MSR catalytic tests, the samples were characterized by XRD,

Raman spectroscopy, TPO and DRIFTS.

The XRD patterns of the catalysts after MSR reaction are shown in Figure
3.18. In all cases, the characteristic peaks of Cu® (111) and Cu® (200) at 26=43.3°
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and 50.4°, respectively, can be observed. Meanwhile, except for CuZnl0Ga
catalyst, the most intense diffraction peak of CuO was still visible at 26=38.8°.
For CuzZnxGaAl catalysts, the peaks centered at 26=31.2, 36.8, 44.6, 55.7 and
59.3° were ascribed to the ZnAl,O, crystalline phase, as has been already
proposed for the calcined catalysts. Moreover, for the post-reaction CuzZnl1GaAl,
the presence of a small peak located at 26=42.3° fitted well with the (200)
diffraction line of Cu,0O (JCPDS 01-078-2076).

\% CuzZn7GaZr
A

CuzZn3GaZr

CuZnl2GaAl
.r—‘ %

CuZnlGaAl

Intensity(a.u.)
<

A S
A/

CuZn10Ga
A \V a

CuZn

25 30 35 40 45 50 55 60
20(degree)
Figure 3.18. XRD patterns of catalysts after MSR reaction. (a) ZnO; (&) ZnAl,O4; (V)
Cu; (s) Cu,O; (e) CuO. Reaction conditions: T=250 °C, GHSV=2200 h?,
CH30H/H,0/N,=1/1/1.3 molar ratio, P=0.1 MPa, catalysts=75-300 mg.
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For all post-reaction catalysts, the crystallite size of Cu’ was calculated
using the Debye-Scherrer equation and the XRD peak at 26=43.3°. The values of
Cu crystallite size were 54 nm (CuZn), 42 nm (CuzZn10Ga), 40 nm (CuZn1GaAl),
39 nm (CuzZnl2GaAl), 39 nm (CuzZn3GaZr) and 40 nm (CuZn7GaZr),
respectively. The bare CuZn catalyst resulted in a higher Cu® crystallite size than
that of other catalysts containing Ga,O3; and Al,O3; or ZrO, components, which
could play a textural promoter role. The crystallization of the Cu species could be

restricted in these multicomponent systems due to interfacial contact 2.

Raman spectroscopy was performed to study the carbon deposits of the
post-reaction catalysts. Carbon deposits generally present two specific Raman
bands at about 1340 cm™ (D band), which is characteristic for poorly structured
carbonaceous deposits, and 1580 cm™ (G band), which is assigned to well-
structured carbon deposits . Figure 3.19 shows the Raman spectra of post-
reaction catalysts in the 1100-1700 cm™ region, in which both D and G bands

could be found.
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Figure 3.19. Raman spectra of catalysts after MSR reaction.
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Raman spectra of post-reaction catalysts do not show significant bands
related with the presence of carbonaceous deposits. Moreover, TPO analysis
followed by TG-MS of post-reaction catalysts only show the evolution of reactant
species and a very small amount of CO, at temperatures lower than 250 °C, this
confirmed the formation of a negligible amount of carbon deposits during the
MSR catalytic test.

Used catalysts were also studied by DRIFTS-MS. Post-reaction catalysts
were in-situ treated in the DRIFTS chamber under He flow up to 250 °C, until no
evolution of adsorbed products was detected. The temperature was then cooled
down to 25 °C, and the spectra were registered. The corresponding DRIFT
spectra in the 1750-1250 cm™ region, in which the characteristic infrared
absorptions of carboxylate and carbonate species are expected, are shown in
Figure 3.20A.

In all cases, broad bands with different relative maxima in the 1600-1350
cm™ region were obtained. Some differences can be observed in this region; for
post-reaction CuzZn7GaZr, CuZn and CuZn10Ga catalysts, a band at about 1595
cm™ could be reasonably related to the v,(COO) of formate species over ZnO
and/or Ga,03, while the v4(COOQO) vibration mode could be present below 1400
cm™ % For post-reaction CuzZn7GaZr, the band at 1595 cm™ was more visible
(Figure 3.20A), indicating the presence of more abundant formate species on
ZnO and/or Ga,O3; components, and this may be related with the observed
progressive deactivation of this catalyst. For Cu/ZnO and Cu-Ga/ZnO systems
after MSR reaction, bands at 1605-1533 cm™, 1379-1351 cm™ and 1385-1380
cm™ have been assigned to the vu(COO), v{(COO) and &(CH) of different
surface formate species ®”. In our case, the presence of different formate
species was confirmed by the v(C-H) vibrations observed in 2975-2840 cm™
region (Figure 3.20B). Moreover, as shown in Figure 3.20B, a very low intensity

band at about 2727 cm™ which could be attributed to the characteristic v(C-H) of
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adsorbed formaldehyde P2 was also visible in the spectrum of CuzZn10Ga
catalyst. According to the above discussion, we propose the presence of different
surface formate species on CuZnxGaM (M=Al, Zr) post-reaction systems.
However, the specific assignation of the bands is not straightforward and the
simultaneous presence of surface carbonates species cannot be ruled out; the vs

vibration mode of free CO5* ion can give an infrared band at about 1440 cm™.

(A) Joa]  [®) =

Absorbance
Absorbance

T+ T ' 1T ' T T 1 — T T T T T T T 1
1700 1600 1500 1400 1300 3200 3100 3000 2900 2800 2700

Wavenumber (cm™) Wavenumber (cm™)

Figure 3.20. DRIFT spectra of post-reaction MSR catalysts, registered at 25 °C
previous He treatment at 250 °C. (A) 1750-1250 cm™ region; (B) 3200-2650 cm™ region;
(@) Cuzn7Gazr; (b) Cuzn3GaZr; (c) CuZn; (d) CuzZnl0Ga; (e) Cuznl2GaAl; (f)

CuZnl1lGaAl.

The post-reaction catalysts were further characterized by CO chemisorption
followed by in-situ DRIFTS. Prior to CO adsorption, the post-reaction catalysts
were also in-situ treated in the DRIFTS chamber under a He flow up to 250 °C,
until no evolution of adsorbed products was detected. The temperature was then

cooled down to 25 °C under He flow. After, the sample was exposed to a CO/He
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(10% vol/vol) mixture at 25 °C for 20 min. Then, the flow was switched to He, and
the final spectrum was registered at 25 °C. The spectra were obtained at a
resolution of 4 cm™ by collecting 256 scans. The corresponding spectra

registered in the v(CO) region for all the catalysts are shown in Figure 3.21.
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Figure 3.21. DRIFT spectra of post-reaction MSR catalysts after CO chemisorption at
25 °C.

Bands between 2150 and 2075 cm™ could be related to the coordination of
CO on Cu sites 3. Cuzn1GaAl and CuzZn12GaAl which showed a lower activity,
showed very low intensity v(CO) bands, indicating the presence of a lower
number of available Cu species on the surface of these two catalysts than on the

remaining catalysts.

For CuzZn and CuZn10Ga, the observed broad band can be related to the

contribution of CO coordinated to different Cu sites with different oxidation states;
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after MSR, Cu?*, Cu* and Cu® species may co-exist on the surface of CuzZn and

CuZnl10Ga; a v(CO) band at 2106 cm™ has been related to the presence of Cu”

species %% For Cuzn7Gazr and Cuzn3GaZr, a more intense and clear band

was observed at 2099-2097 cm™, this band was attributed to the CO coordination

on metallic Cu sites °°°3 indicating the main presence of Cu® on the surface of

the catalysts. As discussed above, CuO present in CuZnxGaZr catalysts can be

easily reduced to metallic Cu at low temperature, which favouring the

performance of these systems under the MSR used.
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Mo,C-based catalysts in RWGS reaction

In this chapter, the study of Mo,C-based catalysts for CO, conversion to CO
under RWGS reaction conditions at moderate reaction temperature and

atmospheric pressure is presented.

The chapter contains three sections corresponding to the study of: i) Bulk
Mo,C catalysts; ii) y-Al,Os-, TiO,-, SBA-15- and SiO,-supported Mo,C-U catalysts;
and iii) Cu- and Co-modified Mo,C-U catalysts. The preparation of the different
catalysts, as well as their characterization before and after the catalytic test is
presented. The catalytic tests were carried out at atmospheric pressure using
CO,/H,/N,=1/1/3 and CO,/H,/N,=1/3/1 (molar ratio) reactant mixtures in the
temperature range of 275-400 °C.

4.1. Bulk Mo,C catalysts

4.1.1 Preparation of bulk Mo,C catalysts

As stated in the Introduction section, Mo,C materials are usually prepared
by reaction at high temperature of molybdenum oxides, generally MoO3;, with
mixtures of H, and hydrocarbons (CH,, C,Hs) 3. However, these preparation
methods involve high cost and extreme operation conditions ®. Thus, the
development of a cheap and easy to handle preparation method of Mo,C-based
materials is of great interest. In this context, the use of a sol-gel process in the
presence of a carbon source would be an alternative method for a suitable

synthesis of Mo,C-based catalysts .

In the present work, bulk Mo,C catalysts were prepared using sol-gel
methods employing different carbon sources. Figure 4.1 shows the general
scheme of the preparation procedure. In all cases, the Mo precursor (MoCls or
(NH4)sM070,4-4H,0) was mixed with the carbon source in water or ethanol to
form a viscous solution. This viscous solution was then treated at 60 °C in an

oven under air to form a gel. After this, the sample was transferred into a quartz
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tube reactor and then treated under Ar flow at 2 °C/min up to 150 °C and
maintained 3 h; subsequently, the temperature was increased at 3 °C/min up to
800 °C and kept 3 h. Finally, the reactor was cooled down to room temperature
under Ar flow and the catalyst was exposed to the ambient air, without any
passivation procedure.

Alcoholic/aqueous solution of
Mo precursor+carbon source

g C Air
Two days

Thermal
treatment

2°C/min, 150 °C kept 3 h
3°C/min , 800 °C kept 3 h

>
=

Figure 4.1. The scheme of Mo,C preparation.

Three different sources of carbon were used: urea, a mixture of citric acid
and urea in the presence of ethylene glycol, and, a mixture of EDTA and ED. The
resulting catalysts were labelled as Mo,C-U (urea), Mo,C-CA (citric acid, urea
and ethylene glycol) and Mo,C-E (EDTA and ED).

The preparation of Mo,C-U was carried out on the basis of the study of

Giordano et al. ®. Solid urea (urea/MoCls=7, molar ratio) was added with
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continuous stirring to an ethanol solution of MoCls (1.3 M). Then, the sample was

thermally treated as described in Figure 4.1.

The preparation method of Mo,C-CA was based on that described by Zhao
et al. ®. The (NH,)sMo0;0,,-4H,0 precursor was dissolved into an aqueous
solution of citric acid with continuous stirring until a clear solution was obtained.
Besides citric acid, we added solid urea to the solution to achieve a molar ratio of
(NH,)sMo070,4-4H,0/citric acid/urea of 1/7/7. Meanwhile, an appropriate amount
of ethylene glycol (citric acid/ethylene glycol=1, molar ratio) was used for
promoting the polymerization. Then, the sample was thermally treated as

described before.

The preparation of Mo,C-E was carried out following a new method
proposed in this work. (NH,)sM0;0,4-4H,0 was used as molybdenum precursor;
EDTA and ED were the carbon sources. Solid EDTA was first dissolved in an
appropriate aqueous solution of ED. Then, the Mo precursor was added to the
solution under continuous stirring to achieve the target concentration of Mo
([Mo]=0.25 M). The molar ratio of (NH4)e¢M0,0,4-4H,O/EDTA/ED was 1/3.5/7.

Then, the viscous solution was thermally treated as described in Figure 4.1.

In Annex Il, specific experimental details for the preparation of Mo,C-U,

Mo,C-CA and Mo,C-E samples are given.
4.1.2. Characterization of bulk Mo,C catalysts

The BET surface area of Mo,C-U, Mo,C-CA and Mo,C-E were 7.7, 14.5 and

8.9 m?/g, respectively.

Figure 4.2 shows the XRD patterns of fresh Mo,C catalysts prepared using
the different methods; different crystalline phases of Mo,C were identified. XRD
peaks of Mo,C-U can be clearly assigned to the only presence of hexagonal
Mo,C phase (JCPDS 00-035-0787). However, the XRD patterns of Mo,C-CA and
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Mo,C-E showed broad peaks, which besides the presence of hexagonal Mo,C
(most intense peak at 20=39.3°), pointed to the presence of different phases:
cubic Mo,C (JCPDS 0-015-0457) and/or cubic MoC (JCPDS 03-065-0280).
Using the Scherrer equation and the diffraction peak at 26=61.6°, the crystallite
size of Mo,C was calculated. The obtained values were 35.2, 12.2 and 4.6 nm for
Mo,C-U, Mo,C-CA and Mo,C-E, respectively.

I Cubic |\/|02C
I Cubic MoC

5
s
2 [
k7]
c
)
< Mo C-U k

Mo C-CA \\\__ " PAL

Muse,
Mo C-E N
0C » N \\_____4" ~|\
T T T T T T T T T T T
20 30 40 50 60 70 80
20 (degree)

Figure 4.2. XRD patterns of MoxC samples prepared using different methods.

Raman spectra of different zones were recorded to investigate the possible
presence of molybdenum oxides and/or residual carbon in the catalysts. It has
been reported that the surface of freshly prepared carbides can be easily
oxidized when carbides are exposed to air [". The surface oxidation of Mo,C by
0,, CO, and H,0 has been studied by in-situ FT-IR spectroscopy; the formation

of a thin layer of protective oxycarbide has been proposed when mild oxidants
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such as CO, or H,O react with Mo,C/Al,O3; however, this surface oxidation is

more difficult to control when O, is used for passivation [,

Representative Raman spectra of fresh Mo,C samples are shown in Figure
4.3. The Raman spectra of Mo,C-CA and Mo,C-E, showed the presence of
characteristic D (~1350 cm™) and G (~1595 cm™) bands, which correspond to the
presence of poorly-structured carbonaceous deposits and well-structured carbon
deposits, respectively. For Mo,C-U, a negligible presence of free carbon can be

proposed.

On the other hand, as can be seen in Figure 4.3, the Raman spectra are
complex, exhibiting different bands in the 100-1000 cm™ region. These bands
can be related to the presence of different surface molybdenum oxide species

such as MoO; and other intermediate oxides MoOg,

. The presence of
different molybdenum oxide species could be a result of surface oxidation when
the samples were exposed to air ). Raman bands at about 996, 823 and 667 cm
! are characteristic of orthorhombic MoO; %2 and those at 850 and 775 cm™

are related to the presence of monoclinic MoO3 214,

Raman spectra in Figure 4.3 indicate a heterogeneous distribution of

surface molybdenum oxide species at least for Mo,C-U and Mo,C-E samples.
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Figure 4.3. Raman spectra of fresh Mo,C catalysts in two different representative zones.

The reducibility of the catalysts was studied by H,-TPR; the corresponding

profiles are shown in Figure 4.4. Three different H, consumption zones were
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observed: low temperature (below 325 °C), medium temperature (325-525 °C)

and high temperature (above 625 °C).

MoXC-U

TCD Signal (a.u.)

1 d 1 d 1 d 1 d 1 d 1 1 d
100 200 300 400 500 600 700 800
Temperature (°C)

Figure 4.4. H,-TPR profiles of fresh Mo,C samples.

H, consumption at temperature below 325 °C has been related with the
existence of molybdenum oxycarbide species *°. Thus, H,-TPR peaks at 220,
255 and 281 °C for Mo,C-U, Mo,C-CA and Mo,C-E, respectively, could account
for the reduction of molybdenum oxycarbide. The H, consumption observed in
the 325-525 °C region for these three samples could be due to the reduction of
surface MoO; species to MoO,, which could take place through different
intermediate species [l The reduction of MoO, to Mo is expected at
temperature above 527 °C M®. The observed H,-TPR peak at 734 °C for Mo,C-
CA and Mo,C-E could be due to the reduction of surface MoO,. However, we

cannot discard that at this temperature H, could react with residual carbon
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deposits in Mo,C-CA and Mo,C-E, then, the formation of CH, could mask the
TCD signal.

Mo,C catalysts were also characterized by XPS; the Mo 3d, C 1s and O 1s
core levels were analyzed. The XPS results confirmed the absence of N and ClI
species on the surface of the catalysts. Figure 4.5 shows the XPS profiles of Mo

3d core level of fresh Mo,C catalysts.

It can be seen that Mo 3d spectra are complex. However, they can be
properly analyzed by deconvoluting into four Mo 3ds,-Mo 3djz, doublets.
According to literature, the ratio of the intensity of Mo 3ds, peak to Mo 3ds, peak

was fixed to be 1.5 and their splitting was set to 3.1 eV 19,
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Figure 4.5. XPS profiles of Mo 3d core level of fresh MoC catalysts.
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The spectra can be analyzed taking into account the different chemical state
of molybdenum species. Mo 3ds, components at 233.0-233.4 eV, 231.8-232.2
eV, and 229.6-230.0 eV were assigned to Mo®*, Mo®* and Mo** surface species,
respectively *#2% which may indicate the presence of surface MoO3;, MoO, and
several oxide intermediate species. Although a peak at 228.9 eV has been
ascribed to a molybdenum suboxide *!!, the Mo 3ds, peak observed at 228.8-
228.9 eV can be related to the presence of Mo,C and/or oxycarbide species 2°?%;
this peak is more intense for Mo,C-E than those of Mo,C-CA and Mo,C-U.
Raman spectra of Mo,C-E (Figure 4.3) showed bands of very low intensity in the

zone characteristic of molybdenum oxide species.

The corresponding BE values of Mo 3ds, for fresh catalysts are summarized
in Table 4.1.

Table 4.1. BE values of Mo 3ds, for fresh MoC catalysts.

BE (eV)
CatalySt M02<8+<3 MO4+ M05+ M06+
Mo,C-U 228.8 230.0 232.1 233.2
Mo,C-CA 228.8 229.6 231.8 233.0
Mo,C-E 228.9 230.0 232.2 233.4

The high resolution C 1s spectra of fresh catalysts are shown in Figure 4.6.
As stated in the Experimental section, the adventitious carbon peak at 284.8 eV
was previously determined using Au as reference. In all cases, the C 1s spectra
show an intense broad and asymmetric peak with maximum at 284.8 eV, that
can be deconvoluted into four components at 283.5-283.8 eV, 284.8 eV, 285.7-
286.2 eV and 288.7-289.2 eV. Components at about 283.5-283.8 eV are

assigned to Mo-C in molybdenum carbide and/or oxycarbide species 2%
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whereas those at higher BE, 285.7-286.2 eV and 288.7-289.2 eV, are related to
C-0O and O=C-0, respectively %",

Mo C-U

Intensity (a.u.)

092 200 288 286 284 282 280
Binding energy (eV)
IVIOXC-CA 284.8

Intensity (a.u.)

292 290 288 286 284 282 280
Binding energy (eV)
MO C-E 284.8
X

Intensity (a.u.)

202 200 288 286 284 282 280
Binding energy (eV)
Figure 4.6. XPS profiles of C 1s of fresh Mo,C catalysts.
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The XPS profiles of O 1s are shown in Figure 4.7. In all cases, the spectra
show a main broad and asymmetric peak centered at about 531.1 eV, which can
be related to Mo-O bonds in molybdenum oxide and/or oxycarbide species on
the surface 22?2228 The observed shoulder at high BE is associated to residual

oxygen species bonded to carbon (C-O and C=0) [2:2223.26]

Mo C-U 53?-1 Mo C-CA 531.0

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

538 536 534 532 530 528 538 536 534 532 530 528
Binding energy (eV) Binding energy (eV)
Mo C-E 5312
X i

Intensity (a.u.)

538 536 534 532 530 528
Binding energy (eV)

Figure 4.7. XPS profiles of O 1s of fresh MoC catalysts.

The morphology of prepared Mo,C samples was studied by SEM. The
images of Mo,C samples at low and high magnification are shown in Figure 4.8.
For Mo,C-U and Mo,C-CA, similar morphology with rough and smooth surfaces
was found. On the other hand, the Mo,C-E sample showed the presence of

uniform rods.
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Figure 4.8. SEM images of fresh Mo,C catalysts.

For Mo,C-U sample, the EDX analysis was performed to measure the
distribution of different elements; the corresponding mapping images are shown
in Figure 4.9. The presence of Mo, C and O can be observed; the presence of
oxygen was related to the existence of surface molybdenum oxide and/or
oxycarbide species formed during the preparation and/or when the Mo,C-U
sample was exposed to air; these results accord with Raman, TPR and XPS

results.
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Figure 4.9. SEM images and element distribution determined by EDX of fresh Mo,C-U.

Taking into account that the Mo,C-U catalyst showed by XRD the only
presence of hexagonal Mo,C, this catalyst was more deeply characterized using
different techniques. Moreover, the experimental results obtained with this
catalyst have been successfully interpreted from periodic DFT calculations,
employing a realistic consideration of the most stable Mo,C surfaces in the frame

of a collaboration with the group of Prof. F.lllas (University of Barcelona) %%,

Thus, Mo,C-U was further characterized by in-situ DRIFTS using CO and
CO, as probe molecules. The sample was first treated in-situ in the DRIFTS cell
under a He flow up to 300 °C, and then cooled to 35 °C under He. Afterwards a
CO/He (10% vol/vol) or CO,/He (10% vol/vol) mixture was admitted at 35 °C and
contacted with the sample for 20 min. Before recording the final spectra, the

sample was exposed to He flow and cooled down to 25 °C. The corresponding

116



Mo,C-based catalysts in RWGS reaction

final spectra were recorded at 25 °C in the range of 400-4000 cm™ by collecting

256 scans at a spectral resolution of 4 cm™.

Figure 4.10 shows the CO-DRIFT spectrum of Mo,C-U in the 2250-1250 cm’
! region. After CO adsorption, the spectrum shows several bands below 2000 cm’
- the assignation of these bands was done on the basis of theoretical
calculations %, The observed bands at 1919, 1827, 1772, 1747, 1647, and 1585
cm™ were ascribed to the stretching modes of CO adsorbed on the (201)-Mo/C
terminated surface of hexagonal Mo,C; the two bands at 1772 and 1747 cm™
were related to the symmetric and asymmetric coupling of adsorbed vicinal CO
groups. Bands at 1507, 1458 and 1415 cm™ were assigned to CO adsorbed on
(001)-Mo and (001)-C terminated surfaces of hexagonal Mo,C. The bands at
1993 and 1945 cm™ were related to CO adsorbed on different sites of (001)-C
and/or (101)-Mo/C surfaces of hexagonal Mo,C. The band at 1699 cm™ is of
difficult assignation from the DFT calculations done; the presence of defects, CO
adsorption on other less-stable surfaces or the change of CO vibrational

frequency by neighboring oxygen adatoms could contribute to this band 2.
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Figure 4.10. DRIFT spectrum after CO adsorption on MoxC-U at 35 °C.

Moreover, after CO adsorption on Mo,C-U, two weak broad bands centered
at 2163 and 2063 cm™ were also observed. A band at 2183 cm™ has been
ascribed to the coordination of CO on Mo®" sites ), However, a band at 2196
cm™ has been related to ketene species for the Mo,C/Al,O5 system ©. Although
DFT calculations indicated that the band at 2163 cm™ could be related to C=C=0
(ketene) species on (001)-C surface ®® the contribution to this band of CO
coordinated to Mo®* species can also be reasonably proposed "**. The band at
2063 cm™ was assigned to the coordination of CO on surface Mo"™ sites (n<4),
likely molybdenum oxycarbide species. Previous work of CO adsorption onto
Mo,C/Al,O5 reported the observation of bands at 2054 and 2081 cm™ that were
attributed to CO adsorbed on Mo™ and Mo sites, where 0<m<2<k<3,

respectively [

To analyze in depth the CO adsorption, the TPD of CO was carried out; the
profile is shown in Figure 4.11. Prior to the CO adsorption, the Mo,C-U sample
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was treated with He or H,/Ar (12% vol/vol) flow at 300 °C; the obtained CO-TPD
profiles were similar, and only that of the H,-treated Mo,C-U is shown. A total
adsorption of 0.24 mmolCO/g was determined from TPD profile. A broad CO-
TPD profile with several relative maxima was obtained (Figure 4.11). The
broadness of the profile indicates the presence of different adsorption sites with
different adsorption energies. The peaks at 142 and 190 °C could be related with
CO desorption from the most stable (101)-Mo/C surface of hexagonal Mo,C %2,
Moreover, CO adsorbed on (001)-C surface could also contribute to the TPD
peaks at a temperature lower than 327 °C, while CO adsorbed on (201)Mo/C and

(001)-Mo surfaces could be responsible for the CO desorption above 327 °C 2%,

Intensity (a.u.)

T T T T T T T T T T T T T T
100 200 300 400 500 600 700 800
Temperature (°C)

Figure 4.11. CO-TPD profile of adsorbed CO at 35 °C over reduced MoxC-U.

As stated above, the interaction of Mo,C-U with CO, was also studied by in-
situ DRIFTS. Figure 4.12 shows the corresponding spectrum, obtained after CO,
adsorption, in the 2200-1000 cm™ region. As shown in Figure 4.12A, after CO,
adsorption, several IR bands above 2000 cm™ were observed. As previously

mentioned, two bands at 2063 and 2163 cm™ were observed after CO adsorption
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(Figure 4.10) and were ascribed to CO adsorbed onto different surface Mo™
centres, and to C=C=0 species on the (001)-C surface of hexagonal Mo,C. This
type of adsorbed species could also be responsible for the bands in the zone
2200-2000 cm™ obtained after CO, adsorption. However, the bands above 2000
cm™ obtained after CO, adsorption show a different position and relative intensity
(Figure 4.12A) when compared to those observed after CO adsorption (Figure
4.10). This different vibrational frequency of CO could be due to the presence of
O adatoms appearing after the CO, chemisorption. CO, dissociation to give
CO+0O over different surfaces of hexagonal Mo,C, has been reported by DFT

calculations 28,
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Figure 4.12. DRIFT spectra after CO, adsorption on MosC-U at 35 °C: (A) 2200-2000
cm™ zone; (B) 2000-1000 cm™ zone.

The IR spectrum obtained in the 2000-1000 cm™ zone after CO, adsorption
Is shown in Figure 4.12B. It was difficult to make a straightforward assignation of
the bands, due to the complexity of the spectrum. According to the DFT
calculations, CO, adsorbed on different hexagonal Mo,C surfaces would raise
vas(CO,) and v¢(CO,) bands in the 1800-1200 cm™ range and 1300-700 cm™

range, respectively. Moreover, different v(CO) bands generated from adsorbed
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CO resulting from CO, scission can also contribute to different bands below 2000
cm™. Specifically, the main bands with maxima at 1690 and 1594 cm™ could be

contributed by adsorbed CO on hexagonal Mo,C 22,

In order to improve the understanding of the reactivity of Mo,C-U towards
CO,, fresh Mo,C-U sample was treated with CO, at 400 °C, and then
characterized by XRD, Raman and XPS. The experiment was carried out using a
Sensys evo TG-DSC (Setaram) instrument coupled to a ThermoStar GSD320T1
mass spectrometer. Prior to the introduction of CO,, fresh Mo,C-U sample was
treated at 150 °C under Ar flow for 2 h. Then, the temperature was increased up
to 400 °C under CO,/He (10%, vol/vol) flow, and maintained for 10 h. During the

CO, treatment, CO was detected in the effluent by mass spectrometer.

Figure 4.13A shows the XRD pattern of Mo,C-U after the CO, treatment.
Besides the peaks corresponding to the presence of hexagonal Mo,C,
characteristic XRD peaks of monoclinic MoO, (JCPDS 00-032-0671) were
observed. The presence of MoO, was also confirmed by Raman spectroscopy,
as shown in Figure 4.13B. The Raman bands at 740, 589, 570, 495, 457, 358,
347, 227 and 202 cm? are characteristic of the presence of MoO, Bl The
formation of MoO, could result from the reaction of Mo,C with atomic O which

comes from the CO, dissociation on the surface of the catalyst.
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Figure 4.13. (A) XRD pattern of CO,-treated (400 °C) MoxC-U; (B) Raman spectrum of
CO,-treated (400 °C) MoyC-U sample.

XPS analysis was carried out to study the surface change of the Mo,C-U
catalyst after the CO, treatment. The corresponding spectra of Mo 3d, C 1s and
O 1s core levels are shown in Figure 4.14. For Mo 3d XPS profile, a slight
difference was found compared to that of the fresh Mo,C-U, indicating a
transformation of molybdenum surface species on Mo,C-U after CO, treatment.
The Mo 3ds;, component at 229.8 eV which is assigned to Mo** species was
more visible and significant, pointing the presence of a larger amount of surface
MoO, onto CO,-treated Mo,C-U than on the fresh sample; this finding is
consistent with XRD and Raman results. For C 1s and O 1s, the obtained XPS

profiles are similar to that of fresh Mo,C-U discussed above.
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Figure 4.14. XPS profile of Mo 3d, C 1s and O 1s core levels of CO,-treated (400 °C)
Mo,C-U catalyst.
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After CO, treatment, Mo,C-U was also characterized by H,-TPR; the
corresponding profile is shown in Figure 4.15A. Two H, consumption peaks at
about 270 °C and 635 °C are observed. As previously discussed for fresh Mo,C-
U, the H, consumption at 270 °C is related to the reduction of molybdenum
oxycarbide species. The new and intense peak at 635 °C, which was not present
in the TPR profile of the fresh Mo,C-U is ascribed to the reduction of MoO, !,

(A) s | |(B)

— H_-TPR profile

+ Mo

» Hexagonal Mo,C

TCD Signal (a.u.)
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Figure 4.15. (A) H,-TPR profile of CO,-treated (400 °C) MosC-U; (B) XRD pattern of
MoxC-U after CO, treatment (400 °C) and H,-TPR experiment.

To verify this, the sample resulting after the H,-TPR experiment was
analyzed by XRD. The corresponding XRD pattern did not show XRD peaks
characteristics of MoO,, but characteristic diffraction peaks of hexagonal Mo,C
and cubic Mo metal peaks at 26=40.5, 58.6 and 73.6 ° (JCPDS 00-004-0809)
(Figure 4.15B) can be observed. This finding indicated that the crystalline MoO,
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was totally reduced to Mo at temperature above 500 °C during the H,-TPR

process.

For a better quantitative analysis of the adsorption of CO, on Mo,C-U
catalyst, CO, adsorption was studied by microcalorimetry. As mentioned in
Chapter 2, the exothermic peak corresponding to CO, adsorption, as well as the
total amount of adsorbed CO, were integrated to provide the mean adsorption
energy. The mean CO, adsorption heat determined was -3.2 eV, this value is
similar to the DFT calculated final states for CO+O on (201)-Mo/C (-3.62 eV) or
(001)-Mo (-3.90 eV) surfaces of hexagonal Mo,C 8. This result indicates that the
mentioned dissociative adsorption of CO, (CO+Q) is a main contribution to the
mean CO, adsorption heat on hexagonal Mo,C. However, the obtained
experimental heat is necessary to be regarded as an average of CO, adsorption
in different situations, including CO, nondissociative adsorption and

decomposition of CO, on other surfaces.
4.1.3. Bulk Mo,C catalysts in RWGS reaction

The RWGS reaction tests over Mo,C catalysts were carried out at
atmospheric pressure using a GHSV of 3000 h™* and a reactant mixture of
CO,/H,/N,=1/3/1 or CO,/H,/N,=1/1/3. The catalyst was diluted with inactive SiC
up to 1 mL. In general, 150 mg of fresh Mo,C samples were employed in RWGS
reaction without pre-treatment. Prior to entering the reactant mixture, the
temperature was increased from room temperature up to 325 °C under a N, flow.
The RWGS was studied at a moderate temperature range (275-400 °C); and in
order to evaluate the catalytic stabilty of Mo,C, the following reaction
temperature sequence was used: 325 °C (3 h)—300 °C(3 h)—275 °C (10
h)—325 °C (3 h)—350 °C (3 h)—375 °C (3 h)—400 °C (3 h)—375 °C (5 h).
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RWGS reaction using CO,/H,/N,=1/3/1

All Mo,C catalysts were active in the RWGS reaction under the experimental
conditions used. Figure 4.16 shows the variation of CO, conversion (Figure
4.16A) and the selectivity to CO (Figure 4.16B) achieved over bulk Mo,C
catalysts as a function of the temperature. The corresponding values of CO,
conversion and CO yield determined at different temperatures are listed in Table
4.2
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Figure 4.16. Catalytic behaviour of bulk MoxC in RWGS reaction: (A) CO, conversion;
(B) CO selectivity. Reaction conditions: 150 mg catalyst, CO2/H,/N,=1/3/1, GHSV=3000
h*, P=0.1 MPa, T=275-400 °C.

In all cases, CO, conversion increased with the increase of temperature.
The CO, conversion followed the order: Mo,C-CA>Mo,C-E>Mo,C-U. At 400 °C
over Mo,C-CA, which showed the highest Sger (14.5 m2/g), a CO, conversion of
25.9% was achieved; the corresponding equilibrium CO, conversion for RWGS
at the experimental conditions used is about 37%. As can be seen in Figure
4.16A, Mo,C-U which showed the lowest Sger (7.7 m?/g) and in which the only
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presence of hexagonal Mo,C was found, showed a slightly lower activity than the

other two catalysts.

Table 4.2. CO;, conversion and CO yield values obtained over MoC catalysts
during the RWGS catalytic test. Reaction conditions: 150 mg catalyst,
CO2/H2/N2=1/3/1, GHSV=3000 h*, P=0.1 MPa, T=275-400 °C.

TeC) Time* CO; Conversion (%) CO yield (mmol/Kgcaeh)
(h) | MoyC-U  Mo,C-CA  MoC-E | MoyC-U | Mo,C-CA | MoC-E
325 3 6.0 11.6 7.6 8964 18600 11897
300 6.3 3.6 7.1 4.3 5517 11394 6868
275 17 1.9 3.6 1.9 2871 5747 3087
325 20.3 7.0 11.7 8.1| 10769 18823 12953
350 23.7 11.3 16.4 13.1| 17340 26360 20903
375 27 16.7 21.0 18.5| 25864 33836 29772
400 30.3 - 25.9 23.7 - 41806 38268
375 35.7 - 20.7 17.9 - 33599 29092

* Total reaction time at the last stage of the corresponding temperature.

Under the reaction conditions used, the main product found was CO, only
small amounts of CH, and negligible amounts of ethylene and propylene were
detected as a function of the temperature. As shown in Figure 4.16B, all catalysts
showed CO selectivity values higher than 90% in the studied temperature range.
Mo,C-U sample showed the lowest CO selectivity, while for Mo,C-CA, CO
selectivity reached up to 99% at 400 °C. Moreover, as shown in Table 4.2, Mo,C-

CA shows the highest CO yield under the conditions used.

With respect the stability of these systems under RWGS reaction conditions,
we can analyze the catalytic behaviour obtained at 325 °C, initially and after 20.3
h of catalytic test. In all cases, a slight increase of the CO, conversion and CO
selectivity were found (Figure 4.16). Accordingly, the CO vyield at 325 °C after

20.3 h reaction was also higher than that initially found at this temperature
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(325 °C, 3 h) (Table 4.2). This finding may indicate the rearrangement of the
surface of catalyst during the reaction test under the experimental conditions
used. Moreover, the CO, conversion obtained at 375 °C after 35.7 h of catalytic
test, once the RWGS was studied at 400 °C, was only slightly lower than that
found at 375 °C after 27 h of reaction.

The apparent Ea for CO production in the temperature range of 275-325 °C
was calculated from the Arrhenius plots as shown in Figure 4.17. The obtained
apparent Ea values were 72.0+2.3, 64.8+4.1, and 78.2+3.2 kJ/mol, for Mo,C-U,
Mo,C-CA and Mo,C-E, respectively. The Mo,C-CA catalyst that showed the
highest CO, conversion and CO selectivity also showed the lowest apparent Ea

for CO production.
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Figure 4.17. Arrhenius plots for CO production over Mo, C catalysts. Reaction
conditions: 150 mg catalyst, CO2/H,/N,=1/3/1, GHSV=3000 h*, P=0.1 MPa, T=275-
325 °C.
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Post-reaction catalysts

Post-reaction catalysts were analyzed by XRD, Raman spectroscopy and
Sger measurements. Figure 4.18 shows the XRD patterns of post-reaction
catalysts. Similar XRD patterns than those of the corresponding fresh catalysts

(Figure 4.2) were obtained.
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Figure 4.18. XRD patterns of the post-reaction Mo,C catalysts. x signals correspond to
impurities of SiC used as dilution agent in the catalytic test. Reaction conditions: 150 mg
catalysts, CO4/H2/N,=1/3/1, GHSV=3000 h*, P=0.1 MPa, T=275-400 °C.

The crystallite size of Mo,C calculated using the diffraction peak at 26=61.6 °
was about 32.5, 14.8 and 3.2 nm for Mo,C-U, Mo,C-CA and Mo,C-E, respectively.
These values are quite similar to those determined for fresh catalysts (35.2 nm,
Mo,C-U; 12.2 nm, Mo,C-CA; 4.6 nm, Mo,C-E).
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Sget Of post-reaction Mo,C-U and Mo,C-E catalysts was 5.3 and 11.5 mZ/g,
respectively; these values are similar to those of fresh catalysts (7.7 m?/g, Mo,C-
U; 8.9 m2/g, Mo,C-E). The Sger of Mo,C-CA was not determined.

Figure 4.19 shows the Raman spectra of post-reaction catalysts. Raman
spectra below 1000 cm™ of post-reaction Mo,C-U and Mo,C-E showed bands
with lower intensity than that of fresh catalysts (Figure 4.3); this could be related
to the decrease of the number of oxide species on the surface of Mo,C produced
during the RWGS.

Raman spectra of post-reaction and fresh Mo,C-CA were very similar
(Figure 4.19 and 4.3); as stated above, in this case only bands with a very low
intensity were found in the range 100-1000 cm™ in all the zones analyzed. For

Mo,C-CA and Mo,C-E, the D and G bands were also found after reaction.
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Figure 4.19. Raman spectra of post-reaction MoxC catalysts in two different

representative zones. Reaction conditions: CO./H,/N,=1/3/1, GHSV=3000 h*, P=0.1
MPa, T=275-400 °C.
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RWGS reaction using CO,/H,/N,=1/1/3

As stated above, Mo,C-U showed the only presence of the hexagonal Mo,C
phase and some of its characteristics experimentally determined, were possible
to be rationalized in the light of theoretical studies carried out in the group of Prof.
lllas (UB).

Mo,C-U was chosen for a deeper study of the RWGS reaction; the RWGS
reaction was also studied over Mo,C-U using the stoichiometric CO,/H,=1/1
reactant mixture. Figure 4.20 shows the variation of CO, conversion and CO
selectivity, with the reaction temperature, at atmospheric pressure under these
conditions. As expected, CO, conversion and CO selectivity increased with the

increase of temperature.
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Figure 4.20. Catalytic behaviour of MoC-U in RWGS reaction; CO, conversion and CO
selectivity as a function of reaction temperature. Reaction conditions: 150 mg catalyst,
CO2/H2/N»=1/1/3, GHSV=3000 h*, P=0.1 MPa.
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Values of CO, conversion were lower than those obtained when a
CO,/H,=1/3 mixture (Figure 4.16) was used. However, higher values of CO
selectivity were obtained; CO selectivity was always higher than 98% and
approached to 100% at 400 °C. Besides CO, only very small amounts of CH,
were detected. Moreover, similar values of CO, conversion and selectivity to CO

were found at 375 ° after 27 h and 35.7 h on-stream.

Post-reaction Mo,C-U was characterized by XRD, Raman spectroscopy,
XPS and SEM. The corresponding XRD pattern and Raman spectrum are shown
in Figure 4.21.

The XRD pattern registered for the used catalyst (Figure 4.21A) was similar
to that of the fresh sample (Figure 4.2), indicating the only presence of hexagonal
Mo,C. After reaction, a crystallite size of 35.5 nm, also similar to that of fresh
catalyst (35.2 nm), was calculated. As shown in Figure 4.21B, after the RWGS
reaction, characteristic Raman bands of orthorhombic (998, 823, 668 cm'l) and

monoclinic (852 and 780 cm™) MoO; were found P24,
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(A)

Intensity (a.u.)

UJL LLUL

20 (degree)

Figure 4.21. (A) XRD pattern and, (B) Raman spectrum of post-reaction MosC-U
sample. Reaction conditions: 150 mg catalyst, CO2/H»/N»=1/1/3, GHSV=3000 h**, P=0.1

MPa, T=275-400 °C.

Figure 4.22 shows the XPS profiles of Mo 3d, C 1s and O 1s core levels of
post-reaction Mo,C-U catalyst. The spectrum of Mo 3d level of the catalyst after
reaction has no significant differences with respect to that of fresh sample. The C
1s and O 1s profiles of Mo,C-U after reaction showed some differences when
they are compared to those of fresh Mo,C-U. After the catalytic test using

CO,/H,/N,=1/1/3 mixture, a higher amount of C-O, C=0 and carbide species on

the surface is proposed to exist.
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Figure 4.22. XPS profiles of Mo 3d, C 1s and O 1s of post-reaction Mo,C-U catalyst.
Reaction conditions: 150 mg catalyst, CO./H,/N,=1/1/3, GHSV=3000 h™, P=0.1 MPa,
T=275-400 °C.
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Figure 4.23 presents the SEM images and element distribution determined
by EDX of post-reaction Mo,C-U catalyst. No significant changes in the
morphology of the catalyst were produced during the catalytic test; after reaction

also a homogeneous distribution of Mo, C and O was found.

Figure 4.23. SEM images and element distribution determined by EDX of post-reaction
Mo,C-U. Reaction conditions: 150 mg catalyst, CO»/H./N,=1/1/3, GHSV=3000 h™,
P=0.1 MPa, T=275-400 °C.

Taking into account that the CO, conversion achieved over the Mo,C-U
using the reactant mixture CO,/H,/N,=1/1/3 (about 10% at 400 °C) was far from
the corresponding equilibrium (ca. 22% at 400 °C), we performed a new catalytic

test using 300 mg of Mo,C-U instead 150 mg.

The new catalytic test was carried out at GHSV of 3000 h™* with the

following temperature sequence:
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275 °C (3 h)—300 °C (3 h)—325 °C (3 h)—350 °C (3 h)—375 °C (3 h)—400 °C
(3 h). Figure 4.24 shows the values of CO, conversion and CO selectivity
obtained as a function of temperature. Higher values of CO, conversion were
obtained if they are compared with those achieved when 150 mg of catalyst were
used. The CO, conversion reached about 16% at 400 °C. As expected, CO was
the main product and only very small amounts of CH,; as by-product were
detected. In all the temperature range, the CO selectivity was above 97.5%;
again, the selectivity values slightly increased with the increase of temperature,
reaching about 99.5% at 400 °C.

20 100
18 - . . L 99
m — [ o,
$ 14+ MRS
S I >
= 1. 96
o 95 >
q>) 10 S | U
E 4 -o4 2
S 8- ! N
o~ -93 O
g e 8
4 - 92
2— i
90
275 350

Temperature (°C)

Figure 4.24. Catalytic behaviour of Mo,C-U in the RWGS reaction. CO, conversion and
CO selectivity as a function of reaction temperature. Reaction conditions: 300 mg
catalyst, CO2/H./N,=1/1/3, GHSV=3000 h*, T=275-400 °C, P=0.1 MPa.

The apparent Ea values for CO production were calculated from the

Arrhenius plots (Figure 4.25) in the temperature ranges of 275-325 °C and 350-
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400 °C; apparent Ea values of 55.2+2.3 (275-325 °C) and 40.6+0.5 kJ/mol (350-
400 °C) were obtained. The apparent Ea value of 55.2+2.3 kJ/mol, obtained in
the 275-325 °C region, is close to the DFT calculated energy barriers for CO,

dissociation over (101)-Mo/C surface (0.59 eV) of hexagonal Mo,C #2.
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Figure 4.25. Arrhenius plots of CO production over Mo,C-U sample at 275-325°C (A)
and 350-400 °C (B). Reaction conditions: CO,/H./N,=1/1/3, GHSV=3000 h*, P=0.1
MPa.

After the catalytic test previously discussed (Figure 4.24), temperature was
kept at 400 °C and the GHSV was increased up to 6000 h™. The variation of CO,
conversion and CO selectivity is shown in Figure 4.26. The CO, conversion
decreased from 16 to 13.5% when the contact time decreased. However, the

selectivity toward CO approached 100% under the experimental conditions used.
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Figure 4.26. Catalytic behaviour of MoyC-U in the RWGS. Variation of CO, conversion
and CO selectivity as a function of GHSV, and values obtained after treatment of Mo,C-
U with CO, at 400 °C (22 h). Reaction conditions: 300 mg catalyst, CO,/H,/N,=1/1/3,
T=400 °C, P=0.1 MPa.

As stated above, the CO formation over Mo,C-U catalyst could be related to
the easiness of CO, dissociation. Moreover, the characteristics of the catalyst
changed after a treatment with CO, at 400 °C. For a more complete study of
Mo,C-U, a new separate RWGS experiment was carried out after a CO,
treatment at 400 °C. In order to have a comparison with previous results, 300 mg
of fresh Mo,C-U sample were in-situ treated with CO,/He flow at 400 °C for 22 h
previously to the RWGS test. During the CO, treatment, CO was detected in the
reactor effluent by GC; its concentration decreased with time. After this treatment,
the catalyst was exposed to CO,/H,/N,=1/1/3 reactant mixture under a GHSV of
3000 h™.
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Figure 4.26 presents the CO, conversion and CO selectivity when RWGS
was carried out over the CO,-treated Mo,C-U catalyst. The CO, conversion was
very much lower than that reached over the fresh Mo,C-U. Meanwhile, fresh and
CO,-treated Mo,C-U showed similar values of CO selectivity. The lower activity
of CO,-treated Mo,C-U when compared with fresh Mo,C-U is related to the
formation of MoO, during the CO, treatment, according with XRD, Raman and
H,-TPR results (Figures 4.13 and 4.15) discussed above. The oxidation of Mo,C
to MoO, led to the decrease of the number of surface active centres for RWGS.
The deactivation reported during the dry reforming of CH, with CO, has been
also related to the oxidation of Mo,C to MoO, B39 However, under the RWGS
conditions used in the present work, a high stability was observed. H, in the

reactant mixture could reduce oxycarbide species but could not reduce MoO..
4.2. Supported Mo,C-U catalysts

4.2.1. Preparation of supported Mo,C-U catalysts

Taking into account that the characterization of Mo,C-U points out the only
presence of hexagonal Mo,C, the method used for the preparation of Mo,C-U
was applied for the preparation of y-Al,Os-, TiO,-, SBA-15- and SiO,-supported

Mo,C-U. The following commercial oxides were used as supports:

— v-Al,03: purchased from Alfa Aesar; the pellets were powdered before
using.

— TiOy: purchased from TECNAN which contains rutile and anatase phases,
named as TiO,-AR.

— TiO, (anatase): supplied by Sigma-Aldrich, labelled as TiO,-A.

— SiO,: Aerosil 200 (Degussa).

— SBA-15: purchased from Glantreo.
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Moreover, TiO,-A was heated at 850 °C for 12 h under ambient air in an

oven; Rutile TiO, obtained was also used as support, it was denoted as TiO,-R.

Preparation of supported catalysts: A viscous solution, which contained
MoCls, urea and ethanol similar to the one used in the preparation of Mo,C-U,
was contacted with the corresponding support with continuous stirring overnight.
Supported samples with different content of Mo (1, 5 or 25 wt%) were prepared.
After adding the support to the viscous solution, the samples were dried at 60 °C
in an oven under air. Then, they were treated at 150 °C for 3 h and at 800 °C for
3 h under Ar flow in a quartz tubular reactor. Finally, the reactor was cooled down
to room temperature under Ar flow, and then the catalyst was exposed to the
ambient air without any passivation. Samples were labelled as yMo,C/Support,

where “y” is the weight percentage of Mo in the catalyst. More details of

preparation are given in Annex Il.
4.2.2. Characterization of supported Mo,C-U catalysts

Table 4.2 shows the values of Mo content and, those of Sggr of fresh
yMo,C/Support catalysts. For comparison, the values of Sger of the supports

after a treatment up to 800 °C (3 h) under Ar are also given.

In general, the values of Sger were lower than those of the corresponding

supports, and, they diminished with the Mo content.
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The crystalline phases present in yMo,C/Support catalysts were determined
using XRD (Figures 4.27-4.30). Figure 4.27 shows the XRD patterns of y-Al,O3-
supported catalysts, the XRD profile of y-Al,O5 is also presented for comparison
purposes. For 25Mo,C/y-Al,O3, the characteristic diffraction peaks of hexagonal
Mo,C and y-Al,O3; can be observed. However, from the XRD pattern of 5Mo,Cl/y-
Al,O3, the presence of hexagonal Mo,C cannot be deduced; this might be due to

the presence of a small amount of Mo,C or/and a low crystallinity of Mo,C in the

catalyst.

Table 4.2. Mo content determined from ICP-AES
analysis and, Sget of fresh catalysts and supports.

Catalyst wt% Mo BET (m?g)
25Mo,C/y-Al,03 25.1 118.8
25Mo,C/SiO, 25.5 129.3
25Mo,C/SBA-15 22.4 379.4
25Mo,C/TiO,-AR 27.5 38.7
25Mo,C/TiO,-A 26.1 26.7
25Mo,C/TiO,-R 24.6 <5
5Mo,C/y-Al,03 4.5 190.7
5Mo04C/SiO, 54 176.1
5MoxC/SBA-15 57 443.8
5Mo,C/TiO,-AR 4.7 54
1Mo,C/TiO2-AR 1.1 7.9
-ALO; - 203.9
SiO, - 181.0
SBA-15 - 436.1
TiO2-AR - 12.8

142



Mo,C-based catalysts in RWGS reaction

e Hexagonal Mo,C *ALO,

® ®
25M0XC/«/-AIZOM ¢ © Y e

SMOXC/Y-AIZO3 \A_———“A_/\——
y -AlO, \-/\_— ‘/\
M vty v peraseepac

' I ' I I
20 25 30 35 40 45 50 55 60 65 70 75 80
20 (degree)

Intensity (a.u.)

Figure 4.27. XRD patterns of fresh yMo,C/y-Al,O3 catalysts.

Figure 4.28 shows the XRD patterns of SiO,-supported catalysts. For
25Mo0,C/SiO,, the main presence of hexagonal Mo,C can be deduced. Moreover,
the peaks with maximum at 20=36.9° and 20=42.1° might be related to the
presence of cubic MoC. For 5Mo,C/SiO,, XRD peaks assigned to the hexagonal
Mo,C and cubic Mo (JCPDS 00-004-0809) were clearly observed. Moreover, in
5Mo,C/SIO,, the presence of tetragonal Mo,N (JCPDS 01-075-1150) could not
be ruled out; indeed, the presence of both hexagonal Mo,C and tetragonal Mo,N

could contribute to the peak centered at 20=37.7°.

143



Chapter 4

e Hexagonal MoZC ¢ Mo N

MoC I Cubic Mo,C
I Cubic MoC
[ )
® Mo I Tetragonal Mo,N
¢ °
El N
S
2> 25MOXC/SiO2
92]
é 5Mo, C/SiO,)
B °
SiO2
! I
20 30

20 (degree)
Figure 4.28. XRD patterns of fresh yMo,C/SIO, catalysts.

Figure 4.29 shows the XRD patterns of 25Mo,C/SBA-15, 5Mo,C/SBA-15
and that of the corresponding SBA-15 support.

For 25Mo0,C/SBA-15, several broad peaks were observed, close to the zone
in which peaks of cubic Mo,C and MoC are expected,; this fact makes difficult the
straightforward assignation of these peaks (Figure 4.29). Moreover, two sharp
peaks at 26=40.5° and 26=39.4° attributed to the most intense peak of Mo metal

and hexagonal Mo,C, respectively, were found.

From XRD pattern of 5Mo,C/SBA-15, the presence of mainly cubic Mo,C
can be proposed; the low intensity peak at 26=40.5° could be indicative of the

formation of a small amount of crystalline Mo.
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Figure 4.29. XRD patterns of fresh yMo,C/SBA-15 catalysts.

Figure 4.30 shows the XRD pattern of yMo,C/TiO, catalysts and that of
TiO,-AR support. In the XRD patterns of yMo,C/TiO,-AR, characteristic peaks of
rutile and anatase can be found. For 1Mo,C/TiO,-AR and 5Mo,C/TiO»-AR, the
intensity of the peaks related to rutile are higher than that of the characteristic
peaks of anatase. The same situation was found for the support used in the
preparation of catalysts. However, in the XRD pattern of 25Mo,C/TiO,-AR, the
intensity of the peaks of anatase is higher than that of rutile peaks. This indicates
a transformation of the support during the preparation of the catalyst. The higher
BET surface area of 25Mo,C/TiO,-AR when compared to that of TiO,-AR may be
related with the mentioned change. From XRD pattern of 25Mo,C/TiO,-AR, the

presence of hexagonal Mo,C with a poor crystallinity cannot be ruled out.
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Figure 4.30. XRD patterns of fresh yMo,C/TiO, catalysts. (a) TiO2-AR; (b) 1MoxC/TiO,-
AR; (c) 5MoC/TiO,-AR; (d) 25M0oC/TiO,-AR; (e) 25MoC/TiO,-A,; (f) 25MoxC/TiO2-R.

XRD pattern of 25Mo0,C/TiO,-A points the presence of both anatase and
rutile TiO,, indicating a partial transformation of anatase to rutile during the
preparation of the catalyst. For 25Mo,C/TiO,-A, the presence of poorly crystalline
hexagonal Mo,C can be proposed. In the XRD pattern of 25Mo,C/TiO,-R, definite
peaks characteristic of the presence of rutile and hexagonal Mo,C are only found.
It is not possible the identification of Mo,C phase in 1Mo,C/TiO,-AR and
5Mo,C/TiO,-AR catalysts.

Figure 4.31A shows the Raman spectra of fresh 25Mo,C/Support catalysts.
As previously discussed for bulk Mo,C-U, some of the Raman bands appearing

below 1000 cm™ can be related to the presence of different MoO3; and/or MoOs.y,
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Figure 4.31. Raman spectra of the fresh 25Mo,C/Support catalysts. (A) 100-1700
region; (B) zoom in of 1200-1700 region.

Characteristic Raman bands of orthorhombic MoO; at 994 and 819 cm™,

with different intensities were observed in all cases 9.

For all the TiO,-supported catalysts, Raman bands due to the presence of
rutile TiO, were found at 260, 429 and 605 cm™ B, For 25Mo,C/TiO,-A and
25Mo,C/TiO,-AR catalysts, the band located at 150 cm™ is assigned to anatase
TiO, B34 For 25M0,C/TiO,-R, besides the bands characteristics of rutile TiO,, a
very small band at 150 cm™ could be related with the presence of anatase TiO;
however, the presence of crystalline anatase TiO, could not be determined by
XRD on 25Mo,C/TiO2-R.
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To verify the presence of carbonaceous deposits, the 1200-1700 cm™
region, where characteristic bands (D and G) of carbonaceous species can be
observed, was enlarged. The corresponding Raman spectra are shown in Figure
4.31B. Only for 25Mo0,C/y-Al,O3, 25M0,C/SiO, and 25M0,C/SBA-15 catalysts, D

and G bands with very low intensity were observed.

The reducibility of 25Mo,C/Support catalysts was analyzed by H,-TPR; the
corresponding profiles are shown in Figure 4.32. In some cases, the H,-TPR
profiles of catalysts containing 5 wt% Mo are shown (dashed line) for a

comparison purpose.

For all the samples with 25 wt% Mo loading, a broad H, consumption peak
with maximum at a temperature below 500 °C was obtained. Except 5Mo,C/SiO,,
catalysts with 5 wt% Mo loading show H, consumption peaks at a similar position
than those of the corresponding catalysts with 25 wt% Mo loading. H,-TPR
profiles of 25Mo0,C/SiO,, 25Mo0,C/TiO,-A and 25Mo0,C/TiO,-R showed peaks at
relatively low temperature. As previously mentioned, the peaks observed below
325 °C can be ascribed to the reduction of molybdenum oxycarbide *°. The
reduction of MoOj starts at about 400 °C B3, A shift in the reduction temperature
of supported species could be related to their particle size and/or the strength of

the interaction between them and the corresponding support.
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Figure 4.32. TPR profiles of the fresh yMo.C/Support catalysts. Dashed lines
correspond to the catalysts containing 5 wt% Mo.

4.2.3. RWGS reaction over supported Mo,C-U catalysts

The RWGS reaction tests over yMo,C/Support catalysts were performed at
atmospheric pressure, at 275-400 °C, GHSV of 3000 h* and using
CO,/H,/N»,=1/3/1 or 1/1/3 reactant mixtures. 150 mg of catalysts were diluted with

SiC up to 1 mL. The following reaction temperature sequence was used:
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325 °C (3 h)—300 °C (3 h)—275 °C (10 h)—325 °C (3 h)—350 °C (3 h)—375 °C
(3 h)—400 °C (3 h)—375 °C (5 h).

RWGS reaction using CO,/H,/N,=1/3/1

Figure 4.33 shows the CO, conversion and CO selectivity achieved over
25Mo,C/Support catalysts as a function of reaction temperature. The
corresponding values of CO, conversion and CO selectivity obtained over the

Mo,C-U sample are also shown for comparison.

As expected, in all cases, CO, conversion and CO selectivity increased with
the increase of temperature. 25Mo0,C/SiO, presented the highest value of CO,
conversion (about 28%) at 400 °C; the corresponding equilibrium CO, conversion
for RWGS at the experimental conditions used is about 37%. 25Mo0,C/y-Al,O3
and 25Mo,C/SBA-15 catalysts showed similar CO, conversion than that of bulk
Mo,C-U sample. Meanwhile, TiO,-supported catalysts showed lower values of

CO, conversion than those of bulk Mo,C-U in all the tested temperatures.

As regards the CO, conversion at 325 °C, in all cases, this was slightly
higher after about 20.3 h on stream than the initial one; similarly, the CO,
conversion at 375 °C was slightly higher after 35.7 h than that after 27 h on-

stream. This points that a surface rearrangement takes place on these systems.

All 25Mo,C/Support catalysts showed high CO selectivity values. Except for
25Mo,Cly-AlL,O3, in all cases, the CO selectivity values were higher than those of
Mo,C-U (Figure 4.33B). CH,; was the main by-product and only very small

amounts of ethylene and traces of propylene were formed.
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Figure 4.33. Catalytic behaviour of 25Mo4C/Support in RWGS as a function of reaction
temperatures: (A) CO, conversion; (B) CO selectivity. Reaction conditions:
CO2/H2/N,=1/3/1, GHSV=3000 h*, P=0.1 MPa.

Figure 4.34 shows the CO, conversion and CO selectivity of 5Mo,C/Support
catalysts as a function of reaction temperature. CO, conversion values obtained
over 5Mo,C/Support were lower than those achieved over 25Mo,C/Support. In

general, higher values of CO selectivity were achieved with 5Mo,C/Support when
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compared with 25Mo,C/Support catalysts. However, the difference in conversion

values makes difficult a comparison of 5Mo,C/Support and 25Mo,C/Support in

terms of selectivity. In all cases, CO was also the main product and CH,4 the main

by-product formed.
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Figure 4.34. Catalytic behaviour of 5Mo4C/Support in RWGS as a function of reaction

temperatures:

(A) CO2

conve

rsion; (B) CO selectivity. Reaction conditions:

CO,/H2/N,=1/3/1, GHSV=3000 h*, P=0.1 MPa.
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In order to properly compare the catalytic behaviour of the catalysts, the
values of CO production were normalized according to the amount of active
phase present in the supported catalysts. Table 4.3 lists the values of mol
CO/mol Moeh for all supported catalysts; the variation of these values with the
reaction temperature is similar to the trend of the corresponding CO, conversion

values.

As shown in Table 4.3, in general, mol CO/mol Moeh obtained over
yMo,C/Support catalysts are higher than that observed over the bulk Mo,C-U
catalysts. 25Mo0,C/SiO, showed the highest values of mol CO/mol Moeh in the
temperature range studied. Among the 25Mo,C/Support catalysts, those
prepared with TiO,, which had a lower area than 25Mo,C/y-Al,O3, 25M0,C/SiO,
and 25Mo,C/SBA-15, showed lower normalized CO production. 25Mo0,C/TiO,-R
showed slightly higher values of mol CO/mol Moeh than 25Mo,C/TiO,-A and
25Mo,C/TiO,-AR; as stated above, only in 25Mo,C/TiO,-R, the presence of

crystalline hexagonal Mo,C was clearly found.

For 5Mo,Cly-Al,O3, 5M0,C/SiO, and 5Mo,C/SBA-15, the values of mol
CO/mol Moeh were lower than those obtained over the corresponding
25Mo,C/Support catalysts. Conversely, 5Mo,C/TiO,-AR exhibited higher
normalized CO production than 25Mo0,C/TiO,-AR catalyst.
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The calculated apparent Ea values of catalysts for CO production obtained
in the temperature ranges of 275-325 °C and 350-400 °C are shown in Table 4.4;
the corresponding Arrhenius plots are shown in Figure A.1 in Annex I. All the
apparent Ea values obtained at 275-325 °C region for supported catalysts are
higher than that of Mo,C-U (72.0+2.3 kJ/mol). In general, the apparent Ea values
at 350-400 °C were lower than those obtained at 275-325 °C. Moreover,
apparent Ea values of 25Mo,C/Support (y-Al,Osz-, SiO,-, TiO,-AR- and SBA-15-)

were lower than those of the corresponding 5Mo,C/Support catalysts.

Table 4.4. Apparent Ea values for CO production of different
yMo,C/Support catalysts and Sger of post-reaction catalysts.
Reaction conditions: CO./H2/N»=1/3/1, GHSV=3000 h*, P=0.1

MPa.
Catalyst Ea (kJ/mol) Post-reactzion
275-325°C  350-400 °C Sget (M/9)
25Mo,C/y-Al;,03 85.3+£13.2 61.7+4.2 92.9
25M04C/SiO, 80.6+£12.5 50.0+6.7 1154
25Mo04C/SBA-15 88.0+£3.7 61.7+3.6 203.1
25Mo,C/TiO2-AR 83.4+13.6 60.0+2.8 32.3
25M0o,C/TiO,-A 86.5t1.4 55.0+£3.3 18.3
25Mo,C/TiO,-R 85.0+0.4 61.8+2.6 <5
5Mo,C/y-Al,0O3 92.0+3.3 87.915.0 127.5
5Mo,C/SiO, 86.315.0 70.1+0.1 108.7
5Mo4C/SBA-15 105.6+1.8 106.8+4.5 383.5
5Mo,C/TiO,-AR 83.840.8 72.3+1.1 51
1MoC/TiO2-AR - 82.5+£3.6 nd

155



Chapter 4

Post-reaction catalysts were characterized by Sger measurements, XRD
and Raman spectroscopy. Sger values of post-reaction catalysts are shown in

Table 4.4. In all cases, a decrease of Sger during the catalytic test took place.

The XRD patterns of post-reaction catalysts are shown in Figure 4.35 and
4.36. In general, the XRD patterns of post-reaction yMo,C/Support catalysts were
similar to those of fresh catalysts; indicating a high stability of the crystalline
phases in the catalysts during the catalytic reaction.
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I Cubic Mo_.C
X
¢ MOZN | Cubic MoZC

5Mo, Cly-Al,O,

°
— o ® o °
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Figure 4.35. XRD patterns of post-reaction yMo,C/Support catalysts. Reaction
conditions: GHSV=3000 h*, P=0.1 MPa and CO,/H,/N,=1/3/1. “x” corresponds to SiC,
which was used as diluent in the catalytic bed.
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For 25Mo,C/y-Al,O5; and 25Mo,C/SiO, catalysts, it was possible to calculate
the crystallite size of Mo,C using the XRD peak at 26=61.6 ° for fresh and post-
reaction samples. For both 25Mo,C/y-Al,O5; and 25M0,C/SiO,, a slight decrease
of crystallite size was determined to occur during the reaction; crystallite size
decreased from 31.4 to 26.3 nm for 25Mo,C/y-Al,O3, and from 21.2 to 16.3 nm
for 25Mo,C/SIiO.,.

e Hexagonal Mo,C
x SIC

25Mo C/TiO R
—— 25Mo C/TiO -A tase
—— 25Mo C/TiO,-AR I Rutile TiO,
—— 5Mo C/TiO -AR
—— 1Mo C/TiO -AR

I Anatase TiO2

Intensity (a.u.)

20 25 30 35 40 45 50 55 60 65
20(degree)

Figure 4.36. XRD patterns of TiO,-supported Mo, C post-reaction catalysts. Reaction
conditions: GHSV=3000 h™*, P=0.1 MPa and CO,/H./N,=1/3/1. x corresponds to SiC,
which was used as diluent in the catalytic bed.

Raman spectra of post-reaction 25Mo,C/Support catalysts (Figure 4.37)

were quite similar to those of fresh catalysts.
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Figure 4.37. Raman spectra of post-reaction catalysts. Reaction conditions:
GHSV=3000 h™*, P=0.1 MPa and CO,/H,/N,=1/3/1.

RWGS reaction using CO,/H»/N,=1/1/3

Due to the high catalytic activity of the 25Mo,C/Support catalysts, they were
tested in the RWGS reaction using a stoichiometric ratio of reactant mixture
CO,/H,/N,=1/1/3; RWGS was studied at atmospheric pressure, in the
temperature range of 275-400 °C at GHSV of 3000 h™* using the sequence of

change of temperature described above.

Figure 4.38 shows the variation of CO, conversion with the reaction
temperature, and Figure 4.39 the CO selectivity values. As expected, when a
mixture CO,/H,/N,=1/1/3 was used, the CO, conversion was lower than when the
reactant mixture was CO,/H,/N,=1/3/1. Again, the CO, conversion increased with
the increase of temperature. Using CO,/H,/N,=1/1/3, the highest CO, conversion

was also found over the 25Mo,C/SiO, catalyst; however, the value of CO,
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conversion (13.5%) obtained at 400 °C over 25Mo,C/SiO, was far from the

thermodynamic equilibrium (about 22%) at this temperature.

14 -

CO, conversion (%)

—i— Mo C-U
25Mo C/y-AlLO,
—h— 25Mo C/SiO,
—A— 25Mo C/SBA-15
—&— 25Mo, C/TiO-AR
—Q— 25Mo, C/TiO-A
—@— 25Mo C/TiO,-R

325 300 275 325 350 375 400 375

Temperature (°C)

Figure 4.38. CO, conversion as a function of reaction temperature in RWGS reaction
of 25Mo,C/Support catalysts. Reaction conditions: CO,/H2/N,=1/1/3, GHSV=3000 h*,

P=0.1 MPa.

In all cases, the main product was CO and only minor amounts of CH, were

formed; in some cases, negligible amounts of ethylene were detected. The CO

selectivity as a function of temperature is shown in Figure 4.39. Except for
25Mo0,C/SBA-15, the CO selectivity was higher than 98% in all the temperature

range; the values obtained over 25Mo,C/Support when CO,/H,/N,=1/1/3 mixture

was used were higher than those obtained with CO,/H,/N,=1/3/1 reactant mixture.
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Figure 4.39. CO selectivity as a function of reaction temperature over 25Mo,C/Support
catalysts. Reaction conditions: CO./H,/N,=1/1/3, GHSV=3000 h™, P=0.1 MPa.

Values of CO production per mole of Mo (mol CO/mol Moeh) are shown in
Table 4.5; the values were much lower than the corresponding values obtained
when a reactant mixture of CO,/H,/N,=1/3/1 was used. In all cases, at
temperature above 350 °C, the CO production over 25Mo,C/Support catalysts
was higher than that obtained over the bulk Mo,C-U.
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Table 4.5. CO production per mol Mo loading (mol CO/mol Moeh) in the
different supported catalysts at different temperatures. Reaction conditions:
CO,/H2/N»=1/1/3, GHSV=3000 h*, P=0.1 MPa.

CO production (mol CO/mol Moeh)

Catalyst
T Time® Mo,C-U 25MoyC/ 25MoxC/ 25MoC/ 2.5|V|OXC/25.|\/|OXC/25.|\/|OXC/
(h) y-Al,O03  SiO; SBA-15 TiO2-AR TiO,-A TiO2-R
325 3 0.5 0.3 2.0 0.7 0.5 0.8 0.8
300 6.3 0.1 0.2 1.1 0.4 0.2 0.4 0.4
275 17 0.3 0.1 0.5 0.2 0.1 0.2 0.2
325 20.3 0.5 0.6 2.2 0.9 0.5 0.8 0.8
350 23.7 0.8 1.1 3.9 1.9 1.0 14 14
375 27 1.2 1.9 6.1 3.5 1.7 2.1 2.2
400 30.3 1.6 2.9 8.3 55 2.6 3.0 3.3
375 357 1.2 1.7 6.5 4.0 1.4 1.7 2.2

" Total reaction time at the last stage of the corresponding temperature.

The apparent Ea values for CO production are listed in Table 4.6; the
corresponding Arrhenius plots obtained at temperature range of 275-325°C and
350-400 °C are shown in Figure A.2 in Annex I. In all cases, the apparent Ea
values obtained at both temperature ranges of 275-325°C and 350-400 °C are
higher than those obtained for bulk Mo,C-U, 55.2+2.3 kJ/mol (275-325°C) and
40.6+0.5 kJ/mol (350-400 °C).

The Sger values of post-reaction catalysts are presented in Table 4.6. After
the catalytic test with CO,/H,/N,=1/1/3, the Sggr of 25M0,C/SBA-15 was
significantly lower than that after the catalytic test using CO,/H,/N,=1/3/1 reactant
mixture (Table 4.4).
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Table 4.6. Apparent Ea values for CO production of different
25Mo4C/Support and Sger of post-reaction catalysts. Reaction conditions:
CO,/H,/N,=1/1/3, GHSV=3000 h™*, P=0.1 MPa.

Catalyst Ea (kJ/mol) Post-reactzion

275-325°C  350-400 °C Sger (M“/g)
25Mo,C/y-Al;,03 94.3+1.7 69.7+3.0 97.4
25Mo,C/SiO, 79.7+0.7 52.443.9 106.8
25Mo4C/SBA-15 76.915.1 75.745.1 135.9
25Mo4C/ TiO»-AR 99.2+2.2 65.3+2.9 25.4
25MoyC/ TiO2-A 84.7+1.8 50.6+2.6 15.6
25Mo,C/ TiO»-R 82.9+4.5 59.3+2.5 <5

The XRD patterns of post-reaction catalysts after the catalytic test using the

CO,/H,/N,=1/1/3 reactant mixture are shown in Figure 4.40.

The presence of crystalline MoO, can be inferred from the XRD patterns of
post-reaction 25Mo,C/SiO,, 25Mo,C/TiO,-A and 25Mo,C/TiO,-AR catalysts.
Moreover, for post-reaction 25Mo0,C/SiO,, a significant change of XRD profile
compared to the corresponding fresh catalyst was observed; the presence of
hexagonal Mo,C is inconclusive. Only a very small peak at 26=39.4°, which could
be assigned to the most intense peak of hexagonal Mo,C, was found. Several
broad peaks at 260=32-39°, 40-46° and 57-65° are ascribed to cubic MoC. For
25Mo0,C/SBA-15 catalyst, peaks characteristic of metallic Mo and hexagonal
Mo,C which were in the XRD pattern of the fresh catalyst were not present in the

corresponding pattern of post-reaction catalysts.

As mentioned above, over hexagonal Mo,C, the CO, dissociation to CO and
O is proposed to occur during the RWGS reaction. Under these conditions,

surface O can react with adsorbed H, and form water, this process will be less
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favoured when CO,/H,/N,=1/1/3 is used instead CO,/H,/N,=1/3/1 and, MoO, can

be irreversibly formed.

25Mo,Cl-AlLO,

25Mo,C/SiO,
S 25Mo C/SBA-15
)
>
% 25Mo C/TiO,-AR
E
>
' 25Mo,C/TiO,-A
[
| ® b3 B I
25Mo,C/TiO,-R
— —r L

1 1 T T 1
20 25 30 35 40 45 50 55 60 65
20 (degree)
Figure 4.40. XRD patterns of post-reaction catalysts. Reaction conditions: GHSV=3000
h, P= 0.1 MPa and CO»/H./N,=1/1/3. (x) Impurity of SiC; () Hexagonal Mo.,C; (*)
Hexagonal MoO3; (|) Cubic MoC; (/) Cubic Mo,C; (|) Rutile TiOy; (/) Anatase TiO.
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4.3. MMo,C and and MMo4C/y-Al,O3 (M=Cu, Co) catalysts in
RWGS reaction

In this section, the influence of the presence of Cu and Co on Mo,C-U and

25Mo0,Cly-Al,O3 systems is explored.
4.3.1. Preparation of MMo,C and MMo,C/y-Al,O3; (M=Cu, Co) catalysts

The samples were prepared using similar preparation methods than those
used for the preparation of Mo,C-U and 25Mo,C/y-Al,O3. Figure 4.41 shows the

general preparation procedure of Cu- and Co-containing catalysts.

Cuor Co
precursor

of MoCls;+Urea

\

L Viscous solution 1
|

{ Ethanol solution }

Treated at 60 °C
Over night

[ MMo,C gel } [ Uncalcined }
sample

Thermal 2:C/m!n , 150 :C kept3 h Thermal
treatment 3°C/min , 800 °C kept3 h treatment

| Al,O; support |

MMo,C Catalysts MMo, C/y-Al,0,4
(M=Cu, Co) Catalysts
(M=Cu, Co)

Figure 4.41. The scheme of preparation of MMoxC and MMoC/y-Al,O3 (M=Cu, Co)
catalysts.

For the preparation of MMo,C (M=Cu, Co) catalysts, an ethanol solution

containing MoCls, urea, and the appropriate amount of Cu(CHs;COQO),eH,0O or
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Co(CH3COO0),04H,0 was prepared with continuous stirring (MoCls/urea=7, molar
ratio). Thereafter, the viscous solution was treated at 60 °C in an oven under air.
MMo,C (M=Cu, Co) catalysts were obtained after the usual thermal treatment, up
to 800 °C under Ar flow in a quartz tube reactor. Finally, the reactor was cooled
down to room temperature under Ar flow, and then the catalyst was exposed to
ambient air without any passivation. In this work, catalysts containing 5 wt%Co
(5CoMo,C), 20 wt% Co (20CoMo,C) and 20 wt%Cu (20CuMo,C) were prepared.

On the other hand, 10CuMo,C/y-Al,O3 (10 wt%, Cu) and 15CoMo,C/y-Al,O3
(15 wt%, Co) catalysts were prepared using a similar procedure as described
previously for the preparation of 25Mo,C/y-Al,O3. An alcoholic solution containing
the metal precursor (Cu(CH3;COOQ),eH,O or Co(CH;COOQ),e4H,0), MoCls and
urea was first prepared. After, y-Al,O3- was contacted with the above solution

with continuous stirring overnight, then, the heat treatment was carried out.

Preparation details of MMo,C and MMo,C/y-Al,O3 (M=Cu, Co) catalysts are

given in Annex Il.
4.3.2. Characterization of catalysts

Fresh MMo,C and MMo,C/y-Al,O; (M=Cu, Co) were characterized using
Sget, XRD, Raman spectroscopy and H,-TPR.

Table 4.7 shows the metal content and Sget Of the fresh catalysts. The Sger
values of 10CuMo,C/y-Al,0O3 and 15CoMo,C/y-Al,O; were lower than that of
25MOXC/Y'A|203.
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Table 4.7. Metal content, Sget values and crystallite sizes from XRD of fresh MMo,C
and MMoyCly-Al,O3 (M=Cu, Co) catalysts.

Mo CuorCo BET(m?%g) Crystallite size (nm)

Catalyst wt % wt % fresh Mo-,C Cu
20CuMo,C 67.2 20.7 6.4 48.8 62.3
5CoMo,C 86.8 5.3 <5 36.8 -
20CoMo,C 70.0 21.5 <5 38.2 -
10CuMo,Cly-Al,O3 25.1 9.5 91.1 41.5 97.5
15CoMo,Cly-Al,O3 26.4 14.6 71.5 56.9 -

The XRD patterns of MMo,C and MMo,C/y-Al,O; (M=Cu, Co) catalysts are
shown in Figure 4.42. For 20CuMo,C and 10CuMo,C/y-Al,O3 (Figure 4.42A) the
characteristic diffraction peaks of hexagonal Mo,C and cubic Cu® (JCPDS 00-
004-0836) were found. Moreover, in the XRD pattern of 10CuMo,C/y-Al,O3, two
peaks of very low intensity at 20=35.6 and 48.7°, which can be related with (-111)
and (-202) diffraction peaks of CuO (JCPDS 01-041-0254) can be observed.

The crystallite sizes of Mo,C in 20CuMo,C and 10CuMo,C/y-Al,O3 (Table
4.7) are higher than those of Mo,C in Mo,C-U (35.2 nm) and 25Mo0,C/y-Al,O3
(31.4 nm), respectively. On the other hand, the presence of large Cu° crystallites

was determined (Table 4.7).

As shown in Figure 4.42B, from the XRD patterns of CoMo,C and
CoMo,Cly-Al,O3, the coexistence of different crystalline phases can be deduced.
The presence of hexagonal Mo,C and cubic CogMogC, (JCPDS 01-080-0339)
can be proposed. Moreover, for 5CoMo,C 20CoMo,C, XRD diffraction peaks
assigned to hexagonal MoC (JCPDS 00-045-1015) were clearly observed. In
addition, the presence of metallic cubic Co (JCPDS 00-015-0806) can be
deduced from XRD patterns of 20CoMo,C and 15CoMo,C/y-Al,O5 catalysts.
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Figure 4.42. XRD patterns of fresh MMo,C and MMoC/y-Al,O3 (M=Cu, Co) catalysts.
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Figure 4.43 shows the Raman spectra of fresh catalysts. Several Raman
bands below 1000 cm™ assigned to MoO3 and/or MoOg., species were observed,

their profiles depended on the composition of the catalysts °*®. Raman bands at
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about 993, 821 and 657 cm™ are characteristic of orthorhombic MoO; ©112 For
20CoMo,C and 10CuMo,Cly-Al,O3, low intensity D and G Raman bands

characteristic of carbon residues were visible.
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Figure 4.43. Raman spectra of fresh MMo4C and MMoC/y-Al,O3 (M=Cu, Co) catalysts.

Figure 4.44 shows the H,-TPR profiles corresponding to 20CuMo,C and
MMo,C/y-Al,O3 (M=Cu, Co). For comparison purposes, profiles of Mo,C-U and
25MMo,C/y-Al,O; are also included. H, consumption for 20CuMo,C was
observed at a lower temperature than that of Mo,C-U (Figure 4.44A); an easier
reduction of oxycarbide species could account for this. A similar reason could

explain the differences between H,-TPR profiles of MMo,C/y-Al,O; (M=Cu, Co)
and 25MMo,C/y-Al,O; (Figure 4.44B).
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Figure 4.44. H,-TPR of fresh MMo,C and MMo,C/y-Al,O3 (M=Cu, Co) catalysts.

4.3.3. RWGS reaction over MMo4C and MMo,C/y-Al,O3 (M=Cu, Co)

catalysts

The RWGS reaction was carried out at atmospheric pressure in the 275-
400 °C temperature region and at GHSV of 3000 h™* using a reactant mixture of
CO,/H,/N,=1/3/1. Figure 4.45 shows the CO, conversion and CO selectivity of
MMo,C (M=Cu, Co) catalysts as a function of temperature; for comparison, the
results of bulk Mo,C-U are also included. The incorporation of Cu and Co to the

bare Mo,C-U did not show a positive effect in the catalytic activity. However,
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20CuMo,C which shows similar CO, conversion to Mo,C-U was more selective to
CO. As stated in the Introduction section, a positive effect of Cu in the catalytic
activity of Mo,C has been recently reported for catalysts containing 1 wt% Cu,
having very high Cu dispersion #°.
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Figure 4.45. Catalytic behaviour of MMoC/y-Al,O3 (M=Cu, Co) catalysts in RWGS as a
function of reaction temperatures: (A) CO, conversion; (B) CO selectivity. Reaction
conditions: CO2/H,/N»=1/3/1, GHSV=3000 h*, P=0.1 MPa.
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Figure 4.46 shows the CO, conversion and CO selectivity of MMo,C/y-Al,O3
(M=Cu, Co) catalysts as a function of temperature; for comparison, the

corresponding profiles of 25Mo,C/y-Al,O5 are also included.

10CuMo,Cly-Al,O; and 15CoMo,C/y-Al,O; showed lower CO, conversion
than 25Mo,C/y-Al,O3 under the reaction conditions analyzed. On the other hand,
the distribution of products for 10CuMo,C/y-Al,O; and 15CoMo,Cly-Al,O3 was
quite different. 20CuMo,C/y-Al,O3; showed always a selectivity to CO higher than
95%, whereas the selectivity to CO over 15CoMo,C/y-Al,O; was always below
70%, being CH4 the main by-product formed. This is probably related with the

presence of Co® particles.

An optimization of the amount of Co introduced in Mo,C-based catalysts
could lead to a further improvement of the catalytic performance in RWGS of

Mo,C-based catalysts developed in this work.
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Figure 4.46. Catalytic behaviour of MMoC/y-Al,O3 (M=Cu, Co) catalysts in RWGS as a

function of reaction temperatures: (A) CO, conversion; (B) CO selectivity. Reaction
conditions: CO2/H,/N,=1/3/1, GHSV=3000 h™*, P=0.1 MPa.
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New multicomponent CuZnxGaM (M=Al, Zr) catalysts were prepared using
a surfactant-free sol-gel method. The crystallite size of CuO in calcined catalysts,
and that of Cu® in Hy-reduced catalysts, was lower for CuZnxGaM (M=Al, Zr)
catalysts than those determined in the reference CuZn. Both, calcined and H,-
reduced CuzZnxGaZr catalysts, showed higher surface area than the CuzZnxGaAl

counterparts.

CuZnxGaZr catalysts showed an easier reducibility of CuO and a higher
amount of Cu, Zn and Ga species on the surface than CuZnxGaAl counterparts.
The presence of ZrO, could favour the surface dispersion of Cu, ZnO and Ga,0s3;
the surface of CuZnxGaAl was enriched with aluminium species. Moreover, the
oxygen defects at Cu-Support interface were more abundant on CuzZnxGaZr than

on CuZnxGaAl catalysts.

In reduced catalysts, the reference CuZn showed a lower amount of
surface basic sites than CuzZnxGaM (M=Al, Zr). CuZnxGaM (M=Al, Zr) catalysts
showed higher capacity of CO, and H, adsorption than the bare CuZn. The

higher Ga content, the higher H, adsorption capacity.

Reduced catalysts were highly performant in the RWGS reaction at 250-
270 °C, 3 MPa using a CO,/H,/N,=1/3/1 reactant mixture. CuZnxGaZr were more
active than CuZn and CuzZnxGaAl catalysts. This is related with a synergetic
effect of Cu and the oxygen vacancies at the Cu-Support interface. In all cases,
CO, conversion and CO selectivity increased with the increase of temperature.
CO was the main product, CH;OH and very small amounts of CH, were also
formed. Over the most performant CuZn3GaZr, CO and methanol are proposed
to be primary products formed through independent reaction pathways. When the
RWGS reaction was carried out at atmospheric pressure over the CuzZn3GaZr,
the CO selectivity approached 100% at 325 °C (CO, conversion=16.8%). The
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apparent Ea determined in the 275-325 °C range for CO production over
Cuzn3GaZr was 70.9£3.7 kd/mol.

The presence of Ru (0.2-2.0 wt%) in CuzZn3GaZr did not show a positive
effect in the catalytic properties in the RWGS under the experimental conditions

used.

Calcined Cu0OZnOGa,0s-based catalysts were efficient in the
stoichiometric MSR reaction at atmospheric pressure and in the 250-275 °C
range. The H,/CO, ratio obtained was close to the stoichiometric (3); only very
small amounts of CO were produced probably through the RWGS reaction.
CuZnxGaZr samples showed higher H, production than the other samples, being
CuzZn3GaZr catalyst the most performant. Under MSR conditions, initial CuO was
reduced to Cu®. Surface formate species are proposed to be involved in the MSR

reaction for the production of CO, and H,.

New Mo,C-based catalysts were prepared using sol-gel routes with
different carbon precursors and without additional H, and/or CH,; reducing

thermal treatment.

Bulk polycrystalline Mo,C-U, Mo,C-CA and Mo,C-E catalysts were highly
efficient, stable and selective for the RWGS (CO,/H,/N,=1/3/1) reaction in the

275-400 °C range and atmospheric pressure.

Mo,C-CA having hcp-Mo,C, fcc-Mo,C and/or fcc-MoC and the highest Sget
(14.5 m?/g) showed the best performance. A CO yield of 41.8 mol/Kg.ueh was
obtained at 400 °C with 98% selectivity to CO. The apparent Ea determined in
the 275-325 °C range for CO production was 64.8+4.1 kJ/mol.

Mo,C-U showed only the presence of polycrystalline hcp-Mo,C. Its

characteristics and catalytic properties were deeply analyzed and successfully
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interpreted in the light of theoretical studies carried out under a collaborative

work.

The adsorption heat of CO, on Mo,C-U was -3.2 eV. Over hcp-Mo,C, CO,
dissociates at 35 °C to CO+O surface species. Under RWGS conditions, the

reaction proceeded by subsequent hydrogenation and CO and H,O formation.

Over Mo,C-U, using CO,/H,/N,=1/1/3 reactant mixture, the CO selectivity
at 400 °C, 0.1 MPa, was 99.5% (CO, conversion=16%). An apparent Ea of
55.242.3 kJ/mol for CO production was determined for this catalyst in the 275-
325 °C range.

Mo,C phases were successfully supported over y-Al,Os;, SiO,, SBA-15,
TiO,-AR, TiO,-A and TiO,-R using the urea-based sol-gel method and a thermal
treatment under Ar at 800 °C. Different Mo,C phases were obtained as a function

of the support.

In general, for supported Mo,C catalysts, a higher CO production (mol
CO/mol Moeh) when compared with that of Mo,C-U was found. However, despite
no significant deactivation was observed, different structural and morphologic

changes were determined for post-reaction supported catalysts.

25Mo0,C/SiO, catalyst, which showed the presence of hcp-Mo,C and fcc-
MoC, was the most performant for CO production; it produced 17.0 mol CO/mol
Moeh at 400 °C, 0.1 MPa and CO,/H,/N,=1/3/1. Using CO,/H,/N,=1/1/3 reaction
mixture, the CO vyield was up to 5 times higher than that obtained over the bulk

Mo,C-U catalyst. MoO, was found in the post-reaction 25Mo,C/SiO, catalyst.

The introduction of Cu or Co (5-20 wt%) in Mo,C-U and 25Mo,C/y-Al,O3
systems had not a positive effect on the catalytic behaviour in RWGS; further
studies, related to the preparation method and optimization of Cu and Co amount

are necessary for new developments.
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Figure A.l. Arrhenius plots obtained from CO production for supported Mo,C samples.
Reaction conditions: CO./H»/N,=1/3/1, GHSV=3000 h™*, P=0.1 MPa. T=275-325°C (A),
and T=350-400 °C (B).
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Preparation details of catalysts

a) Preparation details of bulk Mo,C catalysts

To prepare 2 g of Mo,C-U, approximately 15 mL of ethanol were added to
5.3 g of MoCls to get a clear solution. Then, about 8.2 g of solid urea were
dissolved in this alcoholic solution with continuous stirring until forming a viscous
solution. This viscous solution was then treated at 60 °C in an oven under air to

form a gel.

For the preparation of 2 g of Mo,C-CA, an aqueous solution of citric acid
(4.1 g citric acid, 14 mL H,0) was first prepared. 8.5 g of (NH4)M0,0,4-4H,0
precursor were then dissolved into this aqueous solution with continuous stirring.
Next, 8.2 g of solid urea and 1.1 mL of ethylene glycol were added to the above
solution with continuous stirring until a viscous solution was formed. Afterwards,

this viscous solution was treated at 60 °C in an oven under air to form a gel.

For the preparation of 3 g of Mo,C-E, 5.2 g of (NH4)¢M070,4-4H,0 were
dissolved in an aqueous solution, which contained 4.3 g of EDTA, 2.0 mL of ED
and 116 mL H,O, with continuous stirring until the formation of a viscous solution.

After, this viscous solution was treated at 60 °C in an oven under air to form a gel.

In all cases, the formed gel was treated using the thermal treatment detailed

in the Chapter 4 in a quartz tube reactor under Ar flow (20 mL/min) up to 800 °C.
b) Preparation details of supported Mo,C-U catalysts

For the preparation of 2 g of y-Al,Os-, TiO,-, SBA-15- and SiO,-supported
catalysts with 25 wt% Mo loading; firstly, approximately 5 mL of ethanol was
added to 1.61 g of MoCls to get a clear solution. Then, about 2.5 g of solid urea
were dissolved in this alcoholic solution with continuous stirring until forming a
viscous solution. After, the corresponding support (1.4 g) was contacted with the
above solution under continuous stirring overnight. Then, the sample was treated

at 60 °C in an oven, followed by a thermal treatment under Ar flow (20 mL/min) in
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a quartz tube reactor similar to that applied in the preparation of bulk Mo,C
samples in two steps: at 150 °C (3 h) and at 800 °C (3 h).

c) Preparation details of MMo,C and MMo,C/y-Al,O3; (M=Cu, Co) catalysts

To prepare 2 g of 20CuMo,C, about 12 mL of ethanol were added to 4.3 g
of MoCls to form a clear solution, then 1.26 g Cu(CHsCOOQO),eH,0O and 6.9 g of
urea were added to the above mentioned solution with continuous stirring. Once
the viscous solution was formed, it was treated at 60 °C in an oven, followed by a
thermal treatment under Ar flow as described above. 5CoMo,C and 20CoMo,C

catalysts were prepared similarly using Co(CH3;COQ),e4H,0.

Regarding MMo,C/ly-Al,0; (M=Cu, Co) samples: similarly to the
preparation of 25Mo,C/y-Al,O3 catalyst, appropriate amounts of MoCls and, Cu or
Co precursors were dissolved in 5 mL ethanol. After, the corresponding amount
of the y-Al,O3 support was contacted with the above mentioned solution with
continuous stirring overnight. Then, the sample was treated at 60 °C in an oven,

followed by the thermal treatment under Ar flow as described above.
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