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1 

INTRODUCTION 

 
The present thesis is related to a European project, named COZMOS (CO2 

conversion over multisite Zeolite-Metal nanocatalysts to fuels and OlefinS), 

which aims at creating a bifunctional catalyst to produce methanol from CO2 and 

convert it into C3 hydrocarbons. The bifunctional catalysts studied are made up 

of a supported-metal or oxidic phase, involved in CO2 conversion to methanol, 

and a zeolite/zeotype phase for the conversion of methanol to hydrocarbons, via 

methanol-to-hydrocarbons or methanol-to-olefines processes. 

COZMOS is a joint project between several partners belonging to academia and 

industrial field.  

The project focused the attention on several bifunctional catalysts proposed 

during the course of the last three years. However, only four of them had been 

chosen to be investigated, focusing the attention firstly on their catalytic activity, 

and then on their structure and semiconductive properties, in order to understand 

their activity mechanism and to enhance their functioning. The present Ph.D. 

work is focused on four main systems: (i) PdZn/ZrO2 + SAPO-34, (ii) ZnZrOX + 

ZSM-5, (iii) ZnCeZrOX + RUB-13 and (iv) GaZrOX + SSZ-13.   

Not only lab-scale catalyst were analyzed, but also the scaled-up version of 

PdZn/ZrO2 + SAPO-34, and GaZrOX oxidic phase in combination with a different 

zeolite, MgAPO-18. For sake of brevity, the last one has not been reported in this 

thesis. 
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The entire research work was mainly focused on FT-IR spectroscopic 

characterization of the above-mentioned catalysts, employing probe molecules, 

such as CO, H2 and CO2, to study their surface properties. Since the bifunctional 

catalysts were mainly obtained by a physical mixture, both stand-alone phases 

and the combined systems were analyzed, with a major attention on the oxidic 

phase. Infrared results were supported by several other techniques, such as X-Ray 

Absorption Spectroscopy (XAS), Transmission Electron Microscopy (TEM) and 

gas volumetric measurement for the most part. In some cases, X-Ray 

Photoelectron Spectroscopy (XPS) and Solid State Nuclear Magnetic Resonance 

(SS-NMR) demonstrated to be valuable allies to highlight specific features of 

some samples. 

The present thesis is divided as follows: Chapter I describes the state-of-art of 

CO2 hydrogenation process; Chapter II summarizes both the synthesis and the 

basic characterization of the analyzed materials; all the following chapters, from 

Chapter III to Chapter VI, deal with the single oxidic phase and their combination 

with the zeolites; finally, the last pages report conclusion and perspectives. 
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CHAPTER I 
CO2 hydrogenation 

 
1.1  State of the art: from waste to value-added products 

The rapid change in global temperature has been demonstrate to correlate to the 

human activity. According to the Sixth Assessment Report released by IPCC 

[1,2], the human activity has been responsible for the increase of greenhouse gases 

(GHG) in the atmosphere and, thus, global warming. Human activity means every 

action carried out by mankind to produce electricity, food, fuel for transport, and 

so on. As for the electricity production is well known that oil, natural gas and coal 

are still the main energy sources, and they represent the most dangerous sources 

of environmental impact. Thus, it is clear that their consumption should be 

drastically reduced.  

However, reducing fossil fuel consumptions means that humanity could still use 

them, but should involve some technologies in order to reduce greenhouse gases 

emissions. For example, carbon capture, utilization and storage systems (CCUS) 

include technologies in order to reduce CO2 emissions by storing and convert the 

gas into other products. 

According to the World Energy Outlook published by the International Energy 

Agency (IEA) [3], oil demand is declining, even though it is dropping very 

widely. According to the Net Zero Emission by 2050 scenario (NZE) [4] oil 
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demand should drop from around 90 million barrel per day (mb/d) in 2020 to 24 

mb/d in 2050. This scenario limits oil consumption at 55% just for petrochemical 

uses. 

As for natural gas, the demand will increase in the next five years [3], but the NZE 

scenario limits natural gas consumption to 1750 billion of cubic meters. 

According to the same report, by 2050, more than 50% of natural gas will be used 

to produce low-carbon hydrogen and 70% of gas use in facilities will be equipped 

with CCUS. In July 2022, with a delegated act, the European Commission 

approved the inclusion of natural gas, together with nuclear power, into the 

taxonomy for sustainable activities [5]. The EU Taxonomy is a tool to increase 

transparency in financial markets for sustainable investments in the private sector. 

Unlike nuclear power, natural gas undoubtedly releases CO2, so by including it in 

the EU taxonomy some limits to gas-related activities have been imposed: i) 

lifecycle emissions are below 100gCO2eq/kWh or ii) until 2030, and where 

renewables are not available at a sufficient scale, direct emissions are below 

270gCO2eq/kWh or their direct emissions of the facility must not exceed an 

average of 550kgCO2eq/kW over 20 years. In this case, the activities must meet 

some conditions, such as replacing a facility using solid fossil fuels and the 

activity ensures a full switch to renewable sources or low-carbon gases by 2035 

[5]. 

As for coal, it is well known to be responsible of several contaminations and its 

consumption should be reduce the most. According to the NZE scenario [3], coal 
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demand should drop by 55% to 2030 and by 90% to 2050. Around 80% of the 

remaining amount of coal will be used in plants equipped with CCUS. 

As mentioned in IEA’s report, CCUS will play an important role. There is a 

growing role for alternatives, such as bioenergy and hydrogen-based fuels. In 

particular, hydrogen-based liquids, including ammonia, methanol and other 

synthetic liquid hydrocarbons with a very low emissions intensity. According to 

the Global Hydrogen Report 2021 [6], 17 governments have published hydrogen 

strategies and more than 20 countries are developing them. 

In order to achieve all the goals for a Net Zero scenario, it is important to produce 

hydrogen from sustainable sources like renewable energy, nuclear power and 

natural gas (H2 production by methane steam reforming) equipped with CCUS.  

Speaking of CCUS, it is the combination of CCS (Carbon Capture and Storage) 

and CCU (Carbon Capture and Utilization). CCS plays a key role in the reduction 

of GHG, accompanying the mitigation of the climate change. CCU is, to date, a 

very attractive approach, but the amount of CO2 recovered is about 11-17% [7]. 

Nonetheless, CCU gives value-added chemicals in addition to CO2 emissions 

reduction [8]. In this view, among the most CO2-intensive fields, ammonia plants, 

cement and steel industry could integrate their production with the synthesis of 

CO2-offspring compounds. 
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1.1.1 Variety of target products: DME, methanol, CO, etc. 

CO2 hydrogenation could lead to several compounds obtained by reaction of CO2 

with H2 at different H2/CO2 ratios. 

Olah et al. [9] and Centi et al. [10,11] proposed different routes for CO2 

hydrogenation to produce some products, such as methanol, dimethyl ether 

(DME), methane and hydrocarbons. Saiedi et al. [12] schematized some potential 

routes to produce different compounds via CO2 hydrogenation (Figure 1). 

 

 

Figure 1 – Scheme taken from Saeidi et al. [12] representing potential paths to synthesize 
different products via CO2 hydrogenation. 

Methane can be produced via the Sabatier reaction (Eq. 1), but the reaction is 

limited by several technical issues related to H2 consumption, difficulties in 
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methane storage – with respect to some other products – and low energy per unit 

volume. 

 

CO2 + 4 H2 → CH4 + 2H2O  ΔH298K= -164.63 kJ/mol    (Eq. 1) [12] 

 

Methanol is a very versatile compound and could have several industrial 

applications in chemical/petrochemical industry because it could be used as 

solvent, energy source (e.g. fuel) or chemical raw material (e.g. production of 

dimethyl carbonate, formaldehyde, acetic acid, etc.). Moreover, it can be 

implemented in the so-called methanol-to-olefins (MTO) and methanol-to-

hydrocarbon (MTH) process (see section 1.3.1). To date methanol is one of the 

compounds which can easily be included in the “Power-to-Fuel” concept. The 

reactions reported below (in Eq. 2-4 [12,13]) could be appropriately achieved in 

the view of incrementing the hydrogen production with low-carbon technology, 

with energy “excess” produced by sustainable energy sources, such as renewables 

and nuclear energy. 

 

CO2 + 3 H2 ⇌ CH3OH + H2O  ΔH298K = –49.5 kJ/mol  (Eq. 2)  

CO2 + H2 ⇌ CO + H2O   ΔH298K = +41.2 kJ/mol  (Eq. 3) 

CO + 2 H2 ⇌ CH3OH   ΔH298K = –90.7 kJ/mol  (Eq. 4) 
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Methanol is far easier to store than H2 and all the efforts in the new reactor designs 

for CO2 hydrogenation could make this technology competitive with industrial 

methanol synthesis from syngas. 

Methanol can also be involved to produce DME, which is not corrosive or toxic, 

can be used to produce light olefins [14] and can replace chlorofluorocarbon in 

aerosols [15]. DME is produces by methanol dehydration (Eq. 5) and both DME 

and water act as inhibitors during the reaction [16]. 

 

2 CH3OH ⇌ CH3OCH3 + H2O  ΔH298K = −23.4 kJ/mol (Eq. 5) [12] 

 

Eq. 3 is known as reverse-water gas shift (RWGS) reaction, an endothermic 

reaction that leads to the formation of CO.  

Carbon monoxide can be involved in several reaction to produce hydrocarbons. 

The most known reaction is the Fischer-Tropsch (FT) reaction, which mainly 

leads to alkanes (Eq. 6), while competing reactions lead to alkenes or other 

products. 

 

n CO + (2n+1) H2 ⇌ CnH2n+2
 + n H2O    ΔH298K = −165 kJ/mol (Eq. 6) [17] 

 

To date, a direct hydrocarbon production from RWGS and FT reaction are the 

most significant processes involved in CCU, as clearly comprehensible from 

Figure 1 [18]. 
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Indeed, a direct CO2 hydrogenation to hydrocarbon is not easy to achieve. Eq. 7 

requires more energy, more H2 consumption and more reaction steps, so that it is 

not implemented in fuel production [19]. 

 

n CO2 + 3n H2 ⇌ (CH2)n
 + n H2O         (Eq. 7) [12] 

As for hydrocarbons, CO2 transformation to light alkanes and alkenes could 

follow two main routes: i) modified Fischer-Tropsch (MFT) process and ii) 

methanol-mediated pathway. In the MFT processes, CO production from RWGS 

reaction is followed by a further hydrogenation of CO as in a typical Fischer-

Tropsch process. In this case, there is a high competition between CO2 and CO to  

react with H2 and cannot be ruled out [20]. 

At present, research laboratories, companies and start-ups head towards these 

processes and many of them aim at the conversion of CO2 in organic molecules, 

like C3-hydrocarbons, i.e. propane and propene. Propane can be produced using 

methanol-to-hydrocarbon catalysis, while propene can be obtained from propane 

dehydrogenation (PDH), olefins metathesis and methanol-to-olefins (MTO) 

processes [21]. In particular, propane is a key feedstock molecule and strictly 

linked to the propylene market. Propylene was historically produced from naphtha 

steam cracking, but the shift towards the shale gas cracking seemed to have 

impacted on the propylene market [5]. Despite propane is a by-product of natural 

gas processing and petroleum refining, perhaps affected by a plausible contraction 

of natural gas and oil production by 2050 [6], several research groups headed to 
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synthesis propane from CO2 and tried to produce propylene via propane 

dehydrogenation (PDH) processes during the last decade. Because of its high 

selectivity towards propylene, at present several plants have already been 

commercialized and already available on the market [5,7,8]. 

PDH is energy demanding [22] and since this implies the usage of fossil fuels it 

is important to find another route to produce that energy. Many industrial 

processes use MTO process because it has an autocatalytic mechanism, though 

the first reaction is the rate-determining step, so it can be speeded up co-feeding 

initiators, such as ethylene and other alkenes. The aim is using hydrogen obtained 

from sustainable sources to produce methanol (hydrogenation of CO2) which can 

be used to produce hydrocarbons.  

 

1.1.2 Variety of process approaches: thermocatalysis, electrocatalysis, 

photocatalyis, etc. 

Dealing with CO2 is not straightforward. It is the most oxidized form of carbon 

and it is located in such a thermodynamic well that makes its chemical reduction 

hard to achieve [23]. The single C atom CO2 possesses can be recovered and 

added to other organic chemicals to obtain useful products for further fields.  

Currently, there are different ways involving CO2 conversion, such as 

photochemical (i.e. photocatalysis), electrochemical (i.e. electrocatalysis) and 

thermocatalytic processes.  
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Both photo- and electrochemical processes are strictly linked together, since solar 

energy can be “directly” used as in a sort of artificial photosynthesis and/or it can 

be converted into electricity to be used in electrochemical processes. 

As a matter of fact, solar energy can be used in different ways: i) artificial 

photosynthesis via photoinduced electrons; ii) bulk electrolysis of a CO2-full 

solution using photovoltaic electricity; iii) solar-produced H2 (i.e. green H2) for 

CO2 hydrogenation; iv) thermochemical process at extremely high temperature in 

solar collectors. 

Several research groups are investigating both photo- and electrochemical 

reduction of CO2 to CO, formate and methanol, using transition metal electrodes, 

semiconductors, metal complexes, etc. [24–30]. Since CO2 is a very stable 

molecule, sometimes these systems could decompose their carbon-based 

impurities (e.g. on semiconductor surface) giving an overestimation of the 

catalytic activity, thus when product formation is very low all the reaction must 

be carefully investigated. 

The homogeneous photochemical CO2 reduction is very hard to achieve, due to 

some factors such as: single-electron-transfer and a single-photon processes, 

which limit the multielectron requirement for reduction; the employment of a 

catalyst; a sacrificial reductant with low oxidation potential; and a photosensitizer. 

Usually, the reductive quenching of the photosensitizer excited state by the 

electron donor drives the reaction, so that when one-electron-transfer from the 

reduced photosensitizer to the catalyst precursor occurs, the catalysis begins. 
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Furthermore, despite the difficulty in monitoring the electron transfer steps, an 

attentive check is necessary to control the decomposition of the photosensitizer 

[24]. 

To date, the photochemical approach has several limitations that need to be 

overcome, as for: i) low turnover numbers and frequencies; ii) product selectivity 

towards CO, formate, methanol, etc.; iii) implementation of precious metals; iv) 

pH control; v) use of organic solvents and sacrificial reactants; vi) the demand of 

an oxidative-reductive coupled half-reactions. Moreover, according to some 

authors [31] the catalytic results are difficult to compare between laboratories 

activities, because of different parameters involved (i.e. light wavelength, electron 

donors, light intensity, etc.).  

On the other hand, electrocatalysis and thermocatalysis are the most widely used 

processes with several pros and cons on both sides. To give an idea about them, 

Guzmán et al. [32] published a very good work to compare both electrocatalysis 

(EC) and thermocatalysis (TC).  

Thermocatalysis is the eldest processes applied for CO2 hydrogenation, but has 

some limitations, such as poor stability of the support in presence of steam, it 

requires high energy demand, it is not as thermodynamically favorable as the 

actual syngas route for methanol production and requires hydrogen, which is 

mainly produced by steam methane reforming [33]. Indeed, methanol production 

via TC is significantly more carbon-intensive when compared to EC [32]. 
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However, according to a report published by the Joint Research Centre (JRC) in 

2016 [34] methanol synthesis reached TRL 6-7 at prototypal scale, thus 

thermocatalytic approach could be already industrialized in the near future. 

As for EC, has some advantages compared to TC, such as: i) direct use of 

sustainable energy sources; ii) use of water for the in-situ generation of H+ and 

iii) mild conditions for conversion of CO2 into fuels and chemicals (produced 

today from petroleum). Nonetheless, large potentials (> 3.0 V) are required for 

the electrochemical reduction of CO2 to produce significant amount of fuel. In 

addition, methanol productivity and low selectivity are still not overcome. At the 

moment, TRL for methanol synthesis is lower than that of TC (TRL 3-6) and it is 

mainly due to the low level of commercialization [32], despite the high level of 

investments in this technology [35].  

Nonetheless, according to Guzmán et al. [32], EC is economically more 

advantageous than TC on the low scale production of methanol, but when scaled-

up both the processes start to be economically competitive. Hence, more efforts 

should be applied in this direction, especially on thermocatalysis side because, to 

date, it represents the most technologically advanced approach to be involved in 

CO2 hydrogenation to methanol.  
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1.2 Methanol as energetic vector for a new platform for the 
synthesis of simple hydrocarbon.  COZMOS Concept. 

As already mentioned in the previous sections, methanol is convenient compound 

that can be involved as a liquid fuel or raw material for hydrocarbon production, 

offering an alternative source to substitute oil-derived substances. It can be 

obtained from H2 and CO2, reducing the burden concerning to global warming. 

Focusing the attention on methanol conversion towards hydrocarbon, here comes 

the role of COZMOS project. COZMOS stands for CO2 conversion over multisite 

Zeolite-Metal nanocatalysts to fuels and OlefinS. It is an EU-funded project that 

aims to provide an innovative technology to convert CO2 to C3 fuel and chemical 

building blocks. The focus is the development of original catalyst and process 

technology to cross the thermodynamic limitations related to the conversion of 

CO2 to produce value-added products. 

COZMOS is a joint project between several partners belonging to academia and 

industrial field. Even though it is financed by the European Union, the project 

includes some non-EU partners. The partners are: University of Oslo (Norway), 

University of Turin (Italy), Centre National de la Recherche Scientifique (CNRS, 

France), Haldor Topsoe AS (Denmark), Linde AG (Germany), STIFTELSEN 

SINTEF (Norway), Tata Steel (United Kingdom), University of Sheffield (United 

Kingdom), Tüpraş (Turkey), King Abdullah University of Science and 

Technology (KAUST, Saudi Arabia) and Institute of Coal Chemistry Chinese 

Academy of Sciences (ICC, China). 
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One of the main goals of COZMOS is to develop and demonstrate the possibility 

to produce a technology at TRL 5, meeting the LCA targets related to CO2 

emissions and the social acceptance of carbon dioxide-derived fuels and 

chemicals. Needless to say, COZMOS also aims to meet EU goals regarding 

independence on fossil resources by replacing fossil fuels and contributing to a 

circular economy. 

To achieve this goal, the project aims to the development, optimization and 

upscaling of bifunctional catalysts made up of an oxidic or supported-metal phase, 

involved in CO2 hydrogenation to methanol, and a zeolitic phase, to convert 

methanol to C3 hydrocarbon (e.g. via methanol-to-olefins or methanol-to-

hydrocarbon process). 

 

1.3 Bifunctional Catalyst 

1.3.1 The role of the metallic/oxidic phase 

The main challenge in catalysis consists in compromising the catalyst 

performances, such as activity, selectivity, and conversion, with the energy cost 

of the total reaction, i.e. low pressure and temperature (e.g. 1 bar, < 400 °C). As 

for CO2 hydrogenation and conversion to hydrocarbons, the main reactions 

involved are: 

CO2 + 3 H2   ⇌   CH3OH + H2O     (Eq. 2)  

CO2 + H2    ⇌   CO + H2O       (Eq. 3) 
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CO + 2 H2   ⇌   CH3OH       (Eq. 4) 

n CH3OH   →   CnH2n + n H2O     (Eq. 8) 

Recently, several groups [36–41] investigated bifunctional catalysts obtained 

combining a metallic phase (metal or metal oxide) involved in methanol 

production with a selective zeolitic material to convert methanol into 

hydrocarbons (methanol-to-hydrocarbons process, MTH). Nonetheless, the 

coexistence of two catalysts under the same reaction conditions is still 

challenging. Indubitably, each catalyst must be the most appropriate for each 

reaction step and the two active phases must not contaminate each other, e.g. 

water production in Eq. 3 may lead to sintering of the catalyst dedicated to 

methanol synthesis [42]. Furthermore, the possibility the two materials undergo 

mutual interactions (e.g. inter-phase ion-exchange phenomena) altering their 

physico-chemical properties at high temperature must be considered [37]. 

Starting from the first step consisting in CO2 hydrogenation to methanol, it is 

important to find a trade-off with the thermodynamics of the reaction [43], in 

particular methanol synthesis at low temperature and high pressures. For sake of 

clarity, low temperature favors methanol production on the first catalyst, while 

high temperature enhances methanol dehydration and C-C coupling in the zeolite. 

Hence, high temperature moves the equilibrium of the first catalyst towards the 

endothermic reverse water gas shift (RWGS) reaction (Eq. (3)).  
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1.3.2  Mixed oxides 

In recent years, different research studies [44–51] are still focused on using the 

same types of catalysts involved in RWGS reaction.  

Some metal-based oxidic supports can be involved in CO2 hydrogenation to lower 

olefins (CTLO) without the need of a zeolitic phase. In particular, those catalysts 

have been reported to catalyze the CTLO process by a modified Fischer-Tropsch 

(MFT) pathway [52]. The most studied materials are Fe-based catalysts (Fe3O4, 

Fe2O3, etc.) due to its known performances in water gas shift (WGS) and Fischer-

Tropsch (FT) process. In particular, it has been revealed that different facets of 

the catalyst can be subjected to electronic modification to generate new phases 

capable of catalyzing both CO formation and its hydrogenation to hydrocarbons 

[52]. Some authors [53,54] stated that Fe3O4 behaves as an active phase for the 

RWGS process, while Fe5C2 is active for the FT step. Unfortunately, this catalyst 

yields large hydrocarbons, with low selectivity to lower olefins and wide product 

distribution. This leads to a lower selectivity, but also to a high cost of product 

separation. This is a reason why researchers found the possibility of using the 

tandem catalyst strategy [49,55,56].  

An ideal CO2 hydrogenation catalyst should promote: i) stabilization of 

intermediates for hydrogenation to methanol or other hydrocarbons instead of 

RWGS ones; ii) H2 dissociation by heterolytic splitting and iii) inhibition of water 

poisoning effect, which hampers the catalytic hydrogenation activity [49]. For this 

purpose multicomponent catalytic systems have been proposed to balance the 
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above-mentioned capabilities. In particular, oxide-supported metals, working at 

the oxide-metal interface [44,50,57–62] or via the formation of alloys [48,63–69], 

have shown to be very promising. 

As for the support, research is even wider due to the possibility of using several 

oxides (e.g., ZnO, ZrO2, Al2O3, SiO2, TiO2, CeO2, Ga2O3, Nb2O5) that have been 

described in several scientific works [49,60,70–74] .  

Among the above-mentioned oxides, ZrO2 has been investigated as support 

material in many binary and ternary systems for CO/CO2 hydrogenation to 

methanol [75–81]. According to some studies over pristine zirconia [82], CO and 

CO2 are mainly adsorbed, as HCO–, CO3
2– and HCO3

–, respectively. Especially, 

as the strength of Zr4+ Lewis acid sites, O2– Lewis basic sites and higher 

concentration and basicity of hydroxyl groups increase, so does CO2 adsorption 

capacity. However, according to other works, the main CO2/ZrO2 interaction 

occurs through the oxide basic sites [80,83]; principally, with the formation of 

bicarbonate b-HCO3-Zr [78], which following hydrogenation is promoted from 

the weak hydrophilic character of the support [84]. 

Moreover, some catalysts exploit the activity of some other metals (such as Pd) 

or alloys (such as PdZn) which are able to bind hydrogen in order to enhance CO2 

hydrogenation [46,48,69,85,86]. As a matter of fact, some metals are able to split 

the molecule to facilitate the reduction. 

Using ZrO2 as a model system Li et al. [49] aimed at offer further insights about 

structural and surface properties of catalysts. Specifically, they aimed at 
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understanding the reaction mechanism and the synergy between the ZrO2 support 

and the supported metal to design a high-performance catalyst. 

In addition, some mixed oxides could exhibit semiconductive properties, which 

can lead to the formation of oxygen vacancies that have been demonstrated 

playing a key role in CO2 hydrogenation [45,46,49,87–89]. 

 

1.3.3 The role of the zeolite 

As for the zeolitic part of the bifunctional catalyst, it is a complete distinctive 

story. As already mentioned, zeolites play a key role in both MTO and MTH 

processes. According to several works [90–92], several zeolites can be involved 

to aim hydrocarbons production. Nonetheless, defining a specific mechanism is 

not straightforward. Indeed, since the first application of zeolites in the 

petrochemical field, several mechanisms have been proposed.  

In the recent years, a massive consensus has been reached regarding the existence 

of a direct mechanism highlighted by the formation of a surface methoxy species 

(SMS) (Figure 2) upon methanol adsorption on Brønsted acid sites [90,93,94]. 

From SMS several mechanisms can occur leading to the formation of a C-C 

through several routes. A review work of Yarulina et al. [90] elegantly 

summarizes the most studied mechanisms that still have a huge influence in 

several recent papers.  
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Figure 2 – Several proposed mechanisms for hydrocarbon production starting from a 
SMS precursor. Courtesy of Yarulina et al. [90]. 
 

Among the SMS there would be oxonium ylides [95,96], carbocations [97,98], 

carbenes [99,100] and free radicals [101]. 

After the formation of C-C bond, it is important to define a possible route to drive 

through in order to generate hydrocarbons. Literature focused the attention on 

three main pathways highlighting two main systems: ZSM-5 and SAPO-34. 

Chronologically, the first mechanism was theorized by Dessau and LaPierre [102] 

based on consecutive methylation and cracking, producing ethene and higher 

alkenes over ZSM-5 (Figure 2a). The second mechanism was illustrated by Dahl 

and Kolboe [103] enlightened by the low reactivity of propene and ethene when 
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co-reacted with methanol over SAPO-34. Their mechanism is based on a 

hydrocarbon-pool concept [104], represented as (CH2)n in Figure 2b. Last but not 

the least, a more recent mechanism representation is the dual-cycle concept which 

highlights the strict interconnection between two cycles: an olefinic and an 

aromatic cycle (Figure 2c). According to this concept, it is possible to generate 

ethylene from the aromatic cycle. Indeed, according to Sun et al. [105], both the 

cycles are active for ethylene and propylene, but the olefinic cycle is more 

selective than the aromatic cycle toward propene production. Hence, these cycles 

compete for the production of ethene and propene, so that a product can be 

obtained by stimulating or suppressing one cycle over the other.  

 

 

Figure 3 - Possible mechanism development of MTH process. a) mechanism illustrated 
by Dessau and LaPierre in 1982 [102]; b) hydrocarbons-pool mechanism theorized by 
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Dahl and Kolboe in 1993 [103]; c) dual-cycle concept schematized by Olsbye and co-
workers in 2012 [91]. All the schemes were adapted by Yarulina et al. [90]  
 

In order to complete a very light and introductive excursus in the world of 

methanol conversion to hydrocarbons, it is important to highlight the role of the 

acid sites in a zeolitic system which are strictly connected to the coke generation 

as a by-product of process which often leads to the deactivation of a catalysts. 

In 2009, Guisnet and co-workers [106] elegantly described the role of acidity 

characteristics: (i) the stronger the acidic sites, the faster the chemical steps and 

the more conspicuous the retention of coke precursors, hence the higher the 

coking rate; (ii) the higher the acid sites density, the closer the sites, the faster the 

chemical steps and, hence, the coke formation. 

Despite of the difficulties in understanding the mechanism of polycyclic arene 

formation, some authors [107] suggest 4 main sequences such as (1) a dehydration 

of two methanol molecules to dimethyl-ether (DME), followed by (2) loss of 

another water molecule to produce an olefin and (3) other olefins, and finally (4) 

conversion of some olefins into aromatics featured by a possible hydrogen 

transfer from some olefins to produce saturated alkanes. Focusing on Si-

substituted AlPO4 (SAPOs) the above-mentioned work highlights that a hydrogen 

transfer seems to play a key step in the process.  

SAPO-34 has been widely studied in the last decades [108–110] due to its 

application in methanol-to-hydrocarbons (MTH) processes and it was observed 



  CO2 hydrogenation 

23 

that varying its composition both the deactivation rate and the synthesized 

molecule could widely change [107,111,112]. Indeed, according to Wilson and 

Barger [111] a reduction in Si content decreases propane yield and increases 

catalyst life-time. These results were confirmed [107,112] with different 

chabazite zeolites and by varying the acid sites density. Dahl et al. [113] further 

investigate how the acid strength could influence the catalyst deactivation 

behavior.  

A very interesting study was performed by Bleken et al. [110] where the authors 

compared chabazite zeolites, H-SSZ-13 and H-SAPO-34, with similar acid site 

density, but different acid strength. According to their work, H-SSZ-13 showed 

higher activity and more rapid deactivation than H-SAPO-34. This behavior is in 

line with its higher acid sites strength, despite of the same type of hydrocarbon 

retained in the pores of both the zeolites. 
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CHAPTER II 
Samples and characterization techniques 

 
The following chapter summarizes the information regarding all the samples and 

characterization techniques described in the next chapters of this thesis. In 

particular, as for the oxidic phase, the synthesis protocol and basic 

characterization results are herein reported. Advanced characterization results are 

reported in the next following chapters. 

As for the zeolite/zeotype, this chapter also includes the specifications of 

commercial zeolites and the synthesis protocol, supported by basic 

characterization. 

The last paragraph of the chapter describes the characterization techniques 

employed for studying the catalysts, whose results are reported in the next 

chapters. 

 

2.1  PdZn/ZrO2 + SAPO-34 catalyst 

After a complete screening based on catalytic testing, this sample is the first 

catalyst chosen in the COZMOS project to be scaled-up and applied on larger 

scale. The following sections are related to the lab-scale catalyst (2.1.1) and to the 

scaled-up catalyst (2.1.2). The lab-scale catalyst was synthesized by the partner 
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team at University of Oslo, while the scaled-up catalyst was prepared at Haldor 

Topsoe.  

 

2.1.1 Synthesis and basic characterization of PdZn/ZrO2 catalyst  

PdZn/ZrO2 was obtained starting from the following precursors and chemicals: 

Pd(CH3COO)2 (>99.9%), Zn(CH3COO)2 (99.99%), Zr(OH)4 PVP (Mwt 10000), 

DMF (99.8%), and ethylene glycol (99.8%). All of them were purchased from 

Sigma-Aldrich and used as received.  

The catalyst was obtained by a colloidal impregnation method. 5 g L–1 of 

Pd(CH3COO)2 in DMF solution and 20 g L–1 Zn(CH3COO)2 ethylene glycol 

solution were prepared. 8 g of PVP were added to 80 mL of the zinc acetate 

solution and heated to 80 °C to obtain a clear yellow solution. 50 mL of palladium 

acetate solution were added to the clear yellow zinc acetate/PVP solution upon 

stirring and heated up to 100 °C under reflux for 2 h. The mixture was then cooled, 

centrifuged, washed with acetone and dispersed in ethanol. 6 g of Zr(OH)4 powder 

were added to the dispersed colloidal mixture and stirred at room temperature for 

20 h. The resulting mixture was dried in oven and calcined at 500 °C for 3 h.  

The chemical characterization was performed by EDX measurements using a 

transmission electron microscope equipped with a Cs-probe corrected Titan 

microscope from Thermo Fisher Scientific, which operated at 300 kV accelerating 

voltage and a beam current of 0.5-0.8 nA. 
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Table 1 shows the estimated elemental composition of PdZn/ZrO2 determined by 

EDS, by means of an X-ray energy-dispersive spectrometer FEI SuperX (∼0.7 sr 

collection angle). This composition is not significantly different from the 

theoretical synthesis value. The textural characterization determined a BET 

specific surface area of 47 m2/g. 

 

Table 1 – Estimated composition by EDS for PdZn/ZrO2 (mol%) 

Pd Zn Zr 
2 ± 1 13± 3 85 ± 2 

 

The bifunctional PdZn/ZrO2+SAPO-34 catalyst was prepared by a physical 

mixture of both components with a 1:1 mass ratio.  

 

2.1.2 SAPO-34: structural and textural properties 

The SAPO-34 employed (SiO2/Al2O3 = 0.5) was purchased from ACS materials. 

The zeolite were dried at 120 °C for 12 h and calcined at 550 °C for 2 h before 

testing. [1] 

SAPO-34 is a CHA-type zeotype material composed of nanometer-sized cages 

interconnected by 8-membered rings.  

SAPOs are obtained from aluminophosphates (AlPOs), which have alternating 

AlO2
- and PO2

2+ units with a neutral framework [2]. When phosphorus is 

substituted with silicon into an aluminosilicate lattice, the structure gains cation-

exchange abilities, inducing acidity at low Si content. Indeed, by introducing a 4+ 
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cation for a 5+ cation, the structure acquires a net negative charge, balanced with 

a H+ ion. This is the reason why it is possible to substitute Al or P with other 

metals to obtain metal-aluminophosphates (MeAPOs or MAPOs), new 

phosphate-based frameworks with several and peculiar properties. As for SAPOs, 

at higher Si concentrations, silicious islands are formed, reducing the number of 

acid sites <1 site per Si atom [3].  

On this sample, a textural characterization was carried out. Nitrogen adsorption 

and desorption were performed by using a Micromeritcs ASAP 2040 at liquid-

nitrogen temperature. All the samples were previously evacuated at 100 °C for 16 

h and the Brunauer-Emmet-Teller (BET) method was applied to calculate the 

specific surface area (SSA) in the range of p/p0 of 0.067-0.249. The analyses were 

performed at King Abdullah University of Science and Technology. Table 2 

reports all the textural properties of SAPO-34 used and reported in this text.  

 

Table 2 – Textural properties of SAPO-34 

Zeolite SBET 
(m2/g) 

Smeso/ext 
(m2/g) 

Smicro 
(m2/g) 

Vtotal 
(ml/g) 

Vmicro 
(ml/g) 

NH3 
desorb/mass 

(mmol/g) 

SAPO-34 770 8 762 0.28 0.27 0.66 

 

 

2.1.3 Synthesis and basic characterization of the scaled-up catalysts 
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The scaled-up PdZn/ZrO2 catalyst was formulated and designed to produce both 

tablets and extrudates. The preparation of this catalyst is different from that of the 

lab-scale catalyst, due to some limitations regarding the synthesis and cost 

concerns, which lead to adapt the procedure using different precursors. Inevitably, 

the synthesis induced a variation in the composition and the element distribution, 

affecting the catalytic activity of the scaled-up catalyst. However, the main scope 

related to scaling up this system was to highlight both advantages and drawbacks 

of the process and try to find the best protocol for the synthesis of the combined 

system. 

The PdZn/ZrO2 precursor was prepared by aqueous incipient wetness 

impregnation of Zn- and Pd-nitrate on ZrO2 (Aldrich), dried and calcined for 5 

hours at 500 ºC. The calcined catalyst precursor was mixed with SAPO-34 (China 

Catalyst Holding CO) and alumina binder, and then pelletized. The SAPO-34 was 

calcined for 2 hours at 475 ºC to decompose the template and to remove the 

organic residues in the as-received material. The final composition of the tablets 

as oxide:SAPO-34:binder was approximatively 45:45:10 wt%.  

Extrudates were prepared by mixing the calcined catalyst precursor, SAPO-34 

and alumina binder with water, after acidification using nitric acid to obtain a 

paste. The paste was extruded through a piston extruder, dried and calcined at 

500ºC for 5 hours to obtain catalysts with approximatively 30:30:40 wt% of 

PdZnZrOx, SAPO-34 and Al2O3, respectively.  
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A dual strategy was pursued for both tablets and extrudates, using calcined and 

reduced precursors, respectively. The reduction process of the calcined 

PdZn/ZrO2 precursor was carried out in a flow of hydrogen (2 vol%) in Ar for 20 

hours at 400ºC. Afterwards, the catalyst was calcined as above-mentioned, except 

for a small amount, which was pelletized and not calcined, for spectroscopic 

measurements.  

All the physico-chemical properties of the scaled-up catalyst are summarized in 

Table 3. The chemical composition was determined by EDX. 

Regarding the textural characterization, the extrudates featured a lower micropore 

volume and a reduced ammonia capacity than the pelletized (tablets) catalyst, 

suggesting that those losses occurred during mixing and extrusion. 

Table 3 reports the names that will be used in this present work. 
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Table 3 – Summary of the prepared samples with their main physico-chemical properties 

 

  

 

Sample Name Sample 
description 

Composition 
(wt%)*(rest to 

100% is oxygen) 

NH3 
capacity 
(mmol/g) 

Surface 
Areas 
(Hg) 
m2/g 

Pore volume < 
6Å 

Ar BET 
cm3/kg 

SAPO-34 - - 0.70 - 224 

PZZ-ox Precursors 
calcination 

Pd(1.8) 
Zn(8.7) 
Zr(62.8) 

- 16 - 

PZZ-red PZZ-ox 
reduction 

Pd(1.8) 
Zn(8.8) 
Zr(62.4) 

- 15 - 

PZZ-ox-tab 

PZZ-ox mixed 
with SAPO-

34+Al(O)OH,  
tableted and 

calcined 

Pd(0.7) 
Zn(3.9) 
Zr(27.4) 
Al(13.1) 
Si(0.9) 
P(9.1) 

0.36 34 104 

PZZ-red-tab 

PZZ-red mixed 
with SAPO-

34+Al(O)OH, 
tableted and 

calcined 

Pd(0.8) 
Zn(3.9) 
Zr(27.4) 
Al(12.6) 
Si(0.9) 
P(9.2) 

0.35 31 106 

PZZ-ox-ext 

PZZ-ox mixed 
with SAPO-

34+Al(O)OH, 
extruded and 

calcined 

Pd(0.5) 
Zn(2.7) 
Zr(19.2) 
Al(26.0) 
Si(0.6) 
P(5.4) 

0.12 123 58 

PZZ-red-ext 

PZZ-red mixed 
with SAPO-

34+Al(O)OH, 
extruded and 

calcined 

Pd(0.5) 
Zn(2.7) 
Zr(19.5) 
Al(26.5) 
Si(0.6) 
P(5.5) 

0.12 125 57 
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2.2  ZnZrOX + ZSM-5 catalyst 

2.2.1 Synthesis of ZnZrOX catalysts 

ZnZrOX samples were prepared by University of Oslo team by co-precipitation of 

zirconium and zinc inorganic salt precursors using the same receipt reported by 

Wang et al.[4]. The procedure was used to obtain three samples at different Zn 

loading and named in the form ZnZr-X, where X represents the Zn loading 

determined by ICP-AES analysis, in particular ZnZr-5, ZnZr-15 and ZnZr-30. 

The precursors used were Zn(NO3)2·6H2O and ZrN2O7·xH2O. Quantities were 

different according to the sample. For example, as for ZnZr-30, 0.6 g 

Zn(NO3)2·6H2O and 2.15 g ZrN2O7·xH2O were mixed in 100 ml of type 2 H2O in 

a round bottom flask. For all the samples, the mixture was heated up to 70 °C 

under reflux and stirring. 3.06 g of (NH4)CO3 were dissolved in 100 ml of type 2 

H2O and added dropwise to the precursor solutions: a white precipitate was 

obtained. The precipitates were further stirred at 70 °C for 2 h, cooled at room 

temperature, centrifuged, and washed twice with type 2 H2O. The wet powders 

were dried at 110 °C in oven and finally calcined at 500 °C for 3 h. 

Zirconium and zinc content in the ZnZr-X samples were measured by a Perkin 

Elmer Optima 7000 DV (Perkin Elmer, Norwalk, Connecticut, USA) inductively 

coupled plasma-atomic emission spectrometer (ICP-AES) equipped with a PEEK 

Mira Mist nebulizer, a cyclonic spray chamber and an Echelle monochromator. 

The wavelengths used for Zr and Zn determination were 339.197 nm and 213.857 
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nm, respectively. Before the analyses, a pre-treatment of the samples was 

required. An acid digestion of the oxides was performed by a Milestone MLS-

1200 MEGA microwave laboratory unit (Milestone, Sorisole, Italy). 200 mg of 

each sample were collected in tetrafluoromethoxyl (TFM) bombs and digested 

with 5 mL of aqua regia and 2 mL of hydrofluoric acid. Four 5-mins heating steps 

(250, 400, 600, 250 W power, respectively), followed by 25 mins of ventilation 

step, were applied. After an addition of 0.7 g of boric acid, the bombs were heated 

for 5 min at 250 W and cooled by a ventilation step of 15 min. At the end, the 

samples appeared completely dissolved. The digested solutions were then diluted 

to 20 mL with high purity water.  

Each sample was analyzed twice, and each concentration value was averaged on 

the basis of three instrumental measurements. Blanks were run simultaneously. It 

is well known that every Zr-based compound contains Hf as common natural 

contaminant; Hf presence was determined to be less than 2 wt.% in each sample, 

using a wavelength at 277.336 nm.  

A portion of all powders was mixed with H-ZSM-5 zeolite to obtain a 1:1 (mass 

ratio) physical mixture for catalytic tests.  

 

 

 

 

  



                                                        Samples and characterization techniques 

45 

2.2.2 ZSM-5: structural and textural properties 

H-ZSM-5 (SiO2/Al2O3=23, SBET = 417 m2 /g) was purchased from Zeolyst. The 

zeolite was dried at 120 ºC for 12 h and calcined at 550 ºC for 2 hours prior to 

testing [5]. 

ZSM-5 (MFI-type) is one of the most versatile zeolites. It consists of circular 

structures of 5-membered rings arranged in a column or connected together, with 

a very flexible structure, which symmetry depends on the chemical composition, 

temperature and presence of adsorbed molecules. The channels are arranged along 

two dimensions and defined as "sinusoidal" and "straight" channels that are 

arranged toward the (100) and (010) direction of the zeolite, respectively. Both 

channel systems are characterized by apertures with 10-membered rings (10-MR) 

with size 5.3 x 5.6 Å for one-dimensional channels and 5.1 x 5.5 Å for three-

dimensional channels, interconnected with each other (Figure 1) [2,6]. 

 

Figure 1 – ZSM-5 zeolite structure along [010] plane [6]. 
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One of the most important advantages of this type of zeolite is the possibility of 

preparing it with variable composition, adding B, Ga, Fe, Ti, Co, but especially 

with Si/Al ratios greater than or equal to 8 (high silica), in order to obtain a 

material that respects certain properties for adequate catalytic activity. 

ZSM-5 is well known since the very first experiment involving hydrocarbon 

synthesis starting from methanol or oil cracking [7] to produce ethene and higher 

alkenes. 

 

2.3  ZnCeZrOX + RUB-13 catalyst 

2.3.1 Synthesis of ZnCeZrOX catalyst 

ZnCeZrOX solid solution was prepared by the sol-gel synthesis method. A 

designed amounts of zinc nitrates (Zn(NO3)2•6H2O), zirconium nitrates 

(Zr(NO3)4•5H2O) and cerium nitrates (Ce(NO3)3•6H2O) were dissolved in 

deionized water and stirred at room temperature for 2 hours. Afterwards, glucose 

was slowly added at 80 °C and vigorously stirred for at least 8 hours. The obtained 

colloid was dried for 12 hours at 100 °C, calcined at 300 °C and 500 °C for 1 hour 

and 3 hours in air, respectively. 

The synthesis of ZnCeZrOX was performed at SINTEF (Norway). 

The bifunctional catalyst was obtained by a physical mixture in 1:1 mass ratio. 
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2.3.2 Synthesis and basic characterization of RUB-13 

For the synthesis of RUB-13 zeolite, the procedure is reported in Wang et al. [8]. 

The RUB-13 was synthesized at the Institute of Coal Chemistry (ICC, China). 

Seed crystals were obtained by mixing 1,2,2,6,6-pentamethylpiperidine (PMP, 

0.098 mol) and ethylenediamine (EDA, 0.39 mol) with distilled water (19.6 mol) 

under stirring. Boric acid (0.049 mol) and fumed silica (0.196 mol) were added to 

the mixture, to obtain a gel with a molar composition of 1.0 SiO2:0.25 H3BO3:0.5 

PMP:2.0 EDA:100 H2O. The resultant gel was kept stirring at room temperature 

for 3 h and then crystallized in a Teflon-lined stainless-steel autoclave under 

rotation at 170 °C for 7 days. The solid products were centrifuged, washed, dried 

overnight at 100 °C, and then calcined at 560 °C in air for 12 h. 

The Al-B-RUB-13 zeolite was synthesized adding boric acid and aluminum 

sulfate to an  aqueous mixture of sodium hydroxide, PMP and EDA under 

agitation. Fumed silica was then added to the mixture, which was stirred for 1 

hour at room temperature, forming a gel with a molar composition of 1.0 

SiO2:(0.5/a) Al2(SO4)3:(1.0/b) H3BO3:0.2 NaOH:0.5 PMP:2.0 EDA:100 H2O, 

where a = 30–∞ and b = 1–∞ are the Si/Al and Si/B molar ratios in the synthesis 

gel. Then, the calcined RUB-13 seed (10 wt% fumed silica) was added to the 

synthesis gel, under stirring for 3 hours at room temperature, which was then 

crystallized in the Teflon-lined stainless-steel autoclave under rotation at 170 °C 

for 7 days. Similarly, the solid products were centrifuged, washed, dried and 

calcined following the same above-mentioned procedure for preparing the RUB-
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13 zeolite seed. The H-form of the Al-B-RUB-13 zeolite was obtained by ion 

exchanging the as-calcined samples twice with NH4NO3 aqueous solution (1 M) 

for 4 hours at 80 °C, which was then calcined at 550 °C in air for 9 hours. 

RUB-13 zeolite (RTH-type) has two dimensional channels with aperture sizes of 

4.1 × 3.8 Å and 5.6 × 2.5 Å, in a and c direction respectively. RUB-13 has larger 

channels apertures and cages than SAPO-34 (CHA-type), but smaller volume. In 

MTO processes, RUB-13 showed to be highly selective towards olefins and a 

lower coke formation than SAPO-34 [8–10]. From the crystallography point of 

view, RUB-13 has four nonequivalent tetrahedral sites highlighted in Figure 2: 

T1 and T2 are located in the 8-membered ring (8-MR) channels, T4 is located in 

the distorted 8-MR channels and T3 does not appear at all in these rings. T1 and 

T2 are known to be the active centers in MTO and according to Zhang et al. [8] 

the activity increases as Al atoms in T1 and T2 increase. 

However, the presence of boron is well known to negatively affect the acidity of 

the zeolites [11] by reducing the strength of the OH groups and, then, the affection 

of the hydrocarbon conversion yield cannot be ruled out. 

The RUB-13 studied and involved in the project has SiO2/Al2O3≈100 (i.e. 

Si/Al≈200) and Si/B≈9, with a BET Specific Surface Area of 401 m2/g, in line 

with literature related to RTH-type zeolite [12] 
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Figure 2 – Framework structure of RUB-13 (RTH-type) zeolite along [001] plane. The 
green, red, blue, and purple balls identify the T1, T2, T3 and T4 sites, respectively.[8] 

 

 

2.4  GaZrOX + SSZ-13 catalyst 

2.4.1 Synthesis of GaZrOX 

Gallium-zirconium oxide, GaZrOX, was prepared by the sol-gel method. A 

designed amounts of zirconium nitrate (Zr(NO3)4) and gallium nitrate (Ga(NO3)3) 

were dissolved in deionized water (150 mL) under agitation for 2 hours at room 

temperature. The glucose was slowly added at 80 °C and vigorously stirred for 8 

hours. The molar ratio of glucose to the total metal ions in the solution is 3.0. The 

resultant colloidal mixture was dried at 100 °C for 12 hours, and subsequently 

calcined at 300 °C for 1 hour and 500 °C for 3 hours in air, respectively. The 

analyzed sample has Ga/Zr ratio equals to 0.5. 
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The GaZrOX phase was then physically mixed to a synthesized SSZ-13 zeolite in 

a 1:1 mass ratio.  

The synthesis of this sample was carried out by the Institute of Coal Chemistry 

(ICC, China). 

 

2.4.2 Synthesis and basic characterization of SSZ-13 

SSZ-13 zeolite was prepared with aluminum sulfate (Al2(SO4)3), silica sol (JN-

25), N,N,N-trimethyl-1-adamantammonium hydroxide (TMAdaOH), deionized 

water and potassium hydroxide (KOH) with the chemical compositions of 

1.0SiO2: xAl2O3: 0.4TMAdaOH: 0.6KOH: 88H2O (x = 0.151, 0.083, 0.052, 0.032 

and 0.023). The mixture was stirred at room temperature for 3 h. The gel was then 

transferred into a Teflon-lined stainless-steel autoclave and crystallized at 150 °C 

for 144 h for SSZ-13. H-type zeolite samples of H-SSZ-13 were then obtained by 

repeatedly ion-exchanging calcined Na-type samples with 1 M NH4NO3 aqueous 

solution at 80 °C for three times, drying at 100 °C for 12 h, and calcining at 560 

°C for 5 h.  

The H-SSZ-13 used for catalytic tests has a SiO2/Al2O3 equals to 3. 

Chabazite (CHA) is one of the most common and widely used zeolites. It is 

composed of a one-dimensional channel system with 8-membered apertures, with 

aperture sizes 3.8 × 3.8 Å. 

Its fame is related, mainly, to the capability of being prepared in variable 

composition. Compared with natural chabazites, which can also reach Si/Al ratios 
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of 1, synthetic ones can only be prepared with a ratio higher than 5. According to 

some authors in the literature [2], chabazite is one of the few zeolites that can be 

prepared with Si/Al ratios belonging to a very wide range, which is uncommon 

since most zeolites can only be synthesized in narrower ranges. 

Among the most widely used chabazites is SSZ-13: this zeolite is widely used as 

a solid acid catalyst and, by combining it with some metals, can be used for 

selective catalytic reduction processes. 

SSZ-13 is a CHA-type zeolite (|H+
3|[Al3Si33O72]) which typically contains three 

aluminum atoms per unit cell. Aluminum is responsible for the negative charge 

induced by the substitution of Si atoms, generating Brønsted acid sites. This 

zeolite is well known to be an excellent acid catalyst for the synthesis of propene 

from methanol [13].  

 

Figure 3 – a) Typical CHA framework [6]; b) and c) CHA framework obtained by 
computational approach [14] 
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2.4.3 Synthesis of the scaled-up catalysts. 

GaZrOX oxidic phase, together with Mg-APO-18, was chosen as the second 

oxidic phase to be scaled up. At the moment, the synthesis protocol of the catalyst 

is still confidential and not reported in any public document, neither reports nor 

scientific paper. However, only preliminary characterization results are present. 

Two batches of GaZrOX were synthesized and calcined at two different 

temperatures: 350 °C and 500 °C, namely GaZrOX-350 and GaZrOX-500. Both 

the samples are featured by amorphous structure, with a Ga/Zr ratio of about 0.58. 

In addition, the first sample has a BET surface area of 188 m2/g, while the second 

one has a BET surface area of 151 m2/g. 

 

2.5  Characterization techniques 

2.5.1  Textural characterization 

Specific surface areas of the oxide powders (ZnZrOX and PdZn/ZrO2) were 

carried out by N2 adsorption at 77 K on a Micromeritics ASAP 2020 after 30 min 

of evacuation at 30 °C and 2 hours of heating at 120 °C.   

As for RUB-13, the powders were outgassed at 120 °C for 720 min and heated at 

400 °C over-night. The analysis conditions for both the phases were almost 

similar, but longer equilibration times were applied for RUB-13 (40 secs of 

equilibration time and a maximum of 2 hours for the equilibration delay upon 
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dosing, versus 10 secs of equilibration time and 1 hour for equilibration delay for 

the oxidic phases). 

 

2.5.2  Spectroscopic characterization 

Spectroscopic techniques can be used to study the bifunctional catalysts. For 

instance, some catalysts have a semiconductive properties, which can be used to 

determine the depth of electron energy levels in the band gap: indeed, some 

catalyst include ZnO, which is a well-known semiconductor [15–17]; in addition, 

gaseous molecule adsorption can be used to probe some specific surface sites, 

such as Lewis and Brønsted acid sites, or to determine the formation of specific 

products like carbonates or hydrides. 

FT-IR spectroscopy is a valuable spectroscopic technique suitable to unveil 

various and specific features. Considering the semiconductive properties of some 

catalyst, a medium IR radiation (400-4000 cm-1) can be absorbed evidencing an 

electronic transition from defect levels to the conduction band. The absorption 

leads to a broad band characterized by an asymmetric “hump” which maximum 

is centered at a frequency corresponding to the energy difference between the 

defect level and the bottom of the C.B., while the hump slope can be more or less 

steep according to the electronic level organization. 

It is also very common to observe an absorption related to “free” electrons: in 

some cases, a thermal transition in the conduction band can occur at room 

temperature, leading to a monotonic absorption. An utterly “free” electron cannot 
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absorb as photon because of a mismatch between the required energy and the 

conservation momentum. However, in a solid state, the absorption can be due to 

different phenomena such as a band-to-band transition, phonon modes and other 

scattering centers.   

As already mentioned, gaseous molecules can be used to probe the catalyst 

surface to reveal potential active sites, specific oxidation state of metals and other 

features regarding both Lewis and Brønsted acid sites. Almost the entirety of this 

work is based on the characterization of bifunctional catalysts by means of FT-

IR. Infrared spectroscopy is a very powerful techniques that allows to derive 

several information from the analyzed samples by using probe molecules to study 

certain surface properties. As for the materials studied in this work, i.e. 

bifunctional catalysts, it was possible to carry out studies on: 

• oxidic phase, zeolitic phase and the combined system, by adsorption of 

CO, eventually at room and liquid-nitrogen temperature; 

• CO2 adsorption properties of the oxidic phase; 

• semiconductive properties of the oxidic phase, via H2 interaction at 

different temperatures. 

Carbon monoxide is one of the most commonly used probe molecules for 

analyzing properties of reduced or oxidized metal phases present either in the 

form of aggregates or as isolated ions. CO can behave either as an acid or as a 
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base, depending on the chemical and physical characteristics of the metal (M) 

present in the adsorbent phase. 

The 5σ* and 2π* molecular orbitals of CO are those involved in adsorption. The 

weakly antibonding 5σ* orbital is located on the carbon atom and is responsible 

for the basic character, due to the presence of an electron pair; the strongly 

antibonding 2π* empty degenerate orbitals are located on the oxygen atom.  

The bond order is three, with a partial positive charge on oxygen and a partial 

negative charge on carbon. 

During the adsorption either σ donation from CO or π backdonation from a metal 

site can be observed. The reason is connected to the above-mentioned CO 

molecular orbitals:  

• when CO behaves as a (weak) base, the donation of the electron doublet of 

the weakly antibonding 5σ* orbital to empty d orbitals (σ donation from CO) 

of the adsorption site results in an increase in the order of the C-O bond, 

which causes the shift from the characteristic stretching frequency of the free 

molecule (2143 cm-1) towards higher frequencies; 

• when CO behaves as an acid, it receives electrons (π backdonation) from a d 

orbital of the adsorption site to the CO empty 2π* orbitals. Since these 

orbitals have a strong antibonding character, the electronic transfer causes a 

decrease in the C-O bond order and, thus, a decrease in the bond stretching 

frequency. 
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The strength of CO σ donation or π backdonation will depend on the nature of 

adsorption sites: the higher the oxidation state, the lower the probability of π 

backdonation and the higher the σ donation.  

As for zeolites, IR spectroscopy makes it possible to obtain information about the 

acid-base properties of the surface – in particular, Brønsted acid sites – 

determined by the stretching of O-H bond of the hydroxyl groups present on the 

structure or by probe molecule adsorption (e.g. CO). 

Absorption IR spectra were collected using a Perkin-Elmer FTIR 2000 

spectrophotometer equipped with a Hg-Cd-Te cryo-detector, at a resolution of 2 

cm-1 in the range of 7200-580 cm-1. All sample powders were compressed in self-

supporting discs (~20 mg cm-2) and placed in a quartz IR cell suitable for thermal 

treatments in controlled atmosphere and spectra recording at room and liquid-

nitrogen temperature (RT and LNT, respectively).  

Moreover, some experiments were performed using a commercial stainless-steel 

cell (Aabspec) allowing in situ thermal treatments under vacuum or controlled 

atmosphere and simultaneous registration of spectra at temperatures up to 600 °C.  

Infrared spectroscopy was used for the characterization of all studied catalysts. 

X-ray Absorption Spectroscopy (XAS) is a spectroscopic technique capable of 

providing structural information on the local surroundings of a selected atomic 

species, in terms of coordination number, interatomic distances and oxidation 

state. XAS is a very powerful and sensitive technique to little concentration of 

specific absorber. The photoelectric effect is the phenomenon on which the 
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technique is based: the absorption of radiation causes the ejection of an electron 

from a core orbital by the atomic species of interest, which undergoes a series of 

interactions that allow local information of structural and electronic nature to be 

obtained. When examining an XAS spectrum, it is possible to identify two energy 

regions, from which several information could be obtained: the XANES (X-ray 

Absorption Near Edge Spectroscopy) region and the EXAFS (Extended X-ray 

Absorption Fine Structure) region. The former encompasses the entire region 

around the threshold energy, E0, namely the energy required to ionize the atom or 

ion of the element being studied and extends to a few tens of electron volts (eV) 

beyond the edge of the spectrum. The XANES region provides us with 

information regarding the geometry and oxidation number, as the position of the 

threshold changes depending on the formal or net charge of the atom. 

The EXAFS region, on the other hand, comprises the entire region at higher 

energy than XANES, typically up to 1 keV above the threshold. This region is 

characterized by a fine structure whose oscillations are caused by constructive and 

destructive interference phenomena generated by the chemical surround on the 

photoelectron wavefunction. From the amplitude, frequency and damping of the 

function, it is possible to derive information on the coordination number, the 

interatomic distance, and the degree of disorder of the surround, respectively. In 

some cases, it is possible to qualitatively estimate the size of aggregates such as 

clusters or particles. 
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X-Ray Absorption Spectroscopy (XAS) measurements were performed by Dr. 

Davide Salusso at different facilities, such as ESRF (BM31 and BM23) and 

SOLEIL (Rock) beamlines, during the course of the project. 

Finally, structural characterization by Powder X-Ray Diffraction (PXRD) was 

carried out in different conditions and geometry (e.g. Bragg-Brentano or 

capillary), with different instruments (Bruker D8 Discover, 

PanAlytical X’Pert Pro, etc.) and in different places (university laboratories or 

synchrotron facilities). Hence, the specifications and other information regarding 

the analyses are shortly summarized in each chapter. 

PXRD was employed to determine if the oxidic phases analyzed were solid 

solutions, evaluating the inclusion of specific atoms in the support matrix, or 

mixed oxides. As for PdZn/ZrO2, PXRD was implemented to determine the 

formation of a PdZn alloy. Dr. Davide Salusso was in charge for the data 

collection and elaboration regarding this characterization technique.  
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CHAPTER III 
PdZn/ZrO2: from lab to technical catalyst  

 
In the following section, characterization results on stand-alone PdZn/ZrO2 and 

lab-scale and technical bifunctional catalyst are reported. 

Synthesis and basic characterization of these samples are described in Chapter 

II – section 2.1, while structural and advanced spectroscopic characterization, 

and catalytic test results are herein discussed. 

The first sections deal with the lab scale catalyst, whereas the last sections are 

related to the technical (scaled-up) catalyst. Further details about the paper 

published and submitted on the lab scale are reported in Appendix A.1 and A.3 

while further information about the technical catalyst are reported in Appendix 

A.4.  

 

3.1  Lab scale: structural characterization 

Powder X-ray diffraction (PXRD) measurements were carried out by means of 

a Bruker D8 Discover equipped with a Cu Kα source and a Lynx Eye silicon 

detector. All the diffractograms were acquired with steps of 0.02° from 10 to 

90°. The database used is the ICSD, Inorganic Crystal Structure Database. All 

the measurements and data elaboration were performed by Dr. Davide Salusso. 
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The diffractogram of the as prepared sample reported in Figure 1 shows the 

presence of PdO, zincite (hexagonal ZnO) and tetragonal/cubic ZrO2. Tetragonal 

and cubic ZrO2 reflection are not distinguishable, but the determination of the 

specific phase was out of the scope of the work and, thus, not furtherly 

investigated. 

 

Figure 1 – Powder X-ray diffractograms of the as prepared PdZn/ZrO2 sample. 
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3.2  Lab scale: spectroscopic characterization 

Spectroscopic characterization measurements were performed on both the stand-

alone and combined bifunctional catalysts. In the following sections, I will firstly 

focus on the characterization of the stand-alone catalyst to further compare the 

results with those related to the combined system. In particular, the first section 

will mainly deal with FT-IR of adsorbed probe molecules, supported by XAS, 

XPS and NMR measurements. By means of H2 adsorption, it was possible to 

study the electronic properties of the stand-alone phase, associated to the 

presence of the semiconducting ZnO phase. In addition, CO2 adsorption was 

carried out to study the formation of carbonate species on the stand-alone oxidic 

phase, to evaluate the relationship between properties and catalytic activity 

before and after activation. By means of CO at both room and liquid-nitrogen 

temperature, XAS and XPS, it was possible to study the bimetallic sites 

supported on the oxidic phase, i.e. Pd and Zn. Finally, a further investigation 

concerning the zeotype and the combined catalyst by means of CO adsorption 

followed by FT-IR and ssNMR measurements was carried out to focus on the 

deactivation and the nature of the main hydrocarbons produced by the CO2 

hydrogenation. 
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3.2.1 FT-IR: H2 interaction with the stand-alone PdZn/ZrO2 

Zinc oxide plays a key role in H2 heterolytic splitting and stabilization of 

intermediate species which is intimately correlated to the formation of 

stoichiometric defects, such as oxygen vacancies [1–5]. In this case study, ZnO 

was demonstrated to be present on the as-prepared catalyst as reported by PXRD 

and XAS measurements (vide infra), and oxygen vacancies could have been 

produced during the activation procedure. In the light of the composition of the 

sample, CO2 hydrogenation can be linked to the formation of oxygen vacancies 

on defective ZnO phase [3]. To investigate the formation of oxygen vacancies 

(VO), the catalyst was treated in H2 atmosphere and increasing temperature. All 

IR spectra reported in Figure 2 are difference spectra, obtained by subtracting 

pre-acquired spectra in O2 atmosphere from those acquired in H2. 

Figure 2 displays all spectra obtained in H2 from 50 °C to 400 °C and an 

electronic absorption is highlighted by the absorption profile of all the bands. In 

particular, from 50 °C to 150 °C the band increased in intensity. From 150 °C to 

400 °C an intensity loss was observed, maybe related to the formation of a PdZn 

alloy, which is also confirmed by XAS, XPS and further FT-IR findings (vide 

infra) 

All the absorption spectra represent a typical pattern related to the photo-

ionization of mono-ionized oxygen vacancies [4–6]. As already mentioned in 

Chapter II, the infrared absorption gives rise to a specific pattern characterized 

by an asymmetric “hump” whose maximum can be assumed as the band gap 
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energy, while the hump slope can be more or less steep according to the 

electronic level organization. 

It is well known that ZnO is a semiconductor due to the presence of lattice 

defects, namely oxygen vacancies (VO) [4,5]. In particular, two electronic bands 

below the conduction band (C.B.) at 0.05 and 0.18 eV are associated with VO. 

For instance, neutral vacancies display two trapped electrons occupying the two 

levels, related to the first and the second ionization energy. The first ionization 

energy is so low that the majority of VO can be easily mono-ionized (VO
+) at 

room temperature and the excited electrons move in the C.B. The second 

ionization can occur by means of IR radiation, as a photo-ionization of VO
+. Pure 

ZnO should have an absorption band centered at 1450 cm-1, ca. 0.18 eV, obtained 

for instance after a reduction treatment in H2 which creates mono-ionized oxygen 

vacancies following two pathways:  

i) Filling of bi-ionized oxygen vacancies, VO
2+, with an electron by 

consuming adsorbed oxygen species like O2
2–, O– and O2

–; 

ii) Generating a new VO
+ by extraction of O atoms from the surface. 

This route is typically followed at high temperature. 

Unfortunately, IR technique is not able to distinguish the two pathways. 

Much is known about the formation of PdZn alloys in PdZn-based catalysts on 

several supported oxides, such as CeO2, TiO2, ZrO2, etc. [7–11].  
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In this case scenario, the reduction of Zn2+ to Zn0 could occur at the expense of 

those electrons trapped inside the VO
+, which would explain the intensity loss of 

the band related to the electronic transition from VO
+ to the conduction band with 

increasing temperature. 

As for the last two spectra at 350 and 400 °C, the band seems to have a different 

pattern, compared to all the other spectra acquired at lower temperature. This 

can be due to a contribution related to “free” electrons in the C.B. Hence at 

higher temperature both the transition of electrons belonging to defect levels and 

those in the C.B. are observed. 

 

Figure 2 – FT-IR difference spectra of PdZn/ZrO2 catalyst in H2 at increasing 
temperature. All spectra are obtained by subtracting each spectrum acquired in O2 to 
those in H2 at the same temperature. 
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As for all the spectra the maximum absorption is centered at 1250 cm-1, this is 

related to electronic levels at about 0.15 eV under the C.B., i.e. very close to the 

second ionization energy related for ZnO (0.18 eV). 

All these findings suggested the presence of highly defective ZnO phase. 

 

3.2.2 FT-IR: CO2 adsorption on the stand-alone PdZn/ZrO2 

To explore and study the interaction between CO2 and the catalyst surface, CO2 

adsorption was followed by FT-IR spectroscopy on both oxidized and activated 

PdZn/ZrO2. 

The adsorption of CO2, reported in Figure 3, originated several bands related to 

different carbonate species, that could be mainly related to ZnO and ZrO2 phases. 

However, on the basis of literature data, neither CO2 adsorbed on ZnO [12,13] 

or tetragonal ZrO2 (t-ZrO2) [14] gives the same absorption bands reported in 

Figure 3. In particular, ZnO gives a high amount of bicarbonates [12,13], while 

t-ZrO2 gives more polydentate bridging carbonate species than our sample [14]. 

In addition, the PdZn/ZrO2 at hand gives bridged and monodentate species that 

are not observed in any of the previously mentioned phases. For the sake of 

clarity, the identified species for this sample are: 

i. bicarbonates – weak band at 1689 and 1221 cm-1, related to υ(C=O) and 

δ(C–O–H) modes, respectively; 



Chapter III   

 
68 

ii. bridged carbonates – bands at 1647, 1322 and 1044 cm-1, assigned to 

υ(C=O), υasym(O-C-O) and υsym(O-C-O) modes, respectively;  

iii. bidentate carbonates – bands at 1582, 1363 and 1044 cm-1, related to 

υ(C=O), υasym(O-C-O) and υsym(O-C-O) modes, respectively;  

iv. monodentate carbonates – bands at 1489, 1408 and 1090 cm-1, assigned 

to υasym(O-C-O), υsym(O-C-O) and υ(C-O) modes, respectively.  

The band at 847 cm-1 can be related to the δ(O-C-O) mode of both monodentate 

and bidentate carbonates [15,16]. 

 

Figure 3 – FT-IR spectra of CO2 adsorbed at RT on oxidized and activated PdZn/ZrO2 
at equilibrium pressure of 20 mbar. 

The spectral features observed for the oxidized sample are the same of the 

activated one, but the intensity of the bands reported in Figure 3 suggests that 
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oxidized sample. The reason could be linked to the stoichiometric defect 

formation: a reduction process generates oxygen vacancies on the surface of the 

ZnO phase, generating a highly defective domain that could promote the 

formation of carbonate species. Hence, we reasonably assigned all the 

carbonates described above to this phase. However, an expert eye could 

recognize some differences between the carbonate species formed on bare ZnO, 

reported in literature [12,13], and those observed on this sample. As a matter of 

fact, it would suggest that the ZnO detected on the catalyst at hand is a supported 

phase and this would cause the presence of huge amount of surface defects, such 

as kinks, corners and edges, beside stoichiometric defectiveness which is 

characteristic of ZnO itself. Moreover, the interaction between the ZnO phase, 

ZrO2 and Pd could contribute to increase the heterogeneity of the adsorbed 

surface species. 

 

3.2.3 FT-IR: CO adsorption on the stand-alone PdZn/ZrO2 

 As mentioned in section 3.2.1, PdZn-based catalyst are featured by the 

formation of PdZn alloys. CO adsorption followed by FT-IR at both room (RT) 

and liquid-nitrogen temperature (LNT) is a useful mean to investigate the 

chemical properties of metallic sites and Lewis acid sites.  

CO adsorption at RT was carried out on catalyst after oxidation step in pure O2 

at 400 °C and activation in H2 at 400 °C. Figure 4 displays all the spectra 

acquired after these two thermal treatment conditions: CO adsorption at RT on 
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materials like the examined PdZn/ZrO2 would mainly give rise to Pd-carbonyls 

and, according to the thermal treatment, CO could be adsorbed on both ionic 

(Pdn+) or metallic (Pd0) sites. In addition it is noteworthy to remember that CO 

can reduce Pdn+ species to metallic Pd0. 

Figure 4a displays all the spectra acquired after oxidation and CO probing, and 

three main bands can be identified. The highest, characterized by the peak at 

2130 cm-1 that can be assigned to Pdn+-CO species, that could belong to PdO 

particles [17,18], as highlighted by PXRD results. At lower frequencies, two 

absorption features, centered at 2090 and 2063 cm-1 could be assigned to metallic 

Pd carbonyls [17,19–25]. Indeed, the presence of metallic Pd is not surprising, 

because CO adsorption induces reduction of Pdn+ (n > 0) to Pd0. However, these 

components are not referring to the same carbonyls. The peak at 2090 cm-1 can 

be ascribed to Pd0-CO, while the band at 2063 cm-1 should be ascribed to Pd 

sites with higher electronic density driving to a reduction of υ(C≡O) frequency. 

According to literature [20,24,26], this band can be ascribed to (Zn)Pd-CO, thus 

CO adsorbed on a PdZn alloy. In this case, the Zn involved in the alloy formation 

seems to donate electrons to Pd atoms, which are then back-donated to the CO 

molecules, inducing a decrease in the stretching frequency of the probe 

molecule. 

Looking at the band at 2063 cm-1, a shift to higher frequency (blue-shift) is well 

evident. In particular, the band is featured by a first peak at 2036 cm-1 at low CO 

coverages (ϑCO ), which shifts towards 2063 cm-1 at higher ϑCO.  
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The blue-shift can have several explanations: 

i) “through space” dipole-dipole interaction between parallel vibrating 

molecules [27]; 

ii) “through solid” via vibrational coupling across binding electrons 

[28]; 

iii) “chemical effect” deriving from adsorbed molecules [28,29]; 

iv) “electrostatic” or “solvent” effect caused by perturbation between 

adsorbed molecules [30]. 

Among these effects, the first two effects are dynamic, whereas the last two are 

static. As for the dynamic effects, the second (ii) effect is negligible when the 

adsorption is featured by a small adsorption enthalpy, or generally when 

adsorbed CO stretching frequency, υ(C≡O), is near that of free CO (2143 cm-1). 

Among the static effects, the second (iv) is typically small and negligible [31]. 

Hence, only the dipolar coupling and the “chemical effect” could explain the 

blue shift upon increasing ϑCO. Typically, the dipolar coupling is predominant 

on regular facets, like terrace sites, induced by the proximity of atoms belonging 

to the same element. It always causes a blue-shift, but since the component was 

ascribed to (Zn)Pd-CO, Pd atoms are separated by the presence of Zn atoms; 

thus, the dipolar coupling must be neglected. 

On the other hand, the chemical effect is due to the decrease of π-backdonation 

character – which typically reduces the stretching frequency υ(C≡O) – upon 
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increasing ϑCO, caused by the decrease of donated electron density to each 

adsorbed CO molecule. As a consequence, as ϑCO increases, π-backdonation 

decreases and υ(C≡O) increases. To explain why this phenomenon is very well 

visible only for the PdZn alloy components and not for the Pd0-CO band at 2090 

cm-1 is not straightforward. First of all, the PdZn alloy seems to have a negative 

charge on Pd atoms as highlighted by Kast and co-workers [17]. In this case, the 

electron density could move from Zn to Pd. Further details will be reported in 

section 3.2.4, where XPS measurements are reported, confirming the electron 

transfer and suggesting a strong chemical effect (solid-line arrow in Figure 4a). 

As for the Pd0-CO at 2090 cm-1, the shift is less pronounced. It is possible to 

suggest the presence of small Pd0 clusters, thus the dipolar coupling would be 

absent and the chemical effect would have less strength, so that the shift is barely 

detectable (dotted arrow in Figure 4a). The presence of small Pd0 clusters could 

be confirmed by the presence of the band at 1930 cm-1, which could be related 

to bridged carbonyls, Pd2(CO) [32]. As a matter of fact, these species are only 

formed when “pure” Pd domains are present. 

After outgassing (Figure 4a, dashed black line), the band at 2090 cm-1 is reduced 

to a small shoulder of the band at 2063 cm-1 that, on the contrary, is stable enough 

to resist at the dynamic vacuum. This confirms the strong interaction between 

CO and Pd sites of the PdZn alloy, induced by the stronger electron backdonation 

due to the alloy itself. As for the other components, all of them are completely 

removed by the outgassing. 
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Figure 4 – FT-IR spectra of CO adsorbed at RT on a) oxidized and b) activated 
PdZn/ZrO2. Spectra were acquired at increasing dosage of CO up to 20 mbar (from blue 
to red line) and after outgassing (black dashed line). 

After activation in pure H2 at 400 °C, followed by CO adsorption at RT, the 

scenario is the one reported in Figure 4b. Differently from the spectra acquired 

on the oxidized PdZn/ZrO2, on the activated catalyst only one major component 

is observed. At very low CO dosing (Figure 4b, blue line), a first component at 

2063 cm-1 is already very intense. Upon increasing ϑCO, the peak exhibited a 

blue-shift up to 2069 cm-1. In addition, new components become more visible: a 

a)

b)

1930 
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shoulder at 2071 cm-1, which upward shifted to 2074 cm-1, and one at 2049 cm-

1.  

All the above-mentioned components can be attributed to different families of 

metallic Pd sites with different coordination. The Pd0-CO bond shows a very 

strong π-backdonation character. As a matter of fact, if Pd0 atoms are 

coordinatively unsaturated, a major electronic density to the adsorbate is 

observed [33]. This phenomenon is translated in a reduction of the υ(C≡O) of 

adsorbed CO molecules compared to the that of free CO molecule. Hence, the 

lower the frequency the lower the coordination of the metallic site. 

Moreover, all these components are very low in frequency to be “pure Pd0-CO”. 

As already mentioned for the peaks discussed for Figure 4a, these peaks can only 

be related to (Zn)Pd-CO [17,19–21,23,24]. The blue-shift has the same origin of 

that already discussed for panel a). However, this spectroscopic feature could 

not explain the formation of the PdZn alloy by itself. Looking at the Figure 4b, 

below 2000 cm-1 no peaks are present and Pd is well known to give bridged Pd 

carbonyls [17,21,34]. Hence, in the case at hand the absence of these species 

could be translated in the absence of neighboring Pd atoms and further confirmed 

the PdZn alloy formation.  

The different intensity of the peaks in Figure 4b with respect to Figure 4a is 

strictly connected to the performed thermal treatment. Differently from the 

oxidized sample, where the reduction – and following formation of the alloy – 

was induced by CO adsorption, the reduced sample underwent a reduction in 
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pure H2, so that the amount of alloy produced is significantly higher. It cannot 

be excluded that all Pd atoms alloyed with Zn. Indeed, the sharpness of the band 

in the range 2080-2020 cm-1 confirmed that no other species, but the PdZn alloy 

could be formed after the activation. 

A further investigation concerning the oxidic phase was performed at liquid-

nitrogen temperature (LNT), after the oxidation and the reduction/activation 

treatment, by CO adsorption monitored by FT-IR. 

Starting with the oxidized catalyst, Figure 5a shows all the spectra acquired at 

increasing ϑCO. Differently from the spectra acquired at RT, only a single band 

is observable, which lies in the region of both Zr4+-CO and Pdn+-CO, but 

unfortunately the components are not distinguishable. Moreover, RT spectra 

were featured by the reduction of Pd induced by CO adsorption, which is not 

visible in this case. The phenomenon is completely hindered by the low 

temperature, which slows down every possible reaction, and explains why we 

chose to investigate this catalyst at both the temperatures.  

A completely different scenario is observed for the activated sample (Figure 5b). 

CO adsorption gives rise to spectral features lying in two main regions: the 

lowest in frequency in the range 2090-2020 cm-1, attributed to the Pd0 sites 

related to PdZn alloy, and the highest in the range 2190-2120 cm-1, ascribed to 

Zr4+ and Zn2+ sites.  
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Starting from very low CO coverages (blue line), CO is firstly adsorbed on 

(Zn)Pd0 sites, with an asymmetric band centered at 2062 cm-1.  

Upon increasing ϑCO, a peculiar behavior is observed. Moving from the blue line, 

through the green line, to the red line, the spectra exhibit increasing and then 

decreasing intensity related to Pd carbonyls, combined with a shift towards 

higher frequencies (blue-shift). From now on, this behavior will be named as 

bell-shaped shift. The intensity modulation reaches a maximum (green line) that 

will be indicated as “breakdown pressure”. At the breakdown pressure, the 

broad band related to Zr4+- and Zn2+-carbonyls starts to increase. 

In particular, the highest frequency region is centered at 2180 cm-1 (Figure 5b, 

green line) and could be ascribed to Zn2+-CO [18,35], which seems to be 

completely covered by Zr4+-CO band as ϑCO keep increasing. In this case, we 

could reasonably ascribe the entire band to Zr4+  ̧since Pd is reasonably entirely 

reduced to form the alloy. This band exhibits a red-shift that is evident in both 

oxidized and reduced samples. However, ascribing this band to zirconium(IV) 

components, the shift is simple to explain. The red-shift can be easily related to 

the so-called chemical effect. Differently from Pd0, Zr4+ is a σ-acceptor center: 

as ϑCO increases the electronic density moving from CO molecules decreases and 

υ(C≡O) decreases [18,36,37]. 

An expert eye may ask why Zn2+-CO is only visible on the activated sample and 

not for the oxidized one. A possible explanation could be related to the 

adsorption of CO molecules on highly defective Zn2+ sites, whose formation is 
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induced by the reducing treatment and, then, the formation of oxygen vacancies, 

as already mentioned. 

Metallic Zn (Zn0) was excluded as, to the best of our knowledge, no literature 

data reported Zn0-CO species. Rationally, Zn0 orbitals (i.e. d-orbitals) that would 

have been involved in the interaction with CO molecular orbitals, are not suitable 

in the bond formation. It clearly explains why some works determined, by 

subtraction, the amount of metallic Zn produced during reducing processes by 

using Zn2+ carbonyls of oxidized and reduced materials [38].  

After outgassing (black dashed line) the intensity of all bands reduces: the band 

at 2155 cm-1 disappeared, highlighting the weak interaction between CO and 

Zr4+/Zn2+ sites, while a single band centered at 2064 cm-1, related to (Zn)Pd0-CO 

carbonlys remained, but with a comparable intensity to the spectrum acquired at 

the maximum ϑCO. 

The comprehension of the bell-shaped shift is not straightforward. Before going 

into the details, we can separate the bell-shaped shift into its components: the 

blue-shift and the intensity modulation.  

The blue-shift of Pd0-CO band observed at increasing ϑCO is based on the same 

chemical effect mentioned for the spectra acquired at RT. As for the intensity 

modulation, the band related to Pd starts decreasing when CO is adsorbed on 

Zr4+ and Zn2+ sites. At first glance, the intensity loss could be associated to CO 

desorbed from Pd sites, but it would have also caused a red-shift of the band. A 

more detailed hypothesis could be linked to a reduction of (Zn)Pd0-CO 
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absorption coefficient induced by CO adsorption onto ZnO and ZrO2-support, 

nearby Pd sites without hindering the chemical effect.  

 

 

Figure 5 – FT-IR spectra of CO adsorbed at LNT on a) oxidized and b) activated 
PdZn/ZrO2. Spectra were acquired at increasing dosage of CO up to 20 mbar (from blue 
to red line) and after outgassing (black dashed line). Green line represents the CO 
pressure (“breakdown” pressure) beyond which Zn2+-CO and Zr4+-CO bands pop up and 
Pd0-CO band starts decreasing. 
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In the light of this hypothesis, during the outgassing, by removing CO molecules 

firstly from Zn2+ and Zr4+ sites the absorption coefficient of CO adsorbed on Pd0 

rises again, and then the successive CO desorption from Pd sites causes the red-

shift. 

The hypothesis could be further explained and confirmed by the model described 

by Hammaker, Francis and Eischens (HFE) in 1965 [39], and subsequently 

modified [37,44], dealing with the dipolar coupling.  

The modified model predicts that the dipolar coupling induces two observable 

effects as the interaction with adsorbed molecules increases: a shift of the bands 

to higher frequencies and an absorption coefficient diminution. The dipolar 

coupling occurs when the adsorbate belongs to the same surface species, i.e. 

adsorbed molecules with equal singleton frequency. Hence, CO molecules 

adsorbed on the ZnO and ZrO2 phase cannot contribute to the observed bell-

shaped shift. In addition, as already mentioned, the dipolar coupling related to 

CO adsorbed on Pd atoms in the alloy has been formerly excluded. However, the 

adsorption at very low temperature, like liquid-nitrogen temperature (LNT), 

reasonably lead to the adsorption of much more molecules than at RT, which 

could be disguised by the intensity loss induced by the strong reduction of the 

absorption coefficient. Hence, the band reduces in intensity despite the eventual 

adsorption of CO molecule that would have increased the intensity. If the amount 

of adsorbed CO is too high, the dipolar coupling can even occur on Pd sites of 

the PdZn alloy. Indeed, the maximum CO coverage at LNT is centered at 2079 
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cm-1, 10 cm-1 higher than the peak observed at RT (2069 cm-1), suggesting a 

stronger contribution of the chemical effect. Furthermore, this hypothesis is 

supported by the HAADF-STEM images reported by Ramirez et al. [40] 

(Appendix A.1), highlighting a strong interaction between PdZn alloy particles 

and both ZnO and ZrO2 phases. Further information about this sample can be 

found in that work. 

 

3.2.4 NAP-XPS on stand-alone PdZn/ZrO2 

To determine the different Pd and Zn species on the activated catalyst, NAP-

XPS measurements were performed. The analyses were carried out using an 

EnviroESCA spectrometer (SPECS GmbH) equipped with a monochromatic Al 

Kα X-ray source (hν = 1486.71 eV) which operates at 42 W and X-ray emission 

of 3.00 mA. The catalyst powder was mixed with carbon black powder in 10:1 

ratio to avoid an excessive charging of the surface, and then pressed into a pellet 

(d=2 mm, h=0.5 mm) in a steel plate cavity. All the spectra were obtained at 

energy interval of 10 eV, 0.5 second dwell time and step of 0.1 eV for all regions 

(i.e. Zr(3d), C(1s), Pd(3d), O(1s) and Zr(2p)).  

PdZn/ZrO2 sample was measured with HR-XPS before NAP experiments. The 

sample was outgassed in the loading chamber for 1h at 400 °C under ultrahigh 

vacuum conditions. Then, the powder was treated with a flow of 40 ml/min of 

H2 at 20 mbar for 2h. 
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The set of experiments were carried out by Dr. Genrikh Shterk and will be herein 

briefly summarized. Further details are reported in Appendix A.3. 

PdZn alloy formation was studied using model systems [23,41–43], which 

demonstrated that for PdZn alloys, the Pd0(3d5/2) peak is shifted towards higher 

binding energies, from 335 to 336.1 eV. This shift in PdZn alloys was studied 

by Rodriguez [44] using MO-SCF calculation and XPS to explain the effect of 

the alloying upon CO adsorption. In particular, it was demonstrated that 

Pd(4d)→Zn(4p) charge transfer and Pd(4d)→Pd(5s,5p) rehybridization during 

alloy formation induce a shift of the binding energy and a weakening of 

Pd(4d)→CO(2π) bonding interactions. Recently, further studies about the 

interaction between Pd and Zn reported a negative charge over Pd and a positive 

charge over Zn, an opposite transfer compared to that observed by Rodriguez 

[42,45,46]. Hence, the shift of the bands to higher and lower energies related to 

Pd(3d) and Zn(2p), respectively, are accepted to be a fingerprint of PdZn alloys 

[23,42,47,48].  

The as-prepared PdZn/ZrO2 is characterized by the presence of PdO and ZnO 

(Figure 6 panels a and c), with a Pd(3d5/2) and Zn(2p3/2) centered at 337.4 eV 

and 1022.5 eV, respectively. The Pd(3d5/2) binding energy is slightly higher than 

the one reported in literature (0.4 – 0.2 eV) for Pd2+ [49–51], maybe due to 

surface charging or fitting uncertainty related to the overlapping with Zr(3p) 

band. The Zn(2p3/2) component at ca. 1024 eV could be related to ZnO anchored 

on ZrO2 hydroxyls species or an asymmetric ZnO peak. 
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Figure 6 – NAP-XPS spectra of Pd(3d) and Zn(2p) regions of PdZn/ZrO2 as-prepared 
catalyst (a, c) and after activation in H2 (b, d). 

After activation at 400 °C with 20 mbar of H2 (Figure 6 panels b and d) a full 

reduction of Pd and partial reduction of Zn were observed. As for Pd(3d5/2), the 

binding energy is 336.1 eV, 1 eV higher than the typical Pd0 binding energy [52] 

which confirms the formation of the alloy in line with literature results [41–

43,53–55]. On the other hand, Zn reduction is in good agreement with both FT-

IR and the following XAS results, that evidenced the presence of a defective 

ZnO phase. 

 

 

 

a) 

b) d) 

c) 
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3.2.5 XAS: Pd and Zn K-edge on PdZn/ZrO2 + ZSM-5 

XAS measurements were carried out at the Quick-XAS ROCK beamline of the 

SOLEIL French synchrotron [56]. Specific details about the equipment are 

reported in Ramirez et al. [40] (Appendix A.1). All the following results were 

elaborated by Dr. Davide Salusso and were performed on the combined catalyst 

PdZn/ZrO2 + ZSM-5 aiming at characterizing both Pd and Zn species before, 

during and after the activation in pure H2 at 400 °C. 

The following XAS spectra reported in Figure 7 show both XANES and EXAFS 

(insets) spectra and both are related to the combined system PdZn/ZrO2 + ZSM-

5. Panels a), b) and c) display the Pd K-edge, while panels d), e) and f) show the 

Zn K-edge. All the spectra were compared with a PdO and a metallic Pd 

references. 

Starting with Pd K-edge, Figure 7a shows the spectra acquired on the as-prepared 

catalyst. All the features are similar to those of PdO and these findings are in line 

with the PXRD results shown in section 6.1. During the activation (Figure 7b), 

XANES spectra exhibited a down shift of the absorption edge passing from RT 

(black line) to 400 °C (red line), specific for a reduction of Pd, and a remarkable 

change in the oscillation. Indeed, as also highlighted in the EXAFS region, a 

change from Pd-O to metallic Pd was observed. In addition, as the temperature 

increased and XANES spectra flattened, a shift to lower R values of Pd-Pd 

coordination shell, up to 2.15 Å, was observed. The spectrum acquired at 400 
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°C, in H2, did not change after the activation (Figure 7c) and it was ascribed to 

the formation of a PdZn alloy [9,17,57–63]. 

From the Zn point of view, both XANES and EXAFS spectra of the as-prepared 

catalyst (Figure 7d) resembled the ZnO reference, in line once again with the 

PXRD results. The lower intensity displayed by the sample could be ascribed to 

the higher defectiveness compared to the ZnO reference. During the activation 

(Figure 7e), a remarkable reduced intensity of both the XANES oscillation and 

the bands in the EXAFS region and subtle red-shift of the edge energy position 

were observed. The inset in the top right in Figure 7e reports the XANES first 

derivative to highlight a component below 9660 eV, ascribed to the formation of 

metallic Zn, matching the Zn(0) reference reported in light grey. 
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Figure 7 – Pd K-edge and Zn K-edge XANES in main panels and EXAFS spectra in 
insets. Dashed lines report reference compunds. a) Pd K-edge of as-prepared catalyst. 
b) Pd K-edge acquired during activation (RT-400 °C) under H2 gas flow. c) Pd K-edge 
after activation at 400°C in H2 atmosphere. d) Zn K-edge of as-prepared catalyst. e) Zn 
K-edge during activation (RT-400°C) under H2 gas flow. Inset: first derivative of the 
XANES spectra of as-prepared catalyst (black), activated catalyst (red) and metallic Zn 
(light grey) as reference. f) Zn K-edge after activation at 400°C under H2 gas flow. Note: 
the EXAFS signal of Pd metallic foil was rescaled by a factor 1/2. All the EXAFS 
spectra reported in the bottom insets were obtained by transforming the corresponding 
k2χ(k) EXAFS function in the 2.5-11.0 Å-1 range. 

 

It is worth to point out that only a small fraction of Zn underwent a reduction to 

the Zn(0). The huge intensity decrease in the EXAFS region is related to both a 

thermal Debye-Waller effect and the presence of a highly defective ZnO phase. 

Indeed, after the activation (Figure 7f), the EXAFS spectrum of the sample does 
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not show a significant variation of the intensity, that could be explained by the 

high defectiveness. 

Since no specific fingerprints in Zn local environment were not observed, Zn 

migration into the zeolite was excluded [58,64], suggesting that impregnating 

both Zn and Pd on a ZrO2 stabilizes the elements and avoids diffusion into the 

zeolite. 

 

3.2.6 FT-IR: CO adsorption at LNT on combined PdZn/ZrO2 + SAPO-34 

In the attempt to characterize the combined catalysts, CO adsorption at liquid-

nitrogen temperature followed by FT-IR was performed to study the catalyst 

surface before and after the catalytic tests, and after regeneration (Figure 8b, c 

and d). For sake of comparison, CO adsorption was also carried out on SAPO-

34 (Figure 8a).  

All the spectra show two main absorption features at 2170 and 2140 cm-1, 

respectively. The former is related to CO adsorption on Brønsted acid sites 

(BAS) of SAPO-34, while the latter is ascribed to CO molecules entrapped inside 

the pores of the zeotype [65]. This last band starts to increase at high ϑCO when 

a high amount of CO is already engaged in binding Brønsted acid sites (BAS).  

CO adsorption gives rise to a third band at 2090 cm-1, which was observed in 

some works related to Ca-Y and Na-ZSM-5 [66,67]. The frequency of this band 

changes according to the cation on which CO is adsorbed. When CO is bound 

through the C-end it could also interact with the lattice via the O-end with a guest 
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cation or other Lewis acid sites. A second hypothesis is that CO could bind 

framework O atoms [68]. 

CO absorption bands on SAPO-34 clearly prevail in the combined system. As 

for the activated bifunctional catalyst (Figure 8b and inset) the bell-shaped shift 

is visible in Pd0 region, as already seen for the stand alone PdZn/ZrO2. However, 

after the catalysis the pattern is no longer present (Figure 8c and inset), maybe 

due to the presence of coke or any other reaction products.   

The presence of polycyclic aromatic species and alkenes was determined by 

means of UV-Raman and ssNMR spectroscopy. For the sake of brevity, I will 

only refer to two papers we published about this sample [40] (Appendix A.1 and 

A.3) and I will summarize the main results obtained.  

UV-Raman findings showed the presence of both aromatic compounds and 

olefins, which are typical compounds observed during an intimal deactivation of 

this kind of catalysts. The higher the amount of hydrocarbon on the surface 

(hence, the deactivation degree) the lower the number of BAS available to bind 

CO. In addition, ssNMR results determined a high amount of olefinic and 

aromatic species, suggesting SAPO-34 underwent a dual-cycle mechanism, 

involving both olefinic and aromatic cycles, which push the hydrocarbon pool 

towards C3 hydrocarbon species [69,70]. This hypothesis was supported by the 

presence of methylated olefinic species, presumably adsorbed in the zeolite 

framework (Appendix A.3). 
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Figure 8 – FT-IR spectra of CO adsorbed at LNT on the following activated systems: 
SAPO-34 (a), fresh PdZn/ZrO2 + SAPO-34 (b), used PdZn/ZrO2 + SAPO-34 (c) and 
used PdZn/ZrO2 + SAPO-34 after regeneration in O2 at 600 °C and activation step (d). 
Spectra were acquired at increasing CO pressure up to 20 mbar (from blue to red line) 
and after outgassing (black dashed line). Green line in section b): CO “breakdown” 
pressure for Pd carbonyls. 

All the mentioned findings explain why the peak at 2170 cm-1 is less intense on 

the used catalyst (Figure 8c) than the fresh one (Figure 8b). Hence, we performed 

a regeneration at 600 °C in pure O2 in order to remove all the above-mentioned 

adsorbed hydrocarbon species and then the sample was activated again at 400 

°C in H2. The spectra reported in Figure 8d show some similarities with those 

reported in Figure 8b. For instance, the inset in Figure 8d shows a bell-shaped 
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shift-like pattern in Pd0 range, suggesting a restoration of those components. 

However, the pattern looks different because of the SAPO-34 components, 

which tail ends in Pd0 region and “pushes” the (Zn)Pd-CO bands upwards. On 

the other hand, BAS seemed to be restored as highlighted by the intensity of the 

band at 2170 cm-1. All these findings indicate the regeneration is mandatory to 

restore the catalytic activity. 

Nonetheless, it is noteworthy to highlight the presence of two more peaks which 

are only present on the regenerated bifunctional catalyst (Figure 8d). The two 

peaks are centered at 2220 and 2195 cm-1 and were ascribed to Pd2+ dicarbonyls 

[18,34,71]. The assignment is line with a possible Pd2+ ionic exchange with a 

small fraction of SAPO-34 Brønsted acid sites. According to these results, the 

exchange should necessarily be driven by the thermal oxidative/regenerating 

treatment. The exchange stabilizes the Pd2+ ions, which seems to be unperturbed 

by the reduction treatment. 

 

3.3  Lab scale: catalytic tests 

In the following section, a summary about the catalytic tests is reported. Any 

further detail can be found in Ramirez et al. [40]  (Appendix A.1). The following 

data were elaborated by Dr. Adrian Ramirez. 

The catalytic tests were run to evaluate the effect of pression (20, 30 and 40 bar) 

and temperature (250, 300 and 350 °C). Figure 9a summarizes all the results 
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obtained comparing PdZn/ZrO2 stand-alone phase with two bifunctional 

catalysts where PdZn/ZrO2 had been mixed with ZSM-5 and SAPO-34. 

All the samples showed almost the same CO2 conversion, which increases with 

temperature and pressure, following the process thermodynamics, as reported by 

De et al. [72].  

As for the MeOH selectivity, PdZn/ZrO2 follows the thermodynamics increasing 

with pressure and decreasing with temperature. As for propane selectivity, in 

both cases no propane is observable before 350 °C, but SAPO-34 gives a higher 

selectivity (16%) than ZSM-5 (3%). Further investigations related the methanol 

selectivity and reported in Ramirez et al. [40] (Appendix A.1), lead us to focus 

on the PdZn/ZrO2 + SAPO-34 catalyst which confirmed to be the most 

promising catalyst. Indeed, a further investigation dealt with the evaluation of 

the effect of different space velocity (GHSV: 1500, 3000, 6000, 12000 mL/g/h) 

and pressure values (30, 40 and 50 bar) at a constant temperature of 350 °C, 

proved that at 50 bar and 1500 mL/g/h, the total propane selectivity is more than 

50%. To the best of our knowledge, this is the highest total selectivity reported 

for a CO2 hydrogenation process towards C2+ hydrocarbons.  

Finally, the hydrocarbon distribution reported in Figure 9b shows that the 

majority of all products are paraffins, which could be related to the 

hydrogenating effect of Pd and could facilitate the product separation in a 

potential industrial process. 
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Figure 9 –  (a) CO2 conversion (filled symbols) and MeOH (for PdZn/ZrO2) or propane 
(for PdZn/ZrO2+SAPO-34 and PdZn/ZrO2+ZSM-5) selectivity (empty symbols) at 
several screening conditions. H2/CO2 = 3, 12 000 mL g–1 h–1. (b) Detailed hydrocarbon 
distribution (CO free) of the PdZn/ZrO2+SAPO-34 combined system for the 
CO2 conversion to hydrocarbons at different space velocities. CO2:H2 1:3, 350 °C, 50 
bar. 
 

  

b) 
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3.4  Scale up: structural characterization 

After a massive and multi-technique investigation, PdZn/ZrO2 + SAPO-34 was 

the first combined catalyst to be scaled up. The catalyst was shaped in two forms: 

tablet and extrudates. The following section will deal with all the analyses 

carried out to understand how the catalyst shaping influenced the catalytic 

activity. All the results related to this catalyst are reported in Ticali et al. 

(Appendix A.4). The name of all the samples has been reported in Chapter II, 

section 2.1.3 – Table 3.  

Before describing the results, I would like to spend few lines to explain some 

drawbacks related to this first scale up. As reported in Chapter II, the lab scale 

and scaled-up bifunctional catalysts are not prepared in the same way. If the 

preparation of the lab scale catalyst would have been scaled up, then several 

costs concerns would have affected the testing in the pilot plant. This “recipe 

variation” interested both the stand-alone PdZn/ZrO2 (that was tested and 

characterized again only for comparison purposes) and the bifunctional catalyst. 

In order to avoid any project blockages, the synthesis was changed, but this 

change had a cost in terms of catalytic activity. As reported in detail in next 

sections, a loss in the activity was mainly observed on tablets and extrudates, 

maybe due to the addition of a binder suitable to produce the two shapes. 

The samples were investigated by PXRD (PanAlytical X’Pert Pro) in Bragg-

Brentano Geometry in reflectance mode using Cu Kα radiation source (λ = 1.541 
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Å) at ambient conditions. The scan range was 5–70° with a step size of 0.017°. 

Rietveld refinement was performed using Topas software provided by Bruker. 

Wavelength-dispersive X-ray spectrometry was performed on a FEG-EPMA 

JEOL JXA-8530F electron microprobe (d=1µm) operated at 20 kV, from 20 nA 

to 55 nA on cross sections of shaped samples, embedded in epoxy and ground 

with silicon carbide. I would like to acknowledge that Powder X-Ray Diffraction 

and morphological analyses were performed by Dr. Davide Salusso and 

TOPSOE team, respectively. 

PXRD measurements evidenced the presence of PdO, ZnO and monoclinic ZrO2 

reflections on the stand-alone catalyst. After activation/reduction, the intensity 

of PdO and ZnO reflections decreased, reasonably due the formation of a PdZn 

alloy and evidenced by the (101) reflection on the activated PdZnZrO2 (PZZ-

red) pattern reported in Figure 10. After shaping in tablets and extrudates the 

PdZn alloy reflection is not observable anymore and could be related to the loss 

of ZnO content which is highlighted by the reduced reflection intensity. These 

results could suggest a possible ion-exchange of SAPO-34 acid sites during the 

shaping. 

These results have been further supported by morphological characterization, 

that I will not show for the sake of brevity, but they can be found in Ticali et al. 

(Appendix A.4). In particular, the microscopic measurements determined that 

Zn in both tablets and extrudates was not evenly distributed and created ZnO 

islands. In opposition, Pd is uniformly distributed all over the ZrO2 support. 
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Thus, some zones were only covered by Pd. Furthermore, after the activation 

treatments, Zn was observed to migrate onto both the alumina binder (in 

particular, in extrudates) and SAPO-34 phases, while Pd appeared to be strongly 

adsorbed on the ZrO2 support, in line with the loss of ZnO.  

 

 

Figure 10 – a) PXRD patterns (bottom to top) of: simulated h-ZnO (purple), m-ZrO2 
(wine), t-PdZn (green), SAPO-34 (light blue) and experimental PZZ-ox (dark blue), 
PZZ-red (orange), PZZ-ox-tab (violet), PZZ-red-tab (dark red), PZZ-ox-ext (light grey) 
and PZZ-red-ext (dark grey). b) Magnification of the range 42-45° to highlight the PdZn 
alloy reflection. 

 

3.5  Scale-up: spectroscopic characterization 

In order to get the clearest outlook about the synthesized technical catalysts, the 

spectroscopic characterization was performed by comparing both tablets and 

extrudates with the physical mixture, obtained by mixing PZZ-ox/red with the 
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binder and SAPO-34. For sake of clarity I will firstly focus on XAS 

measurements, followed by FT-IR using CO as probe molecule and performed 

only at room temperature. 

 

3.5.1 XAS measurements 

The XAS measurements were performed by Dr. Davide Salusso, at ESRF 

synchrotron (BM31 beamline). In this section I will briefly summarize what has 

been already published in Ticali et al. (Appendix A.4). 

Several studies and results regarding the formation of PdZn alloy have been 

already discussed in the previous paragraphs. Indeed, CO adsorption followed 

by FT-IR illustrated a complete overview about Pd, while Zn seems to be 

“spectroscopically silent” is vibrational spectroscopy when reduced to metallic 

Zn [9,40,58,59,73]. Hence, XAS measurements were focused on Zn K-edge in 

order to complete the spectroscopic characterization combined with FT-IR and, 

in addition, to investigate the ZnO migration, mentioned in the previous section.  

Figure 11a shows that PZZ-ox (prepared by calcination of the precursors) fully 

matches the ZnO reference spectrum, suggesting that Zn has a ZnO local 

geometry. After activation in H2 a slight energy shift is observable and remarked 

by the inset reported in Figure 11b (purple line). The shift is associated to the 

formation of the PdZn alloy [40,73] and confirmed by both PXRD and FT-IR 

(vide infra). Thus, the shift can be used to track the presence (or absence) of the 

alloy. 
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In the case of the pelletized catalysts, no remarkable variations are observed for 

PZZ-ox-tab samples. Instead, the reduced sample, PZZ-red-tab, shows some 

differences compared to PZZ-red. Firstly, looking at the inset in Figure 11b (pink 

line), no PdZn alloy shift is observed. In addition, a shoulder at a few eV to the 

left of the absorption edge could be ascribed to a minor fraction of Zn migrated 

into the Al2O3 binder. Indeed, as reported in Ticali et al. (Appendix A.4), no 

shoulder was observed on the uncalcined pelletized catalyst, suggesting that Zn 

reoxidation, and its subsequent migration, is induced by calcination. 

A completely different scenario concerns the XANES spectra of the extrudates. 

PZZ-ox-ext and PZZ-red-ext show Zn K-edge spectra matching those studied by 

Pinilla-Herrero and co-workers [74]. In both oxidized and reduced extrudate 

catalysts XANES spectra match the spectrum of Zn(10%)-Al2O3 reported in both 

panels a and b of Figure 11 with a dark grey line. Moreover, both panels display 

two histograms reporting the amount of Zn-aluminates determined by linear 

combination fit (LCF) (Appendix A.4). It is worth to highlight that both tablets 

and extrudates exhibited a Zn migration after the reduction treatment. 

Furthermore, these findings could explain the activity loss that was highlighted 

by reduced and nil propane selectivity for the tablets and extrudate, respectively 

(vide infra). In particular, all these results linked to the disruption of the PdZn 

alloy and SAPO-34 poisoning. 
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Figure 11 – Zn K-edge EXAFS spectra for the analyzed samples, ZnO and 
Zn(10%)Al2O3. Spectra first derivative and LCF results are reported in the bottom and 
top insets, respectively. Zn(PdZn) contribution is indicated with the arrow. 

 

3.5.2 FT-IR: CO adsorption at room temperature 

Focusing the attention on the surface-active sites, CO adsorption followed by 

FT-IR was performed at room temperature, in order to probe only Pd sites and 

exclude the zeotype components. 

Figure 12 shows a comparison between the reduced PdZn/ZrO2 (PZZ-red) with 

reduced pelletized (PZZ-red-tab) and extruded (PZZ-red-ext) catalyst. CO 

adsorption on PZZ-red occurs on Pd sites only: the peak at 2070 cm-1 (light violet 

line) is related to (Zn)Pd0-CO [9,20,40,57,60]. Despite the different preparation, 

the absorption bands are very similar to those reported in Figure 3 in section 

3.2.3.  The blue-shift from 2070 cm-1 towards 2080 cm-1 has been already widely 
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discussed in the previous paragraphs and it is related to the chemical effect 

induced by the π-backdonation of metallic Pd. The effect disappears upon 

outgassing, leading the band back to its former position (yellow line). The lack 

of bridged Pd-carbonyls confirmed, once again, the formation of the alloy.  

As for the combined bifunctional catalyst PZZ-red-tab, no absorption features 

are observed in the Pd region below 2100 cm-1, but the roto-vibrational pattern 

of gaseous (non-adsorbed) CO. The absence of any Pd-CO suggests that Pd sites 

are not available to bind CO. However, catalytic tests (vide infra) showed a 

higher amount of methane produced by tablets, compared to PZZ-red, indicating 

the potential presence of metallic Pd, which is well known in literature to act as 

methanation catalyst [75,76]. Hence, we proposed two hypothesis that did not 

find any evidence in any analysis and would need a further investigation: i) 

metallic Pd sites anchored on ZrO2 or ZnO phase are covered by a ZnO extra-

phase, as already reported by Kast et al. [17] in a study regarding a Pd/ZnO 

catalyst; ii) a possible influence of ZrO2 support; iii) the available Pd sites are 

below the detection limit of the technique (e.g. SAPO-34 limits CO adsorption 

on Pd sites). 

On the other hand, compared to PZZ-red, some signals are observable in the OH 

region and ascribable to isolated Si-OH (3745 cm-1) and P-OH (3670 cm-1), and 

bridged Si-(OH)-P related to two crystallographic positions at 3620 and 3596 

cm-1. 
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As for the extruded catalyst, PZZ-red-ext, CO adsorption gives rise to a broad 

band at 2090 cm-1, that could be easily ascribed to Pd0-CO, where Pd0 is not 

involved in alloying with Zn [32]. The presence of metallic Pd, thus, suggests 

that Zn is no more available to alloy with Pd and further confirms the Zn 

migration. At higher frequency, in the OH region, CO adsorption gives rise 

almost to the same species observed for tablets, with even a higher intensity, 

except a band at 3767 cm-1
 related to Al-OH species. Aluminum hydroxyls can 

be ascribed to defective SAPO-34 sites or, reasonably, to the alumina binder 

used during the catalyst preparation.   
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Figure 12 – CO adsorption at increasing dosages at RT followed by in situ IR spectra of 
a) PdZn@ZrO2-red (PZZ-red), b) PZZ-red-tab and c) PZZ-red-ext. Darker colors 
indicate higher CO pressure. The yellow line in panel a) refers to the outgas at RT.  
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3.6  Scale-up: catalytic tests 

All the scaled-up samples reported in Table 3 of section 2.13 were tested for CO2 

hydrogenation using typical conditions implemented for lab scale catalyst [40] 

(Appendix A.1). The tests were performed by Dr. Adrian Ramirez and 

elaborated by Dr. Tomas Corder-Lanzac. 

Figure 13a illustrates the hydrocarbon distribution and CO2 conversion. Starting 

with the stand-alone PdZn/ZrO2 catalyst, both PZZ-ox and PZZ-red produce 

methanol. In particular, PZZ-red produces more methanol, despite the ex-situ 

reduction, with similar CO2 conversion and higher methanol selectivity 

(decreased CO selectivity). In order to compare the performance of the two types 

of technical catalysts, PZZ-red was mixed with SAPO-34 (namely, PZZ-red + 

SAPO-34). CO2 conversion is boosted by the physical mixture, passing from 

12% to 25%, due to the in situ conversion of methanol to hydrocarbons. CO 

selectivity reduced from around 85% observed on PZZ-ox to 65% observed for 

the physical mixture, and the hydrocarbon distribution is comparable with those 

reported for the lab scale catalyst, mentioned in the previous section and reported 

in Ramirez et al. [40] (Appendix A.1), despite the different preparation. 

However, this behavior was not preserved for the technical catalysts. 

Pelletized PZZ-ox-tab and PZZ-red-tab catalysts are capable of producing 

propane and the reduced catalyst outperformed the oxidized one, in line with the 

results obtained on stand-alone catalysts. Furthermore, Figure 13b shows a huge 
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stability of the tablets after 72 hours of testing. Nevertheless, this technical 

catalyst is worse than the physical mixture, achieving 14% of CO2 conversion 

and more methane selectivity. 

The scenario worsens for the extrudates (PZZ-ox-ext and PZZ-red-ext). The 

activity of these samples was lost and no propane was yielded. CO2 conversion 

is slightly higher than tablets with a lot of unconverted methanol and methane as 

main product. These findings suggest SAPO-34 poisoning and the remaining 

methane-yielding activity could be linked either to the presence of metallic 

palladium or zinc aluminates [75–78]. 

 

 

Figure 13 – (a) CO2 conversion and hydrocarbon distribution for the different technical 
catalysts and (b) evolution with time on stream of CO2 conversion and C3 selectivity for 
the PZZ-red-tab catalyst. Reaction conditions: 350 C, 30 bar, 6000 cm3/g/h, 1:3 CO2:H2. 
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SAPO-34 physical mixture, which show comparable results on both lab scale 

and scale-up catalysts. However, the synthesis procedure seems to be unsuitable 

for the scale up. The presence of a binder induces Zn migration from the oxidic 

phase to the alumina binder in both tablets and extrudates. In the first case more 

catalytic cycles need to be performed to determine a loss of activity, but as 

reported by XAS and FT-IR the PdZn alloy is disrupted and Zn migration is 

enhanced by the activation procedure. 

From this failure, COZMOS project gained important information: despite the 

very promising results obtained on the PdZn/ZrO2 + SAPO-34 bifunctional 

catalyst, the catalyst needs to be scaled-up in a different way and more efforts 

should be implemented to enhance the synthesis of this catalyst on large scale. 
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CHAPTER IV 
ZnZrOX mixed oxides 

 
4.1  Textural and structural characterization 

4.1.1  Textural characterization of stand-alone ZnZr-X 

Specific surface areas (SSAs) and pore size distribution (PSD) of the ZnZr-

X samples were obtained by Brunauer–Emmett–Teller (BET) method and DFT 

method, respectively, from the adsorption and/or desorption isotherms of N2 at 77 

K using a Micromeritics ASAP 2010 physisorption analyzer. The isotherms were 

obtained over a range of relative pressures from 10−6 to 1. Before the analyses, all 

the samples underwent an evacuation step under dynamic vacuum at 120 °C (5 

°C/min) for 5 h (up to residual pressure of 10−4 mbar) to remove physisorbed 

species from the surface. DFT method on cylindrical pores, using the Tarazona 

NLDFT approach was used to determine the PSD. 

N2 adsorption/desorption isotherms and the pore size distribution (PSD) of all as 

prepared ZnZr-X catalysts are reported in Figure 1 and Figure 2, respectively. 

For all samples the isotherms showed a hysteresis loop due to the capillary 

condensation [1]. In particular, ZnZr-5 showed a different adsorption hysteresis 

than those of ZnZr-15 and ZnZr-30. ZnZr-5 is featured by a H2-like loop, peculiar 

for mesoporous oxides with tubular/ink-bottle pores with inhomogeneous 

dimension [2]. On the other hand, both ZnZr-15 and ZnZr-30 presented a H1-like 
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loop, distinctive for mesoporous materials with narrow pore distribution and 

homogenous sized particles agglomerates. 

However, there are no evidence regarding the origin of the porosity, thus it could 

be related to inter-grains pores, intra-grains pores, or both. 

Figure 2 displays the port size distribution obtained using a DFT method for all 

the analyzed samples. The PSD is almost the same for all the cases, but ZnZr-30 

shows a higher amount of pores in the range of 3-10 nm. As evidenced in the next 

sections, these results could be linked to the presence of a ZnO phase, which is 

responsible for the formation of defects that could cause the different distribution 

herein reported.  

 

 

Figure 1 – Adsorption/desorption isotherms of N2 at 77 K for ZnZr-5, ZnZr-15 and ZnZr-
30 catalysts. 

ZnZr -5 ads.
ZnZr -5 des.

ZnZr -15 ads.
ZnZr -15 des.

ZnZr -30 ads.
ZnZr -30 des.
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Figure 2 – Pore size distribution of ZnZr-X catalysts, obtained by DFT method. 
 

4.1.2  Structural characterization of stand-alone ZnZr-X 

Powder X-Ray Diffraction (PXRD) measurements were carried out at room 

temperature in a glass capillary (Ø = 0.3 mm) on the as prepared ZnZr-X using a 

PW3050/60 X’Pert PRO MPD diffractometer from PANalytical in the Bragg-

Brentano geometry equipped with a Cu Kα1,2 X-Ray source. The analyses were 

performed from 10° to 90°, 0.0156° step size and 150s as integration time. 

FullProf software package [3] was used to extract lattice parameters and average 

crystallite size from all the samples to perform a Rietveld refinement.  

All the measurements were performed by Dr. Davide Salusso. A detailed 

information about the Rietveld refinement is reported in the Supporting Materials 

of Ticali et al. [4] (Appendix A.2 ). 

ZnZr-5
ZnZr-15
ZnZr-30
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Figure 3 reports PXRD patterns of all the studied samples. The spectra are only 

offset-shifted. All the diffractograms show reflections of crystalline zirconia 

reflection: no monoclinic ZrO2 was observed, while cubic and tetragonal structure 

were not distinguishable. The inset reports the (101) reflection of all the samples 

with respect to the one of pure ZrO2. The shift is related to the lattice shrinking of 

ZrO2 lattice due to the smaller-Zn (0.74 Å) inclusion in substitution for the larger-

Zr4+ (0.82 Å) [5]. Indeed, the shift is coherent with the elemental analysis, so that 

the higher the Zn loading the more pronounced the shift.  Same behavior was 

observed for the peak broadening. Further investigation reported in Ticali et al. 

[4] (Appendix A.2 ) demonstrated that the amorphous fraction is the same for all 

three samples. Thus, the crystallite size determined by the Rietveld refinement 

decreases as the Zn concentration increases, passing from 55±1 nm for ZnZr-5, to 

20±1 nm for ZnZr-15 and 12±1 for ZnZr-30. 

Chemical, textural and structural features of ZnZr-X catalysts are all reported in 

Table 1.  

Furthermore, diamonds symbol in Figure 3 represent reflections of a wurtzite 

(ZnO) secondary phase, which was distinguishable only for ZnZr-30. With a 

detailed Rietveld refinement [4], it was possible to determine that ZnZr-30 had 

around 15 wt.% of ZnO, suggesting a fraction of Zn is not incorporated in the 

ZrO2 lattice, justifying the observed reflections. It was then hypothesized that the 

co-precipitation technique could not allow more than 15 wt.% of Zn to enter in 

the ZrO2 lattice. 
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A further investigation carried out by Salusso et al. [6], and more recently by other 

research groups [7], unveiled the presence of ZnO nanoclusters (hexagonal or 

cubic) embedded and chemically bonded to the ZrO2 matrix, highlighting that the 

presence of a chemical interaction at ZnO/ZrO2 interface could promote 

CO2 hydrogenation. 

 

 

Figure 3 – PXRD patterns of the as prepared ZnZr-X samples. Diamonds and triangles 
are related to the peak positions of cubic/tetragonal ZrO2 and hexagonal ZnO, 
respectively. Inset: magnification of the ZrO2 (101) reflection with the peak position for 
a pure ZrO2 reference [8] (dashed black line) and peak position of ZnZr-X samples 
(dashed coloured lines). [4] 
 

  

ZnZr -5
ZnZr -15
ZnZr -30

ZnO
ZrO 2
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Table 1 – Chemical, textural and structural features of ZnZr-X catalysts. In order: Zn 

loading, specific surface area (SSA), pore volume, lattice parameter (a = b), and 

average crystallite size (d) 

 

From the results reported in Table 1, the specific surface area value does not 

reflect the decreasing trend observed for the crystallite size. To explain these 

results, SEM images of the catalysts reported in Ticali et al. [4] (Appendix A.2 ) 

demonstrated that they consist of particles with small aggregated crystallites. 

Therefore, the area exposed is correlated to the dimensions of these aggregates 

rather than to the crystallite size.  

 

 

 ZnZr-5 ZnZr-15 ZnZr-30 

Zn loading (wt.%) 5 15 30 

SSA (m2/g) 47 46 37 

DFT Cumulative Pore 
Volume (cm3/g) 0.24 0.21 0.49 

Space group P 42/n m c P 42/n m c P 42/n m c 

a (=b) (Å) 3.6049 ± 
0.0008 

3.58900 ± 
0.00018 

3.59440 ± 
0.0008 

c (Å) 5.0980 ± 
0.0015 5.1020 ± 0.0005 5.082 ± 0.002 

Crystallite size (nm) 55±1 20±1 12±1 
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4.2  Spectroscopic characterization 

4.2.1  FT-IR: H2 interaction with stand-alone ZnZr-X 

The presence of a ZnO extra phase could play a key role in CO2 hydrogenation. 

Indeed, ZnO is well known for its semiconductive properties related to the 

formation of oxygen vacancies under reducing conditions [9]. To study the 

semiconductive properties, IR spectroscopy is suitable to monitor the generation 

of oxygen vacancies. 

Before focusing on the interaction with hydrogen, it is worth to highlight the IR 

absorption spectra of the materials. Figure 4 reports all the spectra acquired after 

oxidation and reduction treatments in pure O2 and H2, respectively. Three main 

regions could be identified (from higher to lower frequencies): the first region 

between 4000 and 3000 cm-1, ascribable to surface hydroxyls; the second region 

in the range 2500-2000 cm-1 related to encapsulated CO2 in the pores of the 

material (evidenced by the bands related to 12CO2 and 13CO2 at 2340 and 2210 

cm-1, respectively); the third region between 1700 and 1000 cm-1 ascribed to 

carbonates/nitrates species. The species belonging to the last two ranges derived 

from the precursors used for the synthesis. Despite the calcination at 500 °C and 

the following thermal treatment at 400 °C in O2 and H2, these species are still 

present. Moreover, it is noteworthy that the amount of OH species (4000-3000 

cm-1) decreases as Zn loading increases, suggesting the OH groups are related to 

ZrO2. 
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Figure 4 – FT-IR spectra of ZnZr-X catalysts recorded at 400 °C in 40 mbar of oxygen 
(black curves) and 40 mbar of hydrogen (red curves). 

 

A variation in the overall absorption of the spectra passing from the oxidized to 

reduced samples is well visible, especially for ZnZr-15 and ZnZr-30. This 

phenomenon is even better distinguished when the spectrum in O2 is subtracted 

from the spectrum in H2 as reported in Figure 5. This absorbance variation is 

linked to the presence of oxygen vacancies. 

As mentioned in Chapter III, neutral VO in ZnO contains two electrons located in 

levels at 0.05 and 0.18 eV below the conduction band (C.B.). The first ionization 

occurs at room temperature to generate mono-ionized oxygen vacancies (VO
+). 

The second ionization is promoted by the absorption of IR radiation, which is 

centred at around 1450 cm-1 (0.18 eV) for ZnO [9]. The generation of VO
+ mainly 

ZnZr-5 400 °C in O2
ZnZr-5 400 °C in H2

ZnZr-15 400 °C in O2
ZnZr-15 400 °C in H2

ZnZr-30 400 °C in O2
ZnZr-30 400 °C in H2
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occurs via two main pathways: (i) filling pre-existing bi-ionized oxygen vacancies 

(VO
2+) with one electron obtained from adsorbed oxygen species, like O2

2–, O2
– 

and O–; (ii) the formation of a new VO
+ by extraction of lattice O ions, but this 

pathway mainly occurs at high temperature. Distinguishing each pathway from 

the other is not straightforward and not easy by means of IR spectroscopy.  

Concerning the studied samples, the maxima of the absorption related to VO
+ 

(dashed grey lines) are centered at around 1100 cm-1 for ZnZr-30 and 2200 cm-1 

for ZnZr-5, which can be associated to electronic levels at about 0.14 and 0.27 eV 

below the C.B., respectively. Moreover, it is worth to highlight that the VO
+ 

ionization energy at 0.14 eV, related to ZnZr-30, is very close to the one of pure 

ZnO (0.18 eV). As reported by the PXRD (section 4.2.1) and EXAFS (section 

4.2.3) data [4] (Appendix A.2 ), ZnZr-30 was the one with a secondary ZnO 

phase, hence the influence of this phase on the position of the oxygen vacancy 

band cannot be ruled out. 

On the other hand, as for the sample with lower Zn loading, namely ZnZr-5, the 

ionization energy of VO
+ is centered at around 0.27 eV, much higher than the one 

of pure ZnO, meaning a deeper energy level in the band gap. 

As for ZnZr-15 the identification of the maximum absorption is not easily 

detectable, due to the presence of negative peaks observed also for ZnZr-5 and 

ZnZr-30. These peaks, which arose from the mathematical subtraction of the 

spectra, are related to the vibrational modes of encapsulated CO2 and 

carbonate/nitrate species, as above-mentioned. However, these species are not 
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removed from the samples after the reduction treatment, but their intensity loss 

could have another origin. Indeed, a coupling between the electronic absorption 

of the mono-ionized oxygen vacancies and the surface species variation could 

occur. It is already known in literature [10] that, using a continuum model 

consisting of a phonon term and a free electron term, a similar phenomenon could 

happen when plasmon absorption occurs on small particles of conducting and 

semiconducting materials. When plasmon frequency overcomes a phonon 

frequency, a plasmon-phonon coupling could take place leading to the decrease 

of any band with a pure vibrational nature. This phenomenon was already 

discussed in some papers related to semiconducting oxides, such as ZnO, SnO2, 

MoO3 and WO3 [11,12].  

 

 

Figure 5 – FT-IR difference spectra of ZnZr-X catalysts recorded at 400 °C in H2 (after 
subtrahend spectrum is that recorded in O2 at 400 °C). ZnZr-5 spectrum is cut from 3155 

ZnZr -5
ZnZr -15
ZnZr -30
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cm-1 onwards, because data are affected by low signal-to-noise ratio; the cut part has been 
substituted with a dotted blue line, aiming at reproducing the trend. 
 

The intensity of the electronic absorption related to the oxygen vacancies and 

reported in Figure 5 decreases from ZnZr-30 and ZnZr-15 towards ZnZr-5 and it 

is in line with the chemical composition determined by ICP-OES, PXRD and 

EXAFS results, stating that Zn loading decreases in the order: ZnZr-30 > ZnZr-

15 > ZnZr-5. The higher the Zn content the higher the amount of oxygen 

vacancies generated. 

In conclusion, IR findings determined the importance of a pre-reducing treatment 

to induce the generation of reactive oxygen vacancies which could be strictly 

related to the catalytic performances; indeed, ZnZr-30 performs better than the 

other two samples, reasonably due to the presence of secondary ZnO phase. 

 

4.2.2  FT-IR: CO adsorption at LNT on stand-alone ZnZr-X 

CO adsorption was carried out at liquid-nitrogen temperature (LNT) in order to 

study specific surface sites that weakly bind CO, such as Zn2+ and Zr4+ cations. 

Figure 6 displays several spectra acquired after CO dosing at increasing coverages 

(ϑCO) on both oxidized and reduced ZnZr-X. 

As for the oxidized samples (Figure 6a, c, and e) two main peaks were observed. 

The first at 2166 cm-1 was attributed to coordinatively unsaturated (cus) Zr4+-CO, 

which refers to Zr4+ cation located on edges and steps. According to literature, the 
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second peak was centered at 2146 cm-1 and was associated to Zr4+-CO, with Zr4+ 

cations located on facets [13]. 

The peak ascribed to cus-Zr4+-CO showed a red-shift from 2179/2192 cm-1 

(according to the sample) towards 2166 cm-1. As highlighted in the previous 

chapter, the shift can have several explanations, but only the dipolar coupling and 

the “chemical effect” can be considered. In this case study, a dipole-dipole 

coupling would cause a blue-shift upon ϑCO increasing, due to dipolar coupling 

occurring between “equal” oscillator on extended regular facets. Typically, the 

phenomenon is interrupted by surface defects. Hence, only the “chemical effect” 

could be the responsible for the observed red-shift. The red-shift upon ϑCO is 

typically observed for σ-donating cations (like Zr4+), when the σ-donation 

contribution of all adsorbed CO molecules becomes smaller and smaller and, thus, 

υ(C≡O) decreases. 

As for the peak at 2146 cm-1 the assignment was based on literature [13,14] data. 

This band did not feature neither blue- nor red-shift, which could be explained by 

a balance between dipole-dipole coupling and chemical effect. Consequently, the 

peak is stationary, and it is in line with the assignment to CO on Zr4+ cation of 

regular facets. 

Besides Zr4+ sites, Zn2+ are not observable. Since its concentration is lower than 

zirconium, it is not surprising that some Zn components could be under the 

detection limit or hidden by Zr4-CO. Indeed, according to some authors [14,15] 

zinc carbonyls should lie in the region between 2190 and 2160 cm-1. For the sake 
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of clarity, the peak at 2192 and 2179 cm-1 could have been associated to Zn2+-CO 

species, but there were neither references nor evidence regarding the studied 

ZnZr-X systems to correctly assign some absorption to zinc carbonyls. 

As for the reduced samples reported in (Figure 6b, d, and f), all the peaks were 

attributed to the same species mentioned for the oxidized sample. 

Nonetheless, there are some differences between oxidized and reduced samples 

and between all the three materials, as reported in Figure 7 (all the spectra are 

normalized). First of all, the intensity ratio between the peaks at 2166 and 2146 

cm-1 is higher for the oxidized catalysts. It is well evident considering the case of 

ZnZr-30: the peak related to cus-Zr4+-CO is almost absent for the oxidized 

catalyst. After the reduction in pure H2 the peak is well distinguished, while the 

intensity of the peak at 2146 cm-1 decreased.  

This result can be explained considering the effect of the reduction treatment in 

generating defect sites and oxygen vacancies. However, among all the samples, 

ZnZr-30 showed the lowest intensity for cus-Zr4+-CO, and this result can be in 

line with BET findings reported in Table 1, showing a lower SSA for ZnZr-30 

compared with ZnZr-5 and ZnZr-15.  
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Figure 6 – FT-IR spectra of CO adsorption at LNT on oxidized ZnZr-30 (a), ZnZr-15 
(c), ZnZr-5 (e) and reduced ZnZr-30 (b), ZnZr-15 (d), ZnZr-5 (f) at increasing doses 
up to 20 mbar. 
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Moreover, comparing the integrated intensity of the bands in the region between 

2200 and 2100 cm-1 (Figure 7), it decreases as the Zn loading increases, in the 

order: ZnZr-5 > ZnZr-15 > ZnZr-30. This is in good agreement with the EXAFS 

data reported in details in Ticali et al. [4] describing the Zn content in the ZrO2 

lattice: as Zn content increases the amount of Zr4+ decreases. 

 

4.2.3  XAS measurements performed on combined ZnZr-X + ZSM-5 

For sake of clarity, I decided to briefly summarize some key results obtained by 

X-ray absorption spectroscopy in order to give a complete overview regarding the 

characterization of this sample. The following results were collected and 

explained by Dr. Davide Salusso and reported in detail in our joint work [4] 

(Appendix A.2 ). 

XAS measurements were collected in situ and operando conditions on the 

combined catalysts in order to investigate the electronic properties, the local 

Figure 7 – Comparison between FT-IR spectra collected at the highest CO coverage for 
oxidized (left) and reduced (right) ZnZr-X catalysts. 
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structure of Zn and Zr sites and the preservation of the zeolite functionalities. This 

last point was already studied by Ahoba-Sam et al. [16] highlighting the ion 

exchange phenomenon in combined systems obtained by a physical mixture of 

acid zeolites and Zn-containing catalysts. 

XAS measurements were carried out at the ROCK beamline [17] of SOLEIL 

synchrotron by our team. More details are reported in Ticali et al. [4] (Appendix 

A.2 ). 

Figure 8 displays the Zn K-edge XAS spectra obtained at RT (Figure 8a) and 

during activation at 400 °C (Figure 8b). In Figure 8a, it was determined that all 

the as-prepared samples contain Zn2+ species, as evidenced by the edge energy 

position which matches that of ZnO model reference. Among them, ZnZr-

30/ZSM-5 shows XANES line-shape comparable to ZnO spectroscopic features, 

reasonably linked to the secondary phase observed in this sample.  

FT-EXAFS spectra reported in the inset are related only to ZnZr-30/ZSM-5 and 

ZnZr-15/ZSM-5, because the S/N ratio of ZnZr-5/ZSM-5 was too low to be 

reliable. The first shell peaks (Figure 8a) are similar to those of ZnO reference in 

R-space positions, but with lower intensity, reasonably due to the distortion of the 

local coordination. The variation in the second shell is even more conspicuous 

and it is related to Zn next nearest neighbour (NNN) atoms. As for ZnZr-30/ZSM-

5 the position of this shell clearly matches the position of the ZnO reference. The 

reduced intensity can be explained by i) partial substitution of Zr4+ ions with Zn2+ 

in the zirconia lattice and ii) defectiveness of the segregated ZnO extra-phase. 
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Differently, ZnZr-15/ZSM-5 showed a reduced intensity of the second shell band, 

presumably due to the structural disorder of NNN atoms related to Zn ions inside 

the ZrO2 lattice. 

During activation (Figure 8b) the Zn K-edge remained unchanged: no change in 

Zn edge position, hence no oxidation state variation and no Zn2+ diffusion in the 

zeolite. Both the first and second shell were affected by Debye-Waller factor due 

to thermal effect, leading to a major dampening for ZnZr-30/ZSM-5. These 

findings are in line with IR results, because after thermal treatment a major 

disorder due to oxygen vacancies generation occurred.  

 

 

ZnZr-5
ZnZr-15
ZnZr-30
Zn(0)
ZnO

ZnZr-5
ZnZr-15
ZnZr-30
Zn(0)
ZnO

Figure 8 – K-edge XANES (main panel) and phase-uncorrected FT-EXAFS (bottom 
inset) spectra of the three samples and of Zn metal and ZnO model compounds, collected 
at (a) RT under He flux and (b) during the activation process (400 °C, H2). The EXAFS 
spectra reported in the bottom insets have been obtained transforming the corresponding 
k2χ(k) EXAFS function in the 2.5-13.0 Å-1 range. 
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From the Zr point of view, Figure 9 shows Zr K-edge spectra at RT (Figure 9a) 

and during activation (Figure 9b). Via XAS measurements it was possible to 

distinguish ZrO2 tetragonal structure from cubic and monoclinic structures. 

Indeed as reported by Li et al. [18], the tetragonal structure is distinguished by the 

presence of three features i) pre-edge electronic 1s → 4s transition, ii) white line 

splitting (not observable for monoclinic structure) and iii) broad post-edge 

resonance up to 35 eV after the edge. 

For all the samples the pre-edge transition was observed confirming the presence 

of a tetragonal structure, highlighted by the first derivative reported in Figure 9c. 

A further explanation was reported in Ticali et al. [4] (Appendix A.2 ). 

Another evidence to confirm the tetragonal structure comes from literature and 

the chemical composition of these samples. Indeed, all these samples included Hf: 

both Hf and Zn are well known to stabilize the tetragonal structure [5,19].  

In conclusion, the ZrO2 lattice maintained the tetragonal structure, Zn2+ did not 

exchange in the zeolite and both Zn and Zr oxidation state was not altered by the 

thermal reducing treatment. In addition, a further detailed analysis of this data 

conducted by Salusso et al. [6], demonstrated the presence of embedded ZnO 

nanoclusters in ZrO2 matrix. 

 



                                                                             ZnZrOX mixed oxides 

131 

   

 

 

3.3  Catalytic tests 

For sake of completeness, I would like to briefly summarize the catalytic results 

obtained by combining ZnZr-X catalyst with ZSM-5. Herein, I am reporting both 

the measurements obtained on ZnZr-X alone and then on the combined system.  

All the measurements were performed by Dr. Adrian Ramirez. 

The screening was performed varying the pressure (20, 30 and 40 bar), the 

temperature (250, 300 and 350 °C) and adding CO (10% in the feed) obtained 

from recycling it with CO2 and H2.  

Figure 10 summarizes the results obtained on ZnZr-X catalysts alone. In line with 

other research works [20,21], the methanol selectivity and conversion increase 

with pressure for all three samples. CO is the main by-product, together with small 

Figure 9 – K-edge XANES (main panel) and phase-uncorrected FT-EXAFS (bottom 
inset) spectra of the three samples and of Zr metal and ZrO2 model compounds, collected 
at (a) RT under He flux and (b) during the activation process (400 °C, H2). The EXAFS 
spectra reported in the bottom insets have been obtained transforming the corresponding 
k2χ(k) EXAFS function in the 2.5-13.0 Å-1 range. 
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amount of CH4 (selectivity <1%) [4]. The same occurs by decreasing the 

temperature. The MeOH selectivity is almost 100% at 250 °C and 30 bar. 

However, a drastic decrease at ca. 50% of MeOH selectivity was observed at 350 

°C and 30 bar. Despite these bad conditions, no deactivation was observed after 

150 hours of tests. 

 

 

 

The combined bifunctional catalysts displayed very stable performances and, as 

reported in Figure 11, the best conditions are 350 °C and 30 bar displaying the 

highest conversion with a C3 selectivity of about 40%. In particular, the best 

system is the one combining ZSM-5 with ZnZr-30, which showed the highest CO2 

conversion in the up-mentioned conditions, in line with the characterization 

ZnZr-5 ZnZr-15 ZnZr-30

Figure 10 – Catalytic performance of all ZnZr-X stand-alone samples for the CO2 
conversion to MeOH. CO2:H2 1:3, 12000 mL/h/g. 



                                                                             ZnZrOX mixed oxides 

133 

findings. Further details regarding the catalytic tests could be found in Ticali et 

al. [4] (Appendix A.2). 

 

 

 

Furthermore, we investigated the same system (which included a ZSM-5 with 

Si/Al = 8) using two more ZSM-5 zeolites with higher Si/Al ratio (SAR) equal to 

25 and 360. In both cases, we observed lower MeOH yield and CO selectivity 

with the increasing SAR. This suggests that CO is involved in the hydrocarbon 

generation [22,23]. Moreover, we compared the influence of the space velocity 

on the production of aromatic species and of the acidity on the hydrocarbon 

distribution.  

ZnZr-5+ZSM-5 ZnZr-15+ZSM-5 ZnZr-30+ZSM-5

Figure 11 – Catalytic performance of the combined ZnZr-X+ZSM-5 systems for the 
CO2 conversion to hydrocarbons. CO2:H2 1:3, 12000 mL/h/g. Please note that the 
secondary Y axis refers to the C3 selectivity among hydrocarbons (CO free). 
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Surprisingly, the aromatics selectivity was typically lower than 10%, except for 

the measurements at 6000 mL/h/g (Figure 12). We attributed these findings to the 

high space time employed in the catalytic runs. As a matter of fact, it is already 

known that the selectivity to aromatic species increases with decreasing space 

time [24]. We also determined that the higher the acid sites density the higher the 

amount of aliphatic products and less the aromatic distribution. However, we 

chose the ZSM-5 with SAR = 8 because of the decrease of MeOH yield with the 

increase of the zeolite acidity, and this zeolite composition was the best 

compromise. 

 

 

Figure 12 – Hydrocarbon distribution of the ZnZr-30/ZSM-5 combined system for the 
CO2 conversion to hydrocarbons at different space times. CO2:H2 1:3, 350 ºC, 30 bars. 
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Finally, at higher space times paraffins predominate over the olefins, maybe due 

to the reaction kinetics over ZSM-5, which was demonstrated to be favorable to 

towards paraffins production [25,26].  

In conclusion, it is worth to say that, despite the low conversion, the productivity 

of this catalyst is the highest reported for this kind of catalyst when compared to 

the state-of-the-art catalysts [27], and it could be probably due to the absence of 

aromatics and the high space velocity employed. 
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CHAPTER V 

ZnCeZrOX  
 

5.1  Structural characterization 

PXRD measurements were performed almost simultaneously with XAS analysis 

at BM31 beamline at ESRF synchrotron. All the data were collected from powder 

in a capillary with a diameter of 0.7 mm and during activation of ZnCeZrOX with 

a temperature ramp of 5°C/min from room temperature (RT) to 400 °C. The 

PXRD patterns display tetragonal ZrO2 (t-ZrO2) reflections, together with 

hexagonal ZnO (h-ZnO), reported with arrows in Figure 1a. During the thermal 

treatment no new reflections were observed, but a variation of unit cell volume 

and ZnO-ZrO2 relative concentration. Indeed, up to 300 °C the unit cell volume 

increases following the same trend observed for a t-ZrO2 reference (Figure 1b). 

Beyond 300 °C the volume increases at faster speed and then decreases. At the 

same time, h-ZnO concentration increases (Figure 1c) and it could explain the 

variation in the slope of unit cell volume rate (Figure 1b). The formation of h-

ZnO could be related to the formation of a ZnO secondary phase. 
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Figure 1 – a) In-situ PXRD pattern collected during activation under He:H2 (1:1) from 
RT (black line) to 400 °C (red line). Arrows indicate h-ZnO reflections. b) Unit cell 
volume variation during the temperature ramp. c) ZnO- ZrO2 relative concentration 
determined with Sequential Rietveld Refinement of the experimental diffractograms. 

   

5.2  Spectroscopic characterization 

The present section only deals with the spectroscopic characterization of stand-

alone ZnCeZrOX and stand-alone RUB-13 because of two main reasons: the first 

concerns the catalytic activity of the samples which highlighted the high 

instability of the zeotype (RUB-13) which was observed a loss of activity over 

time, due to structure disruption, and that lead COZMOS project to put this 

sample aside; the second is more related to the information coming from infrared 

spectroscopy. As for this last point, ZnCeZrOX bands lie in the same region of the 

zeolite and RUB-13 larger specific surface area, compared to the oxidic 
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counterpart, so that CO absorption bands on RUB-13 predominate and do not help 

to characterize both the phases. Indeed, no further information there could have 

been obtained from FT-IR analysis, but the absorption band related to the pure 

RUB-13 (vide infra). Hence, for the sake of brevity,  I decided to keep it out from 

this chapter and only focusing on the stand-alone oxidic phase. 

 

5.2.1 FT-IR: H2 interaction with stand-alone ZnCeZrOX 

Both ZnO and CeO2 are well known in literature for their semiconducting 

properties. According to XAS (vide infra), ZnCeZrOX is a mixed oxide, but both 

Zn and Ce could segregate and leave the ZrO2 lattice, giving rise to specific 

spectroscopic features. Hence, to study these properties, ZnCeZrOX was 

investigated by means of FT-IR to follow a temperature programmed analysis in 

static H2 atmosphere, moving from 50 °C up to 400 °C (Figure 2). In order to 

observe the formation of oxygen vacanices, after having reached 400 °C, the H2 

gas phase was evacuated and substituted with fresh H2 admission, before a second 

acquisition (400 °C II). All the spectra reported in Figure 2 are difference spectra 

obtained by subtracting spectra in O2 from those in H2 at each temperature. As 

illustrated in Figure 2, there are no significant differences between the spectrum 

at 50 °C and the first acquired spectrum at 400 °C, but a slight variation in the 

slope of the spectrum (400 °C I, orange line). A much more remarkable difference 

was observed after a fresh H2 addition (400 °C II, red line). The new band can be 
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ascribed to a combination of both “free” electron absorption in the conduction 

band (C.B.) and electrons entrapped in oxygen vacancies. 

According to the nature of a semiconducting oxide the electrons could occupy 

levels in the band gap more or less distant from the bottom of the C.B. When 

electronic levels are less than 0.05 eV distant from the C.B., a transition could 

easily occur to the C.B., even at room temperature. The presence of electrons in 

the C.B. is evidenced by a monotonic absorption, whose common pattern is 

illustrated by dashed grey line in Figure 2. When the absorption is induced by IR 

radiation, it concerns mono-ionized oxygen vacancies (VO
+) and the transition of 

the electrons from VO
+ to the C.B. is featured by a “hump” and broad band, with 

a maximum that corresponds to the deepness in the band gap of the energy levels 

related to the mono-ionized oxygen vacancies. This absorption pattern is 

illustrated in Figure 2 with a dashed blue line. The maximum is centered at about 

1200 cm-1, ~ 0.15 eV, which is very close to the VO
+ ionization energy of ZnO 

(0.18 eV) [1,2]. Hence, it could reflect the presence of a secondary ZnO phase 

responsible for the absorption. However, CeO2 is a semiconductor as well, but it 

is well-known to form Ce3+ [3]. When oxygen vacancies are formed, some 

electrons could be associated to Ce4+ leading to reduction to Ce3+, while others 

can contribute to the above-mentioned absorption related to Figure 2. 

To explain why the infrared absorption became visible after evacuation and 

substitution of the gas phase with fresh hydrogen is not straightforward. A 

possible hypothesis could be linked to the fact that the first reduction treatment 
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was not strong enough, and some hydrogen was consumed by some “parasite” 

reactions, so that a second admission of hydrogen was necessary to drive the 

formation oxygen vacancies. 

The negative band around 1500 cm-1 were already discussed in the previous 

chapter for ZnZrOX. Using a continuum model of a phonon term and free electron 

term, a similar phenomenon could be observed for plasmon absorption of 

conductors and semiconductors. In particular, when plasmon frequency 

overcomes the phonon frequency, a coupling could occur together with a 

decreasing of pure vibrational bands [4–6]. In this case study, the vibrational 

bands are related to carbonate species adsorbed on the surface of ZnCeZrOX. 

 

Figure 2 – FT-IR spectra acquired in H2 at 50°C (black) and 400 °C (red and orange). 
Subtrahend spectra in O2 were subtracted to spectra in H2 at each temperature. Grey and 
blue dashed line indicate the absorption pattern related to free electron in the C.B. and 
entrapped in oxygen vacancies, respectively. 



Chapter V   

 
144 

5.2.2 FT-IR: CO adsorption on stand-alone ZnCeZrOX 

Aiming at studying cationic sites, such as Zn2+, Zr4+, and Ce4+/3+, FT-IR 

experiments on ZnCeZrOx were carried out upon adsorption of CO at both room 

(RT) and liquid-nitrogen (LNT) temperature on oxidized, activated (reduced) and 

re-oxidized catalyst, in order to compare all the findings.  

Comparing the spectra of the sample after the different treatments (Figure 3) there 

is no significant variation for  the infrared absorption profile, except a broad band 

at 2127 cm-1 ascribable to Ce3+ forbidden electronic transition 2F5/2 → 2F7/2 [7,8]. 

Reasonably, Ce3+ is only observable on the reduced sample, since its formation is 

related to the formation of oxygen vacancies. 

In addition, below 1750 cm-1 there are some bands related to presence of nitrates 

originating from the synthesis of the sample. Their intensity is not related to the 

oxidation/reduction of the sample, but it progressively decreases with the thermal 

treatments, suggesting a progressive decomposition. 
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Figure 3 – FTIR spectra of oxidized (black), activated (red) and re-oxidized (blue) 
ZnCeZrOX. 

 

Adsorbed CO is known to absorb infrared radiation, thus in order to follow the 

adsorption at different CO doses and coverages (ϑCO), from now on all the spectra 

reported will be difference spectra. 

Figure 4 reports all the spectra obtained after all thermal treatments at decreasing 

ϑCO from 50 mbar to complete evacuation (10-3 mbar). Figure 4a includes the 

spectra obtained on oxidized ZnCeZrOX and shows a broad band constituted by 

two main components. The former lies in the range from 2189 to 2165 cm-1 and 

can be ascribed to both Zr4+ and Ce4+ with a coordinative unsaturation. Hence, we 

are referring to them as cus-Zr4+ and cus-Ce4+. The latter is an absorption centered 
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at 2150 cm-1. This component can include CO on both Zr4+ and Ce4+ with lower 

coordinative unsaturation, but also CO interacting via hydrogen bonds with 

surface OH groups [7–12].   

As for activated/reduced ZnCeZrOX (Figure 4b) CO adsorption leads to several 

bands, whose assignment is not straightforward. Even in this case we can define 

two main regions being separated by an “crossover” point around 2100 cm-1. 

Beyond 2100 cm-1, it is possible to identify carbonyls ascribable to cus-Zr4+ and 

cus-Ce4+ from 2189 to 2162 cm-1; the absorption band at 2145 cm-1 can be the 

result of several contributions such as OH-CO, Zr4+-CO and Ce4+-CO. However, 

after outgas, two peaks at 2145 and 2129 cm-1 are stable at very low ϑCO and in 

dynamic vacuum (last red curve). As already mentioned in the previous section, 

the activated sample is featured by the presence of Ce3+, hence on the basis of 

literature data [13,14], these two components can be related to Ce3+-CO, in 

particular to Ce3+ sites with high (2145 cm-1) and low (2129 cm-1) coordinative 

unsaturation.  
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Figure 4 – CO adsorption at decreasing doses on a) oxidized ZnCeZrOX (from dark blue 
to light blue spectrum), b) activated ZnCeZrOX (from green to red spectrum) and c) re-
oxidized ZnCeZrOX (form dark red to light red spectrum). 
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Below 2100 cm-1 the assignment reported in this work, to the best of our research 

group knowledge, has not been presented in scientific literature yet. In the light 

of XAS findings (vide infra), it is noteworthy to highlight that the possibility 

cerium and zinc generate one or more alloys cannot be excluded. CeZn alloys 

have been already presented in several past works [15–21]. However, by FTIR 

and XAS it was not possible to determine which kind of alloy is formed, but both 

the techniques helped us to show specific features. 

CO adsorption leads to several absorption bands observable at low ϑCO. It is quite 

interesting that all the features were observed by decreasing CO coverage. For the 

sake of clarity, spectra obtained at increasing CO doses were excluded, but no 

peaks below 2100 cm-1 were present.  

The strangest peculiarity of these bands is that their intensity rises upon 

decreasing ϑCO followed by their intensity decline. While this last part could be 

easily explained by the CO molecule removal, on the other hand explaining their 

increase is not simple at all and it is very counter-intuitive. Zn is not prone to bind 

CO when reduced to the metallic state, thus that the presence/amount of Zn0 is 

often determined by intensity difference of the Zn2+-CO peak, between oxidized 

and reduced Zn-containing samples [22]. Hence, in the hypothesis of a CeZn 

alloy, it is reasonable that CO is adsorbed on Ce sites.  

The very low temperature should hinder every possible reaction or migration. At 

the same time, low temperature reduces diffusion and could facilitate CO 

molecule stacking on specific sites, thus promoting the adsorption on these sites 
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upon outgassing. However, why this behavior was only observed during step 

outgassing, and not during adsorption, it is still difficult to explain. A hypothesis 

could be linked to a different organization of CO adsorbed on all the sites at hand: 

during adsorption, the catalyst surface is clean, and CO could directly be adsorbed 

on Zr4+, Ce4+ and Ce3+; during outgassing, due to the very low temperature, CO 

molecules are not easily desorbed, so that when a single CO molecule leaves the 

surface its adsorption on other sites could be driven by other adsorbed CO 

molecule, in a sort of “solvatation effect”. This results in a sort of transfer of CO 

molecule from higher-frequency sites (> 2100 cm-1) to lower-frequency sites (< 

2100 cm-1). It is noteworthy that this intensity modulation concerns both the 

region below 2100 cm-1 and Ce3+ peaks, as reported in the inset of Figure 4b. 

Upon outgassing, the intensity of the peaks decreases without a complete loss, but 

it reaches a stability in dynamic vacuum.  

Figure 4c reports all the spectra related to decreasing doses of CO on re-oxidized 

ZnCeZrOX. Comparing all the figures, re-oxidized ZnCeZrOX leads almost to the 

same absorption observed on the oxidized catalyst. No peaks below 2100 cm-1 are 

present, this means that the complete cycle induces no significant variation on the 

catalyst surface sites, i.e. it is a completely reversible process. 

In the light of all the findings, we reasonably assigned the entire region below 

2100 cm-1 to a CeZn alloy after the following considerarions: i) no peaks below 

2100 cm-1 are observable on both oxidized and re-oxidized sample, which means 

this region is related to reduced species; ii) υ(C≡O) is quite lower than the gaseous 
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CO stretching frequency (2143 cm-1) and lies in the typical region of metallic 

atoms with oxidation state equals to 0. Nonetheless, no literature data could 

confirm the assignment of those bands. In order to have an eventual confirmation 

about this hypothesis, more experiments were performed: i) activation in CO at 

400 °C and CO adsorption at LNT; ii) activation in H2 at 400 °C and CO dosing 

with two consecutive adsorptions after partial outgassing; iii) activation in H2 at 

400°C and CO adsorption at room temperature. In all the cases we reproduced the 

same experiment following the same protocol discussed in the experimental 

section. 

i) Activation in CO and CO adsorption at 77K  

This kind of treatment was conceived in order to exclude the formation of 

hydrides, which typically lie in the same region, and that could have eventually 

influenced CO adsorption and, thus, the generation of the bands below the 

crossover point. 

FT-IR measurement (Figure 5) shows almost for same spectroscopic features  

observed on the activated sample in pure H2, except a slight variation in frequency 

of some component. Besides the peaks related to Zr4+ and Ce4+ in the range 2200-

2140 cm-1, which are as intense as those reported in Figure 4, the reduction 

process in CO seems to be less effective on those sites responsible for the 

absorption below 2100 cm-1. In fact, comparing the relative intensity of both the 
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regions on either sides of the crossover point, both Ce3+ (2150-2120 cm-1) and 

CeZn alloy carbonyls are not as intense as the peaks observed in Figure 4b. The 

only “new component” lies at 2044 cm-1. This peak rose upon decreasing ϑCO, as 

observed for the catalyst reduced in pure H2. In particular, the band at 2044 cm-1 

increases and then decreases in intensity, when both the bands at 2061 and 2037 

cm-1 compare and stand out over the band at 2044 cm-1. 

Upon outgassing (Figure 5 black line) CO remains only adsorbed on those sites 

with frequency ≤ 2100 cm-1. 

This analysis confirmed that the bands below the crossover point are not related 

to the presence of hydrides adsorbed on those surface sites. On the contrary, all 

bands are clearly related to the adsorption of CO. 

 

Figure 5 – CO adsorption at LNT on ZnCeZrOX after reduction in pure CO at 400 °C at 
decreasing coverage of CO (from green to red line)  
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ii) Activation in H2 and double consecutive CO dosing at 77K 

FTIR spectra were also acquired on activated ZnCeZrOX by decreasing ϑCO and 

sending back the same maximum pressure of CO (50 mbar) when the components 

below 2100 cm-1 reached the maximum intensity. By means of this procedure the 

aim was to study the behavior of all the sites generating peaks below 2100 cm-1. 

This experiment was based on two hypotheses:  

i) if the second dose of CO had not increased the intensity of the peaks, the 

phenomenon could have been associated to physical/weak interaction of 

CO with the surface upon outgassing;  

ii) if the second dose of CO had either increased the intensity or generated 

new absorption bands, then the absorption could have been related to some 

surface species specifically formed during CO outgassing and able to bind 

CO during the second admission. 

Figure 6 reports two figures. Figure 6a includes all the spectra acquired at 

decreasing CO coverage from 50 mbar to about 0.07 mbar (from dark to light red 

line) when the bands below 2100 cm-1 reach the maximum intensity. All the 

spectra show the usual peaks at 2162 and 2145 cm-1
, which decreased in intensity 

upon outgassing, while new components below the crossover point increased (as 

already discussed for Figure 4b). Figure 6b includes all the spectra obtained after 

the second dose of CO on the sample (from 0.07 mbar to 50 mbar) and then slowly 

outgassed (from red to blue line). When CO pressure increased, the peaks at 2162 

and 2145 cm-1 grew up again, but at the same time a component at 2047 cm-1 and 
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a shoulder at 2027 cm-1 increased. This phenomenon evidenced the adsorption of 

CO on specific sites which we already attributed to CeZn alloy. Upon a second 

outgassing, the intensity of the peaks in the higher frequency region (> 2100 cm-

1) decreased and Ce3+-CO peaks at 2145 and 2129 cm-1 showed up again. As for 

the absorption bands below 2100 cm-1 new components were observed. Moving 

from red to blue line, the peak at 2047 cm-1 decreases in intensity, while new 

bands at 2097, 2066 and 1991 cm-1 started growing, despite ϑCO was reducing. 

Indeed, all the peaks reached a maximum at very low ϑCO and are stable upon 

dynamic vacuum (last spectra). 

These findings are in line with what has been already shown for CO adsorbed on 

reduced ZnCeZrOX after reduction in pure H2 (Figure 4b). Indeed, when fresh CO 

is introduced the peak at 2047 cm-1 increases as a very sharp band, like all the CO 

molecules are adsorbed in the same way on very similar sites. When CO is 

desorbed, upon outgassing, molecules spread over different surface sites. Trying 

to give an assignment to all the bands observed, the band at 2047 cm-1 could be 

assigned to linear (Zn)Ce-CO. Upon outgassing, CO molecules could have 

redistributed on the surface, binding on less defective sites (2097 and 2066 cm-1) 

and multiple sites, giving rise to bridged carbonyls (1991 cm-1). Then the intensity 

reduces to very stable peak under dynamic vacuum. As already mentioned, the 

assignment is based on hypotheses that have not find any confirmation on 

literature data. 
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Figure 6 – CO adsorption at LNT on ZnCeZrOX after activation in pure H2 at 400 °C at: 
a) decreasing coverage of CO (from dark to light red line) until maximum intensity of the 
adsorption band below 2100 cm-1; b) decreasing coverage of CO (from red to blue line), 
after a second dose of CO (up to 50 mbar). The green curve indicates the last spectrum 
of panel a), while the black dashed curve is the last spectrum acquired upon outgassing. 

 

iii) Activation in H2 at 400 °C and CO adsorption at room temperature 

CO adsorption at RT was performed on both oxidized and activated ZnCeZrOX 

and reported in Figure 7. Comparing both the figures, except the band at 2129 cm-

1 (Figure 7b) related to the presence of Ce3+, four bands are in common: 2097, 

2066, 2006 and 1984 cm-1. As a matter of fact, these peaks can only be visible on 

the oxidized sample when the adsorption occurs at RT, because at this temperature 

CO is able to reduce Ce4+ to Ce3+ sites. This confirms that they formed upon 

reduction, in this case induced by CO adsorption at RT on the oxidized 

ZnCeZrOX. The only remarkable difference between the absorption bands 

reported in Figure 7a and Figure 7b lies in their stability upon outgassing in 

dynamic vacuum. Indeed, all the carbonyls formed on the activated ZnCeZrOX 

a) b)
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are significantly more stable (Figure 7b, red line), while in the oxidized sample 

all the peaks disappear upon complete outgassing. This could mean that these 

species are related to reduced species obtained after activation in pure H2 or by 

CO reduction on the oxidized sample, but in this last case it is not as reductive as 

the thermal treatment in H2, leading to less stable species.  

Hence, we reasonably assigned all the above-mentioned spectroscopic features to 

carbonlys of Ce0 sites in a CeZn alloy. Indeed, all these bands are also visible after 

adsorption at LNT, except those observed in the range between 2050 and 2010 

cm-1 (already discussed for Figure 4 and Figure 6), which could be related to less 

stable species and, thus, not present at room temperature. 

 

Figure 7 – FTIR spectra at decreasing ϑCO at RT on a) oxidized (from brown to green 
line) and b) activated (from green to red line) ZnCeZrOX. 
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5.2.3 FT-IR: CO2 adsorption on stand-alone ZnCeZrOX  

Figure 8 reports FTIR spectra collected after CO2 adsorption at increasing doses 

up to 20 mbar. Both the panels (a and b) present common spectroscopic features 

related to carbonate produced on catalyst surface, in particular bands at 1563, 

1414, 1344, 1223, 1058 and 844 cm-1. On the oxidized sample, CO2 adsorption 

generates two more evident components at 1635 and 1454 cm-1. 

Some bands are so large due to the presence of several components of carbonate 

families, so that we reported the frequency of the most predominant components.  

More specifically, basing the assignment to the literature [9,23–30], the bands at 

1635 and 1414 cm-1 and the peak at 1223 cm-1 can be assigned to υ(C=O), υ(C-

OH) and δ(COH) of bicarbonates species, respectively. Hence, we confidently 

assigned these bands to bidentate and monodentate carbonates, in particular 

[31,32]:  

- 1563, 1344 and 1058 cm-1 can be assigned to υ(C=O), υasym(O-C-O)  and 

υsym(O-C-O) mode of bidentate carbonates, respectively;  

- 1454 and 1058 cm-1 can be related to υasym(O-C-O) and υ(C-O) modes of 

monodentate carbonates, respectively; 

- 844 cm-1 can be associated to δ(O-C-O) as reported by other works. 

Considering that ZnO, CeO2 and ZrO2 can all adsorb CO2 to generate carbonates, 

it cannot be excluded that all the cations (e.g. Zr4+, Zr3+, Ce4+, Ce3+ and Zn2+) can 

synergically contribute to carbonates formation on both oxidized and activated 
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catalyst. Figure 8b exhibited a lack of two components at 1635 and 1454 cm-1. As 

just mentioned, the first one is related to bicarbonate species, furtherly confirmed 

by the presence of two more absorption bands at 1414 and 1223 cm-1, suggesting 

that the bands at 1635 and 1454 cm-1 are covered by the bands related to bidentate 

carbonates. Indeed, the reduced sample shows a higher contribution of bidentate 

and less monodentate than the oxidized sample. 

   

Figure 8 – CO2 adsorption (from lighter to darker colors) at room temperature on a) 
oxidized and b) activated ZnCeZrOX.   

 

5.2.4 FT-IR: CO adsorption at LNT on RUB-13 

CO adsorption on RUB-13 highlighted the presence of typical components of 

zeolites/zeotype featured by peaks at 2155 cm-1, 2140 cm-1 and 2134 cm-1. 

The highest component in frequency is ascribable to CO adsorbed on Brønsted 

acid sites (OH-CO), while the last two are related to CO entrapped in the pores of 
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RUB-13. Both the frequencies could be associated to CO entrapped in two 

different pore channels [33–35]. 

 

Figure 9 – CO adsorption at LNT on activated RUB-13 at 400 °C in pure H2. CO coverage 
from light to dark red line. 
 

5.2.5 XAS: Ce K-edge on stand-alone ZnCeZrOX  

XAS measurements were performed by Dr. Davide Salusso at ESRF (BM31 

beamline) synchrotron. Differently from what has been discussed for the other 

systems, described in the previous chapters, the following section only deals with 

the stand-alone ZnCeZrOX. 

Figure 10a and b illustrate XANES spectra acquired at both Zn and Ce K-edge, 

respectively, at different temperature from RT to 400 °C in H2. The as-prepared 
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catalyst has a ZnO-like and CeO2-like environment, suggesting that both the 

metals present their higher oxidation state. Upon temperature increase, at Zn K-

edge, the white-line reduced its intensity and slightly shifted to lower energy. The 

intensity reduction could be related to an increase of the ZnO particle size, also 

due to the segregation of a h-ZnO as shown by PXRD results, while the shift could 

be linked to a partial reduction of zinc, from Zn2+ to Znδ+ (0<δ<2) (Figure 10a, 

inset). 

As for Ce, a shift to lower frequency, to almost match a Ce(NO3)3 reference 

spectrum, suggests a reduction to Ce3+. This is highlighted by the inset reported 

in Figure 10a, but a little shoulder at lower energy than the one related to the 

maximum of Ce(NO3)3 reference first derivative spectrum suggests that there are 

some cerium sites with an oxidation state lower than 3+. 

A further analysis involving a Principal Component Analysis (PCA) and 

Multivariate Curve Resolution – Alternating Least Squares (MCR-ALS), which 

protocol has been described in Dr. Salusso’s PhD thesis [36], allowed to extract 

three components reported in Figure 10c. The red and green spectra resembled 

CeO2 and Ce(NO3)3 reference spectra, thus Ce4+ and Ce3+ states. The blue 

spectrum was assigned to Ceδ+. Unfortunately, due to the lack of a Ce0 foil 

reference, it was not possible to give a clear association to δ+ state.  

Moreover, from the further analyses it was possible to determine a concentration 

profile for all three components, illustrated in Figure 10d. The figure highlights 

that at about 300 °C, Ce4+ concentration started to significantly decrease, and 
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beyond 320 °C both Ce3+ and Ceδ+ became more abundant. In particular, Ceδ+ is 

the dominant species at T > 350 °C.  

Since a partial reduction of Zn was observed in concomitance with Ce reduction, 

we hypothesize the formation of a CeZn alloy, of undefined composition.  

 

Figure 10 – a) Zn and b) Ce K-edges spectra collected at increasing temperature, from 
black to red line. Inset: XANES first derivative. Zn0 foil and Ce(NO3)3 reference spectra 
are reported with a grey line, while CeO2 reference is reported with an orange line, 
respectively. c) Spectra principal component obtained from PCA and d) profile evolution 
obtained by Multivariate Curve Resolution – Alternating Least Squares (MCR-ALS).  
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5.3 Catalytic tests 

Very preliminary catalytic results related to a different ZnCeZrOX + H-RUB-13 

bifunctional catalysts were reported by Wang et al. [37], from ICC, but performed 

on differently-synthesized materials. Unfortunately, no significant results related 

to COZMOS project have been published on this system, because of its C3 

productivity mismatch to the targets of the project itself. Hence, the catalyst 

characterized and discussed in this work was put aside and the attention was 

focused on a different system. 

As reported by Wang and co-workers [37], at 350 °C, 1.0 MPa and 3:1 H2/CO2 

ratio, CO2 conversion was around 10%, CO selectivity around 30%, but almost 

35% of selectivity for C2
=-C4

=. At 350 °C, 3.5 MPa and 3:1 H2/CO2 the catalyst 

reached 72.7% for C2
=-C4

= selectivity, with a CO selectivity of 26.5% and around 

30% of CO2 conversion. Among the olefins, propene and butene accounted for 

ca. 90%.  

However, the C3 total productivity obtained was not suitable for COZMOS goals, 

hence this catalyst was excluded and no longer furtherly studied in the project.  
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CHAPTER VI 
GaZrOX: from lab to technical scale 

 

6.1  Lab scale: structural characterization 

The following section is based on data elaboration and analysis performed by Dr. 

Davide Salusso. 

The structural characterization was carried out comparing GaZrOX with a pure 

ZrO2 reference (Figure 1a), composed almost completely by a tetragonal phase. 

GaZrOX pattern (Figure 1b) shows the presence of the same peaks reported for 

the ZrO2 reference, suggesting that the lattice is stabilized in the tetragonal phase. 

Indeed, no reflections of monoclinic ZrO2 can be observed, which are indicated 

only in Figure 1a by three arrows.  

 

Figure 1 – PXRD pattern of a) ZrO2 (arrows: monoclinic reflections), and b) GaZrOX.  

b)

a)
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6.2  Lab scale: spectroscopic characterization of stand-alone 

GaZrOX 

According to the catalytic tests performed on this material by ICC group (partner 

of COZMOS project) [1] and reported in paragraph 6.3, gallium seems to play a 

key role in enhancing CO2 adsorption and hydrogenation. In order to study Ga 

active sites, the following first section focuses on FT-IR measurements performed 

on GaZrOX and a reference of β-Ga2O3 at both liquid nitrogen and room 

temperature, after reduction/activation in pure H2 at 400 °C. In particular, H2 and 

CO adsorption was performed at both liquid nitrogen and room temperature, 

whereas CO2 adsorption was performed at room temperature in order to study the 

carbonate formation. Differently from the other samples, GaZrOX did not show 

any semiconductive properties, thus for the sake of clarity I will not discuss those 

results. However, GaZrOX showed the formation of hydrides. 

The last section illustrates XAS measurements regarding Ga K-edge in order to 

complete the structural information related to this sample. All XAS data were 

acquired and elaborated by Dr. Davide Salusso. 

 

6.2.1 FT-IR: CO adsorption  

In order to investigate the surface properties of GaZrOX responsible for the 

catalytic activity, CO adsorption (up to 20 mbar) was carried out on both GaZrOX 

and Ga2O3, being this last used as a reference. To have a complete overview of all 
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Lewis acid sites, i.e. gallium and zirconium sites, CO adsorption was performed 

at liquid-nitrogen temperature (LNT) first and then at room temperature (RT) to 

evaluate the most stable species. 

Figure 2 reports CO adsorption at LNT on both reduced/activated samples. All 

the spectra show a very wide band in the range from 2220 to 2080 cm-1. Focusing 

on Figure 2a, i.e. Ga2O3, four main components can be identified (from higher to 

lower frequency): 2185, 2170, 2150 and 2137 cm-1. 

According to several authors [4–7], absorption bands in the range between 2200 

and 2160 cm-1 are ascribed to Ga3+ ions, in particular to tetrahedral Ga sites 

(GaTd
3+). In this region, it is possible to identify two main bands. The first one 

shifts from 2200 to 2185 cm-1 upon CO adsorption and it is clearly visible at very 

low CO coverage (ϑCO). Whereas the second absorption is centered at 2170 cm-1 

and it is only visible at very high CO doses. This behavior suggests a higher 

stability and a stronger interaction with CO for the first component. 

Focusing on the highest frequency peak of Ga2O3 spectra, its continuous shift 

towards lower frequencies (red shift) upon increasing ϑCO can be related to the 

“chemical effect” [8–10]. As already mentioned in the previous chapters, when 

CO binds ionic surface sites, such as Ga3+ ions, the electron density flows from 

CO molecule to the surface. However, the electron donation from σ-acceptor sites 

to CO becomes smaller and smaller upon increasing CO pressure, so that the 

higher the CO coverage the lower the CO stretching observed. This behavior is 

observable for several oxidic material, like ZrO2 [8,11]. 
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On the other side, the same phenomenon cannot be observed for the second 

component at 2170 cm-1. In the light of these features, we agree with some authors 

[12,13] to assign the highest frequency band to coordinatively unsaturated 

tetrahedral Ga3+ carbonyls (cus-GaTd
3+-CO), while the component at 2170 cm-1 

can be ascribed to tetrahedral Ga3+ sites with higher coordination. 

Moving to lower frequencies, the assignment of all the peaks is not 

straightforward. In facts, the peak at 2150 cm-1 can result as a combination of CO 

adsorption on hydroxyls groups and octahedral Ga3+ sites (GaOh
3+) [12–14].  

Another confirmation of the dislocation of some lattice oxygen ions induced by 

the reduction/activation and following coordination change of gallium atoms in 

Ga2O3 comes from the peak at 2137 cm-1. According to some authors [7], this 

peak could be assigned to Ga+-CO.  

As for GaZrOX, CO adsorption gives rise to the same main components, but there 

are some variations in comparison to the adsorption on pure gallia. Future 

analyses, regarding XAS data elaboration, will deal with the determination if 

GaZrOX is a solid solution or just mixed oxides, but in both cases CO adsorption 

on Zr sites cannot be excluded at liquid-nitrogen temperature [8,15,16]. In fact, 

the band at 2200 cm-1 can be ascribed to both cus-Ga3+ and cus-Zr4+ carbonyls, 

which are characterized by a red-shift to 2185-2170 cm-1 at higher ϑCO. 

Furthermore, the peak at 2150 cm-1 cannot be only ascribed to octahedral Ga3+ 

sites, because of the strong contribution of  Zr4+–CO in this range [8,15,16]. 
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Finally, the component at 2137 cm-1 it is not well distinguishable as shown on 

pure gallia (Figure 2a), so that it is plausible that gallium(I) sites (Ga+) are under 

the instrumental limit of detection or the formation of Ga+ is hindered and not 

observed due to a stabilization of gallium in a +3 oxidation state in GaZrOX solid 

solution. 

In order to confirm the assignement of all the above-mentioned bands, FT-IR 

measurements were repeated at room temperature. Figure 2 displays CO 

adsorption spectra for both Ga2O3 and GaZrOX at RT. 

As shown in Figure 2b, CO can only adsorb on cus-GaTd
3+ sites on GaZrOX 

surface. Indeed, as already mentioned in the previous chapters, ZrO2 is not 

capable of adsorbing CO at RT (see, for instance, CO adsorption at RT on 

PdZn/ZrO2), thus all the species observed at RT after CO adsorption could only 

be ascribed to gallium sites. 
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Figure 2 –  CO adsorption on reduced/activated (a) Ga2O3 (b) GaZrOX at liquid nitrogen 
temperature.  

 

Differently from what has been described for Figure 2a, reduced gallium oxide 

reference does not show any CO molecule adsorbed at room temperature on the 

surface and it could be related to the unavailability of Ga sites to coordinate CO. 

A possible reason can be the presence of surface hydrides that hinder CO 
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adsorption at room temperature (vide infra). In the light of this hypothesis, CO 

adsorption at liquid-nitrogen temperature allowed also to observe less-stable sites 

which were probably not bound to hydrides. These “hydride-free” sites could be 

not catalytically active, since not involved in hydrogen splitting. This assumption 

would confirm why CO can only be adsorbed on gallia surface at LNT. Hydrides 

formation has been already observed and documented on several gallium-based 

materials [7,17–19] and it has also been observed on the same gallia sample dealt 

with in this work, after activation in pure H2 (vide infra). 

Differently from Ga2O3, CO adsorption at room temperature on GaZrOX gives 

rise to adsorbed species. The inclusion of gallium inside the ZrO2 lattice could 

create more defects on the surface, hence more sites prone to bind CO. In the light 

of the above-mentioned hypothesis related to absence of Ga-carbonyls on 

activated Ga2O3, it is feasible that the hydrides species are also present on 

activated GaZrOX, but this catalyst might be featured by the presence of more Ga 

sites with less stable hydrides covering the surface and available for CO 

adsorption. 

 



Chapter VI   

 
176 

 

Figure 3 – CO adsorption on reduced/activated (a) Ga2O3 and (b) GaZrOX at room 
temperature. 
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6.2.2 FT-IR: H2 adsorption 

CO2 hydrogenation is strictly connected to the capability of a catalyst to adsorb 

and split H2 in order to induce the reduction of CO2 to methanol. By means of FT-

IR spectroscopy it is possible to follow the adsorption of H2 and its splitting to 

produce hydride species.  

According to the literature [17,19,20], Ga2O3 can adsorb hydrogen as gallium 

hydrides. In particular, gallium hydrides lie in the region between 2010 and 1980 

cm-1 [17,19]. In order to have a reference sample to compare, FT-IR 

measurements were carried out on both GaZrOX and β-Ga2O3. 

Figure 4 reports two spectra related to the Ga2O3 reference and GaZrOX sample 

at RT in 40 mbar H2 atmosphere. The absorption band centered at about 2000 cm-

1 is related to gallium hydrides (Ga-H). Before describing the spectra, it is worth 

to point out that all the observed hydrides species are obtained after activation at 

400 °C in pure H2. The infrared measurements were performed both in H2 

atmosphere at RT and after outgassing at 400 °C and cooling at RT: in order to 

show intense peaks with a good signal-to-noise ratio, only the spectra acquired in 

H2 atmosphere at RT are reported in Figure 4. 

These species are also likely formed on GaTd
3+ sites which strongly interact with 

hydrogen, leading to the unavailability to bind CO at RT, as already mentioned . 

On the other hand, less-interacting gallium sites with hydrogen are free to bind 

CO. 
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The explanation about the origin of this band can rely upon the same explanation 

given for CO adsorption. In particular, as described by Collins et al. [17] two main 

regions can be identified. The highest in frequency, ≥ 2000 cm-1
, can be attributed 

to GaTd–H stretching. In analogy to CO adsorption, it is ascribable to 

coordinatively unsaturated tetrahedral Ga3+ sites (cus-GaTd
3+), whereas a 

component centered at 2000 cm-1 is related to non-coordinatively unsaturated 

ones (GaTd
3+). The region below 2000 cm-1 can be related to GaOh

3+–H stretching 

mode.  

According to the literature [17–19], by means of X-ray photoelectron 

spectroscopy, the authors determined that the observed hydrides species can be 

ascribed to Gaδ+–H species (with δ < 2). On that basis, they postulated that 

hydrogen is dissociatively chemisorbed over the gallium oxide surface.  

In line with these findings on the Ga2O3, a similar assignment was given to 

GaZrOX hydrides (Figure 4, black line). The spectra reported in Figure 4 are 

normalized on pellet weight, but the lower intensity of the absorption band can be 

ascribed to Ga concentration. Indeed, GaZrOX has Ga/Zr ratio equals to 0.5, hence 

Ga quantity is lower than pure gallium oxide. 

The similarity in hydrides formation between Ga2O3 and GaZrOX highlights that 

there is significant variation on the surface of both the oxides, hence it is likely 

that Ga sites in GaZrOX are very similar to the one observed on pure gallia.  
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Figure 4 – Comparison of FT-IR spectra of Ga2O3 and GaZrOX in H2 atmosphere (40 
mbar) acquired at RT. 

 

6.2.3 FT-IR: CO2 adsorption 

FT-IR measurements were also performed after CO2 adsorption. As already done 

in the previous section, CO2 adsorption was carried out on both GaZrOX and 

Ga2O3. Figure 5 shows the spectra obtained after an admission of 20 mbar of CO2. 

CO2 adsorption on Ga2O3 leads to bicarbonate (HCO3
-) species identified by IR 

frequency at 1628, 1426 and 1225 cm-1
 as reported in Figure 5. The presence of 

bicarbonates suggests the existence of remaining OH species on the surface. 

Besides the HCO3
– species, all the other components reported in Figure 5 are 

related to different carbonate species, as follows [21–23]: 
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- 1802 and 1728 cm-1 modes are related to υ(C=O) of bridged “organic-

like” carbonates (which is typically accompanied by υasym(O-C-O) that is 

not observable); 

- 1588 and 1339 cm-1 modes are related to υ(C=O) and υasym(O-C-O) of 

bidentate carbonates, respectively; 

- 1450 cm-1  is ascribable to υasym(CO3) of highly-simmetric carbonates, 

interacting with all three O atoms; 

- the modes in the range 1070-1000 cm-1 are assigned to υsym(O-C-O) of 

bidentate carbonates and υ(C-O) of monodentate carbonates, respectively. 

 

In contrast, CO2 adsorption on GaZrOX leads to the same species observed on the 

gallia reference, but with different intensities (Figure 5). According to the 

elemental analysis of the GaZrOX, Ga/Zr ratio is equal to 0.5, so less gallium is 

present in this sample than Ga2O3, but ZrO2 is well known to bind CO2 [24] and 

it could contribute to CO2 adsorption. Hence, it is likely that GaZrOX exhibits a 

lower basicity than Ga2O3 [25]. The lower basic properties of the solid solution 

surface can be related to the presence of zirconium. However, considering the 

huge similarity of both spectra reported in Figure 5, we assumed CO2 is 

predominant on Ga sites, but the basicity of the sites is surely influenced by the 

presence of zirconium oxide. Upon activation, surface OH groups can be lost due 

to either the treatment or the coordinative variation of Ga to GaTd. According to 

Lavalley et al.[25], who compared three gallium oxide polymorphs, the highest 
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basicity was observed on the samples with lower amount of tetrahedral gallium 

sites. Tetrahedral coordination is induced by a stronger polarization of the anions 

due to Ga3+, leading to larger covalent properties of the Ga-O bond [26]. In the 

light of this hypothesis, it is feasible that gallium is stabilized inside the ZrO2 

lattice in a +3 oxidation state, with tetrahedral coordination, inducing less basicity 

to the sample and less CO2 adsorption. 

 

 

Figure 5 – FT-IR spectra of CO2 adsorbed (20 mbar) on activated Ga2O3 and GaZrOX. 

 

6.2.4  XAS: Ga K-edge  

Ga K-edge XANES spectra were acquired at both room temperature (RT) and 400 

°C in H2. Figure 6 illustrates the results and highlights the presence of two 

coordinations: tetrahedral and octahedral.  
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In both XANES spectra at RT and 400 °C, the broad white-line was elaborated 

using a fit procedure, employing the available literature [2,3] to determine that the 

majority of gallium atoms already has a tetrahedral coordination in the as-

prepared catalyst. However, at the expanse of the octahedral coordination, GaTd 

abundance further increases upon reduction and this could be translated into an 

intensity loss and energy shift of the white-line. 

At the moment, the results shown are preliminary and they will need further 

investigation and data analysis.  

 

 

Figure 6 – a) Ga K-edge XANES spectra at RT (red line) and 400°C (blue line) under H2, 
and a reference of Ga2O3 (dark grey line). Inset: abundance evolution of GaTd (light blue) 
and GaOh (orange) during activation in H2. b) experimental (solid red and dark blue line) 
and best fit (dashed light grey line) Ga K-edge XANES acquired at b) RT and c) 400°C. 

 

a) b) 

c) 
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6.3  Lab scale: catalytic tests 

All the tests regarding the GaZrOX + H-SSZ-13 were performed by Wang et al. 

[1] comparing several GaZrOX with different Ga/Zr ratios with H-SSZ-13 at 

different Si/Al ratios. Catalytic results performed at 350°C, H2/CO2 equals to 3, 

3.0 MPa and 2400 mL g-1 h-1 are summarized in Figure 7 that reports CO2 

conversion performances over GaZrOX catalysts and same SSZ-13 (Si/Al=6, 

namely H-SSZ-13(6.0)), and the best GaZrOX catalyst (Ga/Zr=0.5, namely, 

GaZrOX (0.5)) with several SSZ-13 zeolites. 

According to the work, bare ZrO2 combined with H-SSZ-13 leads to propane 

selectivity of about 73.6% (with overall LPG – propane + butane – selectivity of 

81.3% considering all the hydrocarbons and oxygenates), CO selectivity of 19.5% 

and CO2 conversion of 5.3%. When Ga/Zr is 0.5 and GaZrOX is combined with 

H-SSZ-13, the results show a propane selectivity in hydrocarbon of 79.5% (9.9% 

for butane, leading to almost 90% selectivity for LPG), CO selectivity of 31.8% 

and CO2 conversion of 43.4%. The catalyst is stable up to 500 h. 

The choice of using an SSZ-13 zeolite with Si/Al ratio (SAR) equal to 6 is not a 

coincidence. The study was performed using a wide batch of sample with different 

Si/Al ratio and keeping Ga/Zr ratio equals to 0.5. By increasing the Al content 

and moving from SAR=22 to SAR=6, after optimization of catalyst preparation 

and reaction conditions, the selectivity towards propane increased from 75.8% to 

79.5% and LPG selectivity from 87.6% to 89.4%. However, as shown in Figure 

7c, a drastic reduction of SAR to 3, reduces both propane and LPG selectivity to 
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40.1% and 42.3%, respectively, due to a larger amount of C2
=-C4

= olefins. 

According to the authors, after having performed a NH3-TPD, the decrease of 

SAR from 6 to 3 reduces both amount and strength of strong acid sites, suggesting 

that stronger acid sites induce more alkenes hydrogenation, enhancing alkanes. 

In conclusion, the catalytic tests showed that both acid sites amount and gallium 

inclusion in ZrO2 lattice synergically contribute to the very good performances of 

the catalyst. On this basis, COZMOS project chose to select GaZrOX as the new 

generation of catalyst to be scaled up. 

 

 

Figure 7 – Catalytic performance for CO2 conversion. Catalytic performance for CO2 
conversion into propane over various GaZrOX + H-SSZ-13(6.0) catalysts (a) and detailed 
product distribution (b). Influence of H-SSZ-13 zeolite Si/Al ratio on CO2 conversion (c) 
and product distribution (d) over different GaZrOX(0.5) + H-SSZ-13 catalysts. Others-
HC represents the selectivity towards hydrocarbons, except methane, propane and 
butane. Reaction conditions: 3.0 MPa, 350 °C, H2/CO2 = 3:1 and 2400 mL g–1 h⁻¹.  

Oxygenates

Oxygenates
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6.4 Scale up: spectroscopic characterization of stand-alone 

GaZrOX 

As already reported in Chapter II, no information about the synthesis of this 

sample have been disseminated. Hence, the section herein reported is only a 

summary of preliminary FT-IR characterization results determined on two stand-

alone GaZrOX samples, calcined at two different temperatures (the number 

indicates the calcination temperature): GaZrOX-350 and GaZrOX-500. 

The protocol used for the activation is almost the same reported for the lab scale 

sample, but the activation temperature has been changed, according to the 

calcination temperature. In particular, as for GaZrOX-350, since the calcination 

was performed at 350 °C, the activation in pure H2 was performed at that 

temperature. GaZrOX-500 was activated, as usual, at 400 °C. 

Figure 8 displays CO adsorption spectra acquired at LNT on both GaZrOX-350 

and GaZrOX-500, panel a and b, respectively.  

Both the samples show the same absorption bands and all of them lies in the same 

frequency range as those reported for the lab scale catalyst, and the assignment of 

the bands is the same: the band at 2192 could be assigned at both cus-Ga3+ and 

cus-Zr4+ carbonyls. Both the sites could lead to a red-shift of the band towards 

2172 cm-1. Similarly, the band at 2150 cm-1 could be assigned to OH-CO and both 

less defective Ga3+ and Zr4+ sites.  



Chapter VI   

 
186 

Compared to Figure 2, the absorption bands observed on these scaled-up catalyst 

are more distinguishable. In addition, the lower intensity ratio between the band 

at 2172 cm-1 and that at 2150 cm-1, could be related to two main reasons: i) higher 

amount of OH groups and ii) lower amount of coordinatively unsaturated sites. 

Both assumptions may be valid.  

 

Figure 8 – CO adsorption spectra at LNT of GaZrOX-350 (a) and GaZrOX-500 (b).  
 

The presence of cus-Ga3+ sites can be confirmed by CO adsorption at RT. As 

already mentioned, ZrO2 is not capable of adsorbing CO at RT, hence only 

gallium could be responsible of adsorption bands at RT. Figure 9 shows CO 

adsorption spectra on both GaZrOX-350 (Figure 9a) and GaZrOX-500 (Figure 9b) 

at RT. 

The observed adsorption features lie in the same frequency range of that reported 

in Figure 3, for the lab scale catalyst, despite a slight variation in frequency that 

a) b)0.20.2
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could be led to a weak influence of the chemical effect to the position of the band 

at high ϑCO. Both the bands at 2186 cm-1 in Figure 9a and 2191 cm-1 in Figure 9b 

confirm the presence of cus-Ga3+-CO. 

Similarly to the spectra acquired at LNT, the intensity of the band of GaZrOX-500 

is less than that of GaZrOX-350, confirming the trend. A possible reason why the 

intensity of all the bands of GaZrOX-500 is less intense can be ascribed to the low 

surface area: as a matter of fact, as reported in Chapter II, GaZrOX-500 has a lower 

BET surface area than GaZrOX-350. It is reasonable that higher particle 

dimension induced by the higher calcination temperature, which could explain 

both the lower surface area and CO adsorption. 

To conclude, for this scaled-up catalyst no catalytic test have been conducted yet. 

However, considering the very good performances observed for the lab scale 

catalyst and the lower costs compared to PdZn/ZrO2, this catalyst could be a good 

candidate to be implemented at large scale. 

 

Figure 9 – CO adsorption spectra at RT of GaZrOX-350 (a) and GaZrOX-500 (b).  
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CONCLUSIONS AND PERSPECTIVES 
Towards COZMOS-2 

 
The entire work presented in this Ph.D. thesis summarizes the best results 

achieved during the last three years. 

The Ph.D. research work is affiliated to COZMOS project. The aim of the project 

is to employ bifunctional catalysts to produce methanol from CO2 hydrogenation 

and convert methanol to C3 hydrocarbons. The bifunctional catalysts consist of a 

methanol-producing phase, constituted by a supported metal/oxidic phase, and 

methanol-converting phase, made up of a zeolite/zeotype phase, following either 

methanol-to-olefines or methanol-to-hydrocarbons reaction pathways. 

In order to understand the role of each phase and to support the catalytic tests 

performed on the bifunctional catalysts, the present worked focused the attention 

on the adsorption of specific molecules – such as CO, H2 and CO2 – followed by 

FT-IR spectroscopy. For sake of completeness, the supported metal/oxidic phase 

and the zeolitic phase were analyzed as both stand-alone phase and combined 1:1 

mass ratio physical mixture.  

The characterization of all the methanol-producing phases showed in this work 

evidenced that the presence of specific surfaces sites, able to split hydrogen (as 

assumed for PdZn/ZrO2 and observed for GaZrOX), and the generation of oxygen 

vacancies (as reported for PdZn/ZrO2, ZnZrOX and ZnCeZrOX) play a key role in 

CO2 hydrogenation. As a matter of fact, as for ZnZrOX it was possible to follow 
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the catalytic activity of all the catalysts with different composition, i.e. Zn content. 

Indeed, ZnZr-30 was featured by higher Zn content and an extra-phase of ZnO, 

responsible for the formation of higher amount of oxygen vacancies that was 

linked to better catalytic performances of this material. 

As for the zeolitic counterpart, the acidity drastically influences the yield of the 

process. In particular, AlPOs-derived zeotypes (such as SAPO-34) seem to be the 

best systems, compromising both the coke production, that leads to the 

deactivation of the catalyst, and the hydrocarbon selectivity.  

Among the analyzed catalyst only PdZn/ZrO2+SAPO-34 combined system and 

GaZrOX oxidic phase have been chosen to be scaled up. In particular, the first 

catalyst was scaled-up in order to highlight both the advantages and drawbacks 

concerning the synthesis of the system. Unfortunately, the results collected and 

discussed in this thesis were not as expected. As for the second catalyst, the actual 

goal of the project is to scale up a bifunctional catalyst made up of GaZrOX and 

MAPO-18 (Mg-APO-18). Both the characterization of the system and the 

catalytic tests are still on-going and will be completed by the end of the project. 

Due to COVID-19 pandemics, the entire project has been extended until May 

2023, but only in the last few months the pilot plant at Tüpraş became operative, 

and the next step will be testing the catalysts on larger scale. 

In addition, falling outside my research work, I did not show any results regarding 

the Life Cycle Assessment of all the sample analyzed in this thesis, in particular 

those chosen to be scaled up. Indeed, on the last generation of catalysts before 
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the project closure, a complete assessment must be done in order to demonstrate 

that the project met the goals proposed. On this side, more efforts should be 

implemented. In particular, some recent studies have been conducted on both 

kinetic models, process design and life cycle assessment for PdZn/ZrO2+SAPO-

34 system. 

On this basis, the project might evolve into a COZMOS-2 project, intended to 

include more industrial partners and focus on the application of scaled-up 

catalysts at larger scale than prototypal plants. A strict bond between academia 

and industry could be the key to speed up and enhance the research on the field 

of CO2 hydrogenation catalysis, with a view to the Net Zero scenario proposed in 

2050.  

At the end of my doctoral activity, after having assisted at almost the entire 

evolution of the project, in my opinion a COZMOS-2 project would be the best 

epilogue. To date, a great part of research is focused on carbon capture and 

utilization technology and I think that, with further financial support, the 

COZMOS project would play an important role in the fight against the global 

warming. 
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ABSTRACT 

The present work aims to further investigate a previously studied PdZn/ZrO2 + 

SAPO-34 bifunctional catalyst for CO2 conversion. In our previous work, high 

activity and selectivity for propane was proved, but the spectroscopic 

characterization was only focused at room temperature on the PdZn/ZrO2 

component alone. Here, the results obtained by FT-IR spectroscopy used to follow 

CO adsorption at liquid-nitrogen temperature on PdZn/ZrO2 alone, SAPO-34 

alone and mechanical mixture are shown. Moreover, near ambient pressure XPS 

measurements were performed to further investigate the PdZn/ZrO2 component. 

We confirm that after reduction a PdZn alloy is formed. At liquid-nitrogen 

temperature, Pd carbonyl band shows a peculiar behavior that can be reasonably 

linked to a strong and intimate interaction between the PdZn particles and the 

oxidic ZnO and ZrO2 phases. 

The PdZn/ZrO2 + SAPO-34 combined system was characterized as fresh, after 

catalytic testing and after the subsequent regeneration. On the fresh PdZn/ZrO2 + 

SAPO-34 the characteristic features of the two components do not appear 

perturbed by the mixing. As for the used system, the absence of the band related 

to Pd carbonyls and the decrease of CO interacting with Brønsted acid sites of 

SAPO-34 are correlated with aromatic and olefinic species, covering the surface, 

confirmed by ssNMR. Finally, we have proved that regeneration in pure oxygen 

is able to restore the catalytic sites of the system, even if new Pd carbonyl bands 
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appear as a possible migration of small amount of Pd2+ ions into the zeotype 

micropores. 

 

KEYWORDS. CO2 conversion, Hydrogenation, Propane, PdZn alloy, Zeolites, 

CO adsorption, FT-IR spectroscopy, XPS, solid-state NMR 
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1. INTRODUCTION 

Climate change is the most difficult challenge that humanity is trying to combat. 

The incessantly increase of carbon dioxide concentration reaches a new record 

year by year since the industrial revolution and the average of CO2 concentration 

reached 418 ppm in January 2022[1]. To date, limiting the increase of global 

temperature to 1.5 °C, as established by the Paris Agreement, is the real challenge. 

Hence, Carbon Capture Utilization and Storage (CCUS) represents the only way 

to reduce the CO2 concentration and to contain the greenhouse effect.  

To achieve an efficient way for the capture, conversion, transportation, and 

storage is economically challenging. Indeed, CCUS is not technologically ready 

to be applied on a global scale, demonstrating how difficult it is to find an 

economic way to solve global environmental issues.  

One option is represented by the chemical reduction of CO2 to obtain C1 

products[2], like methanol, and to convert methanol into hydrocarbons.  

According to several works[3,4], metal/oxide systems are a good choice to 

perform CO2 adsorption and conversion into methanol. Usually investigated 

metals[5,6] are Zn, Pt, Cu[7] and Pd[8] whereas, among supports, several oxides 

such as SiO2, ZnO and ZrO2 are used[9]. In particular, zinc plays a key role for 

both intermediate stabilization and H2 heterolytic splitting thanks to its activity in 

inducing defects (such as oxygen vacancies)[10–13]. Moreover, ZrO2 is weakly 

hydrophilic and avoids water-poisoning (iii)[2,5] and it is largely reported as an 
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excellent metal support. This oxide has unique surface properties: Brønsted basic 

sites, Lewis acidic-basic Zr+4O2- pairs and redox activity[14,15]. All these 

properties are largely discussed in Li et al.[2], which exhaustively describes how 

ZrO2 can be a promising candidate for CO2-to-methanol reaction. 

According to some articles[16–22], Pd-based catalysts are active for CO2 

hydrogenation to methanol with high CO2 conversion, methanol selectivity, yield, 

turnover frequency and stability with a minimal composition of Pd (≤ 5 wt%) and, 

by alloying with zinc, it seems to play a key role in hydrogen splitting, and it leads 

to a good conversion of CO2 into methanol.  

However, metal or oxidic phases are not capable of converting methanol into 

hydrocarbons. Hence, different authors[23,24] proposed bifunctional catalysts, 

which are made up of an oxidic phase on a zeolitic support. The acidity of zeolite 

is capable of binding and hydrogenating methanol molecules to produce 

hydrocarbons with different yield and different number of carbon atoms 

according to the type of the zeolite involved in the reaction[25,26]. Defining a 

possible route involved for the generation of different hydrocarbons is not 

straightforward. Over the years, three main pathways have been proposed. 

Chronologically, the first theorized mechanism was the one proposed by Dessau 

and LaPierre[27], founded on consecutive methylation and cracking, to produce 

ethylene and other higher alkenes over ZSM-5. The second mechanism was 

theorized by Dahl and Kolboe[28], based on the low reactivity of propene and 

ethylene when co-reacting with methanol over SAPO-34. This mechanism is 
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based on a hydrocarbon-pool concept[29]. The most recent mechanism is 

represented by the dual-cycle concept, which is founded on the interconnection 

between an olefinic and an aromatic cycle. 

To date, one of the most demanding hydrocarbons is propane. By 2025, propane 

will represent one of the most used hydrocarbons for industrial purposes, with a 

market growth of 5% per year[30].  

We have recently published interesting results about PdZn/ZrO2 catalyst in 

combination with SAPO-34 exploited in the CO2 adsorption and conversion with 

propane as the main product[31]. According to our previous work and to the best 

of our knowledge, this system shows very good propane yields, which have never 

been reported about CO2 valorization with a meaningful C2+ hydrocarbon 

conversion[32]. In particular, we demonstrated by XAS and FT-IR spectroscopy 

that a PdZn alloy is formed during catalyst activation. The alloy is in intimate 

contact with oxygen-vacancy rich ZnO particles over the ZrO2 support and, when 

it is exposed to the CO2-containing reaction feed, develops into a core-shell 

structure with a PdZn alloy surrounded by a polycrystalline ZnO shell. PdZn alloy 

is directly responsible for the MeOH formation on the PdZn/ZrO2 component. 

MeOH reacts over the SAPO-34 following a classical MTO mechanism with 

propane as the main product[31]. The intimate mixture of both PdZn/ZrO2 and 

SAPO-34 causes an instant MeOH consumption, increasing the CO2 conversion 

and reducing drastically the CO selectivity. In the previous work, the 
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characterization of the PdZn/ZrO2 phase was reported, but the paper lacks the 

spectroscopic characterization of the PdZn/ZrO2 + SAPO-34 combined system. 

Hence, in this work, we are going to present some new catalytic results, which are 

in line with those already presented in our former work, in any case. In order to 

achieve a more comprehensive understanding of the bifunctional system, using 

CO as probe molecule, we are going to focus on the spectroscopic characterization 

of the combined system, taking the moves from a more detailed FT-IR 

characterization of the PdZn/ZrO2 component, which was also further 

investigated by near ambient pressure X-ray photoelectron spectroscopy. By 

means of solid-state nuclear magnetic resonance, we proposed an elucidation of 

the organic species trapped inside the SAPO-34 during catalytic runs. 

 

 

2. EXPERIMENTAL SECTION 

2.1 Catalyst preparation 

Catalyst preparation steps are described in details in our former paper[31]. 

Summarizing in brief, the PdZn/ZrO2 catalyst was prepared by a colloidal 

impregnation method starting from palladium and zinc acetate solutions in DMF 

and ethylene glycol, respectively. The obtained colloidal mixture, after washing 

and dispersion in ethanol, was added with zirconium hydroxide, Zr(OH)4, in order 

to obtain a molar composition of 2% Pd, 13% Zn and 85% Zr, verified by Energy-

dispersive X-ray spectroscopy (EDS). The final catalyst was obtained after drying 
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and calcination at 500 °C. As for SAPO-34, it was purchased from ACS materials 

(SiO2/Al2O3=0.5).  

The combined system was produced by mixing the oxidic phase with the zeotype 

by mortar and pestle in a 1:1 weight ratio. 

 

2.2 Catalytic tests 

Catalytic tests were executed in a 4 channel Flowrence® from Avantium. 50 mg 

of the stand-alone PdZn/ZrO2 catalyst or 100 mg of the combined 

PdZn/ZrO2+SAPO-34 catalyst was typically used. The gas feed composition was: 

24vol% of CO2, 72vol% of H2 and 4vol% of He as internal standard. Before 

feeding the reaction mixture, all samples were reduced in situ with a pure H2 

atmosphere for 4 hours at 400 °C. The tubes were then pressurized to 30 bar using 

a membrane-based pressure controller.  

GC is an Agilent 7890B with two sample loops. One sample loop goes to TCD 

channel with 2 Haysep pre-column and MS5A, where He, H2, CH4 and CO are 

separated. Another sample loop goes to an FID with an Innowax pre-column, a 

Gaspro column and another Innowax column. Gaspro column separates C1-C8, 

paraffins and olefins, while Innowax column separates oxygenated and aromatics.  

Conversion and selectivity are reported on C1 basis and are defined as follows: 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 (%) =

𝐶𝐶𝐶𝐶2𝑏𝑏𝑏𝑏𝑏𝑏
𝐻𝐻𝐻𝐻𝑏𝑏𝑏𝑏𝑏𝑏
� −

𝐶𝐶𝐶𝐶2𝑅𝑅
𝐻𝐻𝐻𝐻𝑅𝑅
�

𝐶𝐶𝐶𝐶2𝑏𝑏𝑏𝑏𝑏𝑏
𝐻𝐻𝐻𝐻𝑏𝑏𝑏𝑏𝑏𝑏
�

× 100 
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𝑆𝑆𝐶𝐶𝐶𝐶(%) =
𝐶𝐶 ·

 𝐶𝐶𝐶𝐶𝐶𝐶,𝑅𝑅 
𝐶𝐶𝐻𝐻𝐻𝐻,𝑅𝑅 

�
 𝐶𝐶𝐶𝐶𝐶𝐶2,𝑏𝑏𝑏𝑏𝑏𝑏 
𝐶𝐶𝐻𝐻𝐻𝐻,𝑏𝑏𝑏𝑏𝑏𝑏  −

  𝐶𝐶𝐶𝐶𝐶𝐶2,𝑅𝑅 
 𝐶𝐶𝐻𝐻𝐻𝐻,𝑅𝑅

�
∙ 100 

where Ciblk and CiR are the concentrations determined by GC analysis in the blank 

and in the reactor outlet, respectively. Carbon balance closure was better than 

2.5% in all cases. 

For the 13C labeled tests aimed at ssNMR measurements (vide infra) the same 

Flowrence® set up was used. The labeled 13CO2/H2 mixture (100 bar lecture 

bottle) was provided by CK Isotopes Limited. 

 

2.3 Spectroscopic characterization 

Absorption IR spectra were collected using a Perkin-Elmer FTIR 2000 

spectrophotometer equipped with a Hg-Cd-Te cryo-detector, at a resolution of 2 

cm-1 in the range of 7200-580 cm-1. All sample powders were compressed in self-

supporting discs (~20 mg cm-2) and placed in a quartz IR cell suitable for thermal 

treatments in controlled atmosphere and spectra recording at room and liquid-

nitrogen temperature (RT and LNT, respectively). 

Before IR measurements, all the samples were outgassed at 400 °C for 30 mins 

and then reduced with 40 mbar of dry hydrogen at 400 °C for 30 mins. The 

reduction treatment aims at simulating the reduction step performed before the 

catalytic tests. From now on, we will name all the pre-reduced catalysts as 

“activated” catalysts. 
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After activation, FT-IR spectra were run at increasing CO pressure up to 20 mbar 

at RT and LNT on PdZn/ZrO2 catalyst and at LNT on SAPO-34 and PdZn/ZrO2 

+ SAPO-34 combined system. CO was used as probe molecule in order to 

characterize surface sites, such as Pd sites, Lewis acid sites (Zr4+and Zn2+) and 

Brønsted acid sites of SAPO-34. Moreover, CO adsorption was performed on 

PdZn/ZrO2 + SAPO-34 combined system after catalytic tests performed at 350 °C 

for 48 h, at 30 bar, with space velocity of 12000 mL·g−1·h−1. The used bifunctional 

system was characterized before and after a regeneration step. The used catalyst 

was activated as already mentioned for the fresh one, while the regeneration step 

was performed via oxidation in dry oxygen at 600 °C (for 30 mins) and then 

activation in hydrogen at 400 °C (for 30 mins), in order to simulate the 

regeneration conditions carried out before the catalytic tests reported in the 

previous work[31]. 

Near Ambient Pressure (NAP)-XPS measurements were carried out using an 

EnviroESCA spectrometer (SPECS GmbH) equipped with a monochromatic Al 

Kα X-ray source (hν = 1486.71 eV) operating at 42 W and X-ray emission of 3.00 

mA. Typically, the PdZn/ZrO2 catalyst was mixed with carbon black powder in 

ratio 10:1 to avoid an excessive charging of the surface and then pressed into a 

pellet (d=2 mm, h=0.5 mm) within the central cavity of a steel plate. Resistive 

heating was carried out by a button heater (SPECS GmbH). Temperature setpoints 

for degassing and reduction of 400 °C were reached through manual ramping over 

a period of 30 minutes. High resolution spectra were obtained at energy pass of 
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10 eV; dwell time of 0.5 second per point and step of 0.1 eV were used for all 

regions (Zr(3d), C(1s), Pd(3d), O(1s) and Zr(2p)).  

PdZn/ZrO2 sample was measured with HR-XPS before NAP experiments. The 

sample was outgassed in the loading chamber for 1h at 400 °C under UHV 

conditions. Subsequently, to obtain the activated sample, a flow of 40 ml/min of 

H2 at 20 mbar was applied for 2h. After reduction, the sample was transferred to 

the analysis chamber for further HR-XPS measurement.  

All 1H and 13C related (both 1D and 2D) MAS ssNMR spectroscopic experiments 

were performed on Bruker AVANCE III spectrometers operating at 600 MHz 

frequency for 1H using a conventional double resonance 3.2 mm MAS HXY 

probe. 1H and 13C NMR chemical shifts are reported with respect to the external 

reference adamantane. All NMR measurements were performed at room 

temperature (298 K) and MAS frequency of 20 kHz. Herein, samples were 

prepared using fully enriched 13CO2 at experimental conditions (30 bar, 375 ºC, 

H2:13CO2 = 3, and 10000 mL·g−1·h−1, 60 h) suitable to increase the ssNMR 

sensitivity. A dual-bed configuration was used, instead of a mechanical mixture 

of the standard catalytic tests, in order to be able to perform measurements on 

used SAPO-34 alone. The 1D direct excitation (DE) 1H-13C cross-polarization 

(CP) spectra were recorded using a 4 s recycle delay. The 1D insensitive nuclei 

enhanced by polarization transfer (INEPT) spectrum was recorded using a 2 s 

recycle delay, a 20 ms acquisition time, and accumulation of 4 k scans. 1H and 

13C pulses were applied with a field strength of 70 and 50 kHz, respectively. 2D 
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13C-13C spectra were recorded using a 2 s recycle delay, 10 ms (F2) and 1.3 ms 

(F1) acquisition time and an accumulation of 256 scans. 13C-13C mixing was 

achieved through proton driven spin-diffusion (PDSD) using phase-alternated-

recoupling-irradiation-schemes (PARIS) for 120 ms (CP). 70 kHz SPINAL64 1H 

decoupling was applied during both direct and indirect dimensions. To probe 

mobile molecules, 2D 1H-13C INEPT-based heteronuclear correlation (HETCOR) 

was applied with 1.5 s recycle delay, 17 ms (13C, F2) and 4 ms (1H, F1) 

acquisition time and an accumulation of 512 scans. To probe rigid molecules, 

dipolar based 1H-13C-1H HETCOR correlation spectra were obtained using a fixed 

0.5 ms contact time for both 1H-13C CP and 13C-1H CP periods. Background 

signals were suppressed by an 8 kHz MISSISSIPPI block (τ = 5 ms, N = 2) before 

the last CP period. 13C PISSARRO (phase inverted supercycled sequence for 

attenuation of rotary resonance) decoupling was applied during acquisition. The 

recycle delay was 2 s, acquisition times 10 ms (F2, 1H) and 2 ms (F1, 13C) ms and 

number of scans 64. All NMR spectra were processed and analyzed using Bruker 

TopSpin version 3.6.3. 

 

3. RESULTS AND DISCUSION  

3.1 Catalytic performance of the PdZn/ZrO2 and PdZn/ZrO2+SAPO-34 catalysts  

In our previous work[31], we reported a catalytic screening over the stand-alone 

PdZn/ZrO2 catalyst and its combination with SAPO-34, focusing these control 
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experiments on monitoring MeOH selectivity for PdZn/ZrO2 and that of propane 

for the bifunctional system at different reaction pressures and temperatures. 

Moreover, for the bifunctional system, detailed hydrocarbon distribution for the 

CO2 conversion was reported as a function of space velocity. Here we focus on 

CO, MeOH and CH4 selectivity for PdZn/ZrO2 at constant pressure and different 

temperatures and space velocities and on the detailed hydrocarbon distribution as 

a function of time for the bifunctional system.  

An overview of the catalytic performance of the stand-alone PdZn/ZrO2 catalyst 

at different reaction conditions is shown in Table 1. We can observe that CO2 

conversion and MeOH/CO selectivity are in clear agreement with the process 

thermodynamics[32]. In particular, increasing the temperature or decreasing the 

gas hourly space velocity (GHSV) increases the CO2 conversion. On the other 

hand, this conversion increase is accompanied by a MeOH selectivity decrease 

and the subsequent CO selectivity increase. The highest methanol selectivity was 

therefore obtained at the lowest temperature and highest GHSV (74.1%, 250 ºC 

and 12000 ml/g/h). Looking at the methanol yield, the best condition was found 

at 250 ºC, 30 bar and 3000 ml/g/h (5.1% yield). Lastly, methane selectivity is 

negligible (below 0.1-0.5%) at all tested conditions.  

 

Table 1. Overview of the catalytic performance of the stand-alone PdZn/ZrO2 
catalyst at different reaction conditions. H2/CO2 ratio of 3, 30 bar and 24 hours 
T.O.S. 
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Temp 
(ºC) 

GHSV 
(ml/g/h) 

Conversion 
(%) 

Sel CO 
(%) 

Sel MeOH 
(%) 

Sel CH4 
(%) 

MeOH 
Yield 
(%) 

250 12000 3.8 25.7 74.1 0.2 2.8 

300 12000 9.2 68.3 31.6 0.1 2.9 

350 12000 20.8 83.2 16.7 0.1 3.5 

400 12000 28.2 96.5 3.4 0.2 1.0 

250 6000 6.9 34.6 65.3 0.1 4.5 

300 6000 14.1 76.7 23.2 0.0 3.3 

350 6000 21.7 89.2 10.8 0.1 2.3 

400 6000 28.2 96.8 3.1 0.2 0.9 

250 3000 9.0 42.8 57.1 0.1 5.1 

300 3000 15.4 82.1 17.8 0.1 2.7 

350 3000 21.7 90.8 9.2 0.2 2.0 

400 3000 28.2 96.8 3.0 0.5 0.8 

 

An overview of the catalytic performance of the combined PdZn/ZrO2 + SAPO-

34 system is shown in Figure 1. We can observe that the addition of SAPO-34 

successfully converts the MeOH produced on the first PdZn/ZrO2 component into 

a series of hydrocarbons, with the C3 family dominating the distribution, in line 

with the expected behavior of the system[31]. CO2 conversion and CO selectivity 

remains in similar levels of the stand-alone PdZn/ZrO2. With the evolution of the 

reaction with time, we can observe that deactivation starts to occur and, at around 

38 hours on stream, DME starts being produced. This DME formation is a clear 

sign of the SAPO-34 component deactivation, and it fully dominates the 

hydrocarbon distribution after 50 hours on stream.  
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Figure 1. Overview of the catalytic performance of the combined PdZn/ZrO2 + SAPO-
34 system. H2/CO2 ratio of 3, 350 ºC 12000 ml/g/h. 

 

3.2 CO adsorption on PdZn/ZrO2 catalyst 

Figure 2-a reports FT-IR spectra of CO adsorbed at RT and at increasing pressure 

on the activated PdZn/ZrO2 catalyst: an asymmetric band in the region between 

2080 and 2020 cm-1 appears and increases in intensity upon CO pressure increase. 

For sake of clarity, we opted to show the FT-IR spectra related to CO adsorption 

at RT, despite they have been already displayed in our previous work[31], in order 

to compare them with those obtained at LNT.  

As described in our previous work[31], the band is ascribed to Pd0 linear 

carbonyls[33]. However, the frequency of the maximum, quite lower with respect 
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to that characteristic of linear carbonyls on reduced Pd supported particles, and 

the absence of bridged CO species in the region 2000-1970 cm-1 prove the 

presence of PdZn alloy[34–36]. Since Zn is markedly more abundant than Pd, 

PdZn particles are in intimate contact with ZnO particles over the ZrO2 support, 

as well evidenced by high-resolution HAADF-STEM images in our previous 

work[31]. More in details, the linear carbonyl band is constituted by several 

components (see inset of Figure 2-a):  the most intense one lies at 2063 cm-1 and 

shifts to 2069 cm-1 at the maximum CO coverage (θCO, from blue to red line), 

whereas two shoulders are evident at 2071 cm-1 (2074 cm-1 for the maximum θCO, 

red line) and 2048 cm-1.  

As just mentioned in our former work[31], Pd0-CO bond shows strong π-

backdonation character, thus the lower the band frequency the more 

coordinatively unsaturated the site[37]. That being said, we assign the shoulder at 

2048 cm-1 to carbonyls of highly defective Pd0 sites, e.g. corners, the main 

component at 2063-2069 cm-1 to carbonyls of less defective sites, e.g. edges, 

whereas the shoulder at 2071-2074 cm-1 can be related to terrace sites.  

The blue-shift of the main peak and shoulders is explained taking into account the 

dipolar coupling and the “chemical effect”[38]. The first one can be neglected in 

our case due to the presence of Pd dilution by alloying with Zn, which lowers the 

dipole-dipole interaction between neighboring CO molecules adsorbed on Pd. 

The second one is related with the decrease of π-backdonation as the number of 
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adsorbed CO molecules increases, so that the CO bond strength and, 

consequently, the stretching frequency increases upon increasing θCO.  

  

Figure 2. a) FT-IR spectra of CO adsorbed at RT on activated PdZn/ZrO2 catalyst. 
Spectra were acquired at increasing CO pressure up to 20 mbar (from blue to red line) 
and after outgassing (black dashed line). b) FT-IR spectra of CO adsorbed at LNT on 
activated PdZn/ZrO2 catalyst. Spectra were acquired at increasing CO pressure up to 20 
mbar (from blue to red line) and after outgassing (black dashed line). The green line 
represents the CO pressure (“breakdown” pressure) beyond which Zn2+-CO and Zr4+-CO 
bands pop up and Pd0-CO band starts decreasing. 

After outgassing (dashed-black line in Figure 2-a), the intensities of the main peak 

and shoulders are drastically reduced but not totally brought down, evidencing a 

certain stability of Pd0-CO at room temperature. The outgassing decreases the 
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effect due to the θCO, i.e. the “chemical effect”, shifting back the absorptions to 

their former positions. 

In order to characterize Lewis acid sites (i.e. Zr4+ and Zn2+) and eventually Zn0, 

CO adsorption was performed at liquid-nitrogen temperature on the activated 

PdZn/ZrO2 catalyst (Figure 2-b). Two bands are present: the former in the range 

2080-2020 cm-1 is related to CO linearly adsorbed on metallic palladium sites in 

the PdZn alloy, the latter in the range 2190-2120 cm-1 is related to CO adsorption 

on Zr4+ and Zn2+ sites.  

As for the high-frequency region, the first appearing band at 2180 cm-1 (Figure 2-

b, green line) could be related to zinc(II)-carbonyls[33,39]:  this very weak band 

is completely covered by the Zr4+-CO band at higher CO doses. Zr4+-CO band 

exhibits a red-shift up to 2155 cm-1 due to the “chemical effect”:  Zr4+ is a σ-donor 

center, hence the frequency of the peak red-shifts as the CO coverage 

increases[33,40]. These findings are in line with those reported by Ticali et al.[41] 

for ZnZrOX systems: among the three samples analyzed, the one with the highest 

concentration of Zn was featured by the formation of a ZnO extra-phase that could 

be looked at as a Zn/ZrO2 system. As reported, the authors highlighted that the 

same spectroscopic features could be mainly assigned to Zr4+ with different 

coordination, while Zn2+ could only give a minor contribution to the band. 

As for Zn0 sites, to the best of our knowledge no literature data are available about 

the Zn0-CO species, reasonably because d-orbitals of Zn0 are not suitable to form 

stable carbonyl species. For this reason, some authors used bands related to Zn2+ 
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carbonyls on oxidized and reduced supported zinc to evaluate, by subtraction, the 

amount of Zn0 formed in the reduction process[42]. These literature data highlight 

that Zn0 carbonyls are not observable species.  

Focusing on the Pd0 region, as observed at RT, the carbonyl band show at least 

three components (evidenced by arrows in the inset of Figure 2-b), which put in 

evidence the different Pd sites in the alloy, as just discussed for Figure 2-a. 

Differently from CO adsorption at RT, it is worth to note a peculiar behavior when 

CO is adsorbed at increasing doses: from the blue line, through the green line, to 

the red line, the spectra highlight an increasing and then a decreasing intensity of 

Pd carbonyl band along with a continuous shift to higher frequencies. From now 

on we will call this behavior ‘bell-shaped shift’. This shift is featured by a 

maximum reached by the Pd carbonyl band (green line) at a pressure that we call 

‘breakdown pressure’. After the breakdown pressure, as CO coverage increases, 

the band of CO on cationic sites in the region 2190-2120 cm-1 suddenly increases 

becoming well evident, but the absorption of CO on Pd0 atoms decreases in 

intensity.  

After outgassing (dashed line in Figure 2-b), Pd0-CO band goes back to the 

position and intensity of the spectrum collected after the second CO admission, 

just like their analogous in Figure 2-a. The intensity of the Pd0-CO band after 

outgassing is nearly the same reached for the maximum CO pressure (red line), 

while CO molecules on Zr4+ and Zn2+ are completely desorbed. 
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The comprehension of the intensity modulation that causes the bell-shaped shift 

is not straightforward. The blue-shift of the Pd0-CO band upon increasing CO 

pressure is similar to that observed at RT. The different behavior of this band at 

LNT is related to the loss of intensity that starts when CO is adsorbed on ZnO and 

zirconia support. This loss could be related to a diminution of the amount of CO 

molecules adsorbed on Pd; however, due to the lowering of the “chemical effect” 

upon decreasing CO coverage, this should cause a red-shift of the band. 

Alternatively, the intensity loss could be explained by a decrease of the absorption 

coefficient of Pd carbonyls, possibly induced by CO adsorption on ZnO and 

zirconia support; as a consequence, the absorption intensity decreases even if the 

amount of CO molecules on Pd increases. This last hypothesis is coherent with 

the behavior observed after the outgassing: by removing CO from Zr4+ and Zn2+ 

sites, the absorption coefficient increases again and the partial desorption of CO 

also from Pd causes the band red-shift. This hypothesis could be corroborated by 

the model describing the dipolar coupling obtained by Hammaker, Francis and 

Eischens (HFE) in 1965[43] and  subsequently modified[37,44]. As a matter of 

fact, the modified HFE model predicts that the dipolar coupling causes two effects 

observable upon increasing interacting adsorbed molecules: a shift of the 

absorption band at higher frequency and a reduction of the absorption coefficient. 

The dipolar coupling and, thus, these effects occur when adsorbed molecules 

belong to the same surface species, i.e. adsorbed molecules with the same 

singleton frequency. As a consequence, CO molecules adsorbed on ZnO and 
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zirconia support cannot directly be responsible for the observed behavior. 

Moreover, due to the presence of the alloy, the dipolar coupling for CO adsorbed 

on Pd was previously excluded. However, the adsorption at LNT leads, 

reasonably, to the adsorption of a much higher amount of CO on Pd with respect 

to RT, which is hidden by the intensity loss. This could make the dipolar coupling 

to occur also for Pd in the alloy, and this is proved by the frequency at maximum 

coverage that is 10 cm-1 higher at LNT (2079 cm-1) than at RT (2069 cm-1). In 

addition, an effect of the presence of CO adsorbed on ZnO and zirconia support 

on the molecule proximity in the Pd carbonyl adlayer cannot be ruled out. This 

last should imply a strong interaction between PdZn alloy particles and the oxidic 

phases. Actually, HAADF-STEM images reported in our previous work[31] 

showed PdZn particles in intimate contact with ZnO over the ZrO2 support. 

3.3 Near Ambient Pressure X-ray photoelectron spectroscopy on PdZn/ZrO2 

In an attempt to determine the different Pd and Zn chemical species on the surface 

of the activated PdZn/ZrO2 catalyst, a set of NAP-XPS experiments was 

performed (see Figure 3). 

The formation of PdZn alloys has been previously studied using model 

systems[45–48]. These studies demonstrated a shift in the Pd0(3d5/2) peak towards 

higher binding energies (from 335 to 336.1 eV) as a result of alloy 

formation[45,49]. The nature of such energy shifts in PdZn alloys and the effect 

of the alloying upon CO adsorption was studied by Rodriguez[50]. A combination 
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of MO-SCF calculations and XPS showed that Pd(4d)→Zn(4p) charge transfer 

and Pd(4d)→Pd(5s,5p) rehybridization during alloy formation are responsible for 

the binding energy shift and for a weakening of Pd(4d)→CO(2π) bonding 

interactions[50]. More recent studies on Pd-Zn interaction reported that the charge 

transfer induces a negative charge over Pd and a positive charge over Zn, which 

should imply a reverse shift with respect to that observed[46,51,52]. However, 

the shift of Pd(3d) and Zn(2p) bands to higher and lower binding energies, 

respectively, are largely accepted as fingerprints for PdZn alloying also in more 

recent literature[46,47,53,54]. In the pristine PdZn/ZrO2 catalyst (Figure 2 (a,c)), 

the presence of native PdO (Pd 3d5/2 337.4 eV) and ZnO (Zn 2p3/2 1022.5(6) 

eV)[55] with an atomic ratio Pd/Zn of 1.1 (Table S1), in good agreement with 

previous paper[31], is observed. The calculated binding energies for the Pd(3d) 

region are slightly higher (0.4 - 0.2 eV) than previously reported in literature[55–

57] for Pd2+. 

This is probably due to charging of the sample surface and uncertainty of fitting 

due to overlapping with Zr(3p). The feature at ~1024 eV present in the Zn(2p3/2) 

region can either be attributed to Zn attached to hydroxyl groups of the ZrO2 

surface[58] or to a differential charging effect that would result in an asymmetry 

of the ZnO peak.  
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Figure 3. NAP-XPS spectra of Pd(3d) and Zn(2p3/2) regions of PdZn/ZrO2 catalyst as 
prepared (a, c) and after activation in H2 (b, d). 
 

After activation at 400 °C under 20 mbar of hydrogen (Figure 2 (b, d)), full and 

partial reduction of Pd and Zn, respectively, are observed, with binding energies 

of 336.1 eV and 1021.5 eV. In contrast, when a reference sample based on Pd foil 

was submitted to similar conditions (Figure S1), analysis of the XPS spectrum of 

the sample revealed a Pd(3d5/2) binding energy of 335.1 eV, 1 eV lower than that 

observed for the PdZn/ZrO2 catalyst after reduction. These results demonstrate 

the formation of the aforementioned alloy and are in good agreement with the 

literature[36,45,46,48,49,58]. The partial reduction of Zn is in good agreement 

with the results reported in our previous paper, in which XAS measurements 

a) 

b) 

c) 

d) 
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demonstrated the presence of a defective ZnO phase after reduction[31]. In 

addition, the Pd/Zn atomic ratio remains almost unchanged upon reduction (Table 

S1). 

 

3.4. CO adsorption on SAPO-34 and PdZn/ZrO2 + SAPO-34 combined system 

In order to characterize the combined bifunctional system, FT-IR measurements 

of CO adsorption at LNT on both fresh and used PdZn/ZrO2 + SAPO-34 system 

were performed after activation and reported in Figure 4 (sections b and c, 

respectively). For comparison purposes, the same measurement was performed 

on SAPO-34 alone (section a). In all the spectra, two main peaks at 2170 and 2140 

cm-1 are evident. The former is related to CO adsorbed on Brønsted acid sites of 

the zeotype material, and it grows first. The latter is assigned to liquid-like CO 

entrapped inside the pores of SAPO-34[59]. When a high fraction of Brønsted 

sites is engaged in interaction with CO, the band representing liquid like CO 

entrapped inside the cavities starts to increase. Another band at about 2090 cm-1, 

which was observed in some works[60,61] for Ca-Y and Na-ZSM-5, is present. 

This band changes frequency according to the nature of coordinated metal or 

cation. Indeed, the σ-coordinated CO through the C-end could interact with the 

lattice via the O-end with a guest cation (e.g. Ca[60] and Na[61] ions) or any other 

Lewis acid site on the surface. Another hypothesis assign this band to CO in 

interaction with framework oxygen atoms[62].   
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When SAPO-34 is mixed with PdZn/ZrO2, nothing seems to change for the 

previously mentioned peaks, except a slight change in their relative intensities. 

Moreover, Figure 4-b shows that the spectra of the fresh physical mixture still 

present the characteristic “bell-shaped shift” pattern in the region related to Pd0 

carbonyls (see zoom in the inset). However, Pd0-CO pattern is no more evident 

on the used system (Figure 4-c), reasonably due to the presence of coke and some 

other products obtained during the catalytic tests. In order to verify the possibility 

of having PdZn/ZrO2 surface covered by reaction products, we performed UV-

Raman characterization, which was reported in our previous manuscript[31]. UV-

Raman results obtained for the combined system showed the presence of alkenes 

and polycyclic aromatic hydrocarbons, which is a typical feature for an initial 

deactivation of the catalyst. Indeed, the presence of hydrocarbon residues 

decreases the amount of Brønsted acid sites of SAPO-34 as evidenced by the 

lower intensity of the band at 2170 cm-1 with respect to that observed for the fresh 

combined system (compare Figure 4-c and 4-b).  

In the light of the just mentioned findings, we performed a regeneration of the 

used combined system at 600 °C in O2, in order to “clean” the surface from 

hydrocarbon residues, and then a reduction in H2 at 400 °C to obtain the activated 

system. Figure 4-d displays that Pd is available again for CO adsorption, as 

evidenced by the bell-shaped shift pattern in the inset, and that Brønsted acid sites 

of SAPO-34 are restored, as evidenced by the increased intensity of the band at 

2170 cm-1. Hence, we can assure that regeneration is mandatory to restore the 
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catalytic activity of the combined system. Indeed, the catalytic tests on the 

regenerated sample reported in our previous paper showed a complete regained 

activity[31]. However, after having regenerated (i.e. oxidized) and reduced the 

sample, spectra are not the same as those in Figure 4-b for the fresh combined 

system. Indeed, at first look the intensity ratio of the main two peaks at 2170 and 

2140 cm–1 is changed, and they look almost equally high. Moreover, two more 

peaks are visible at 2220 and 2195 cm-1, which can be assigned to Pd2+ 

carbonyls[33], in particular to dicarbonyls of isolated Pd2+[33,63,64]. This last 

assignment is consistent with the possibility that some Pd2+ ions have exchanged 

a little fraction of Brønsted acid sites in the SAPO-34. It is reasonable that this 

exchange occurs during the regeneration treatment in oxygen and that these 

isolated Pd2+ cations are stabilized by the zeotype framework, which prevents 

their reduction during the subsequent treatment in hydrogen.  
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Figure 4. FT-IR spectra of CO adsorbed at LNT on the following activated systems: 
SAPO-34 (a), fresh PdZn/ZrO2 + SAPO-34 (b), used PdZn/ZrO2 + SAPO-34 (c) and used 
PdZn/ZrO2 + SAPO-34 after regeneration in O2 at 600 °C and activation step (d). Spectra 
were acquired at increasing CO pressure up to 20 mbar (from blue to red line) and after 
outgassing (black dashed line). Green line in section b): CO “breakdown” pressure for 
Pd carbonyls. 

 

3.4. Elucidation of molecular structure of organic species trapped in SAPO-34  

To elucidate the molecular structure of zeotype-trapped organic species, we 

performed solid-state NMR spectroscopy (ssNMR) on the post-reacted zeotype 

(SAPO-34) after 60 h under reaction conditions (30 bar, 375°C, H2/CO = 3) using 

13C isotope-enriched CO2 (Figure 5). 13CO2 high-pressure gas is cost intensive 

and the experiment was carried out as a model test to measure the SAPO-34 by 
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13C ssNMR on a dual bed configuration. Generally, one-dimensional (1D) ssNMR 

spectra of the post-reacted zeotype show the following three features: (i) 5-50 

ppm (aliphatic), (ii) 110-150 ppm (olefinic/methylated aromatic), and (iii) 180-

220 ppm (carbonyl moieties)[65–68]. We applied a series of magnetization 

transfer schemes based on the mobility of trapped molecules, which had been 

previously developed to elucidate molecular structures in zeolites[65,69,70]. For 

example, 13C direct excitation (DE) pulse sequence has been applied to detect all 

chemical species in quantitative analysis, while mobile and rigid organic species 

can be differentiated by applying scalar-based through-bond (insensitive nuclei 

enhanced by polarization transfer, INEPT) and dipolar-based thorough-space 

(cross-polarization based, CP) magnetization transfer schemes, respectively. Such 

technique allowed us to distinguish between species with either weak interaction 

or adsorbed on the zeotype. 

The 1D 13C DE MAS ssNMR spectra show high amounts of aromatics-related 

species in spent SAPO-34. Moreover, the species typically observed in the initial 

and steady-state stages during methanol-to-hydrocarbons, such as methoxy (13C, 

1H = 57.7, 3.5 ppm), methanediol (93.1, 4.9 ppm), dimethoxymethane (100, 4.7 

ppm), and DME (62.4, 3.46 ppm)  are not observed, which again indicates this 

spent sample was obtained at the deactivation stage, which is in line with the 

activity test results (Figure 1). By applying 1H-13C CP magnetization transfer 

scheme, alkane species can be enhanced due to higher proton density around 13C 

nuclei of interest (H/C ratio of alkane = ca. 1.7; aromatics = 1 (benzene), 1.25 
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(xylene), respectively)[69]. Most of the observed species in INEPT based pulse 

are confidently assigned as terminal alkyl groups from methylated aromatics or 

polyaromatics, i.e., most of the trapped aromatics are rigid aromatic species. This 

is confirmed by applying 2D 13C-13C and 1H-13C-1H correlation spectra, which 

was achieved through proton-driven spin diffusion using phase alternated 

recoupling irradiations schemes (PDSD PARIS) and proton detected CP-based 

hetero-nuclear correlation spectroscopy (double CP-HETCOR) (Figure 5-b, c). 

For example, methylated aromatic species is readily observed at 135.2/20.0 and 

131.3/19.9 (13C/13C), showing their correlation with 1H at 7.2 ppm[71].  

According to the hydrocarbon pool mechanism[29], the C3 families are mostly 

produced by two competing cycles governed by olefinic and aromatic cycles[72]. 

Although the sample was obtained at deactivation stage, we could see the traces 

of methylated olefinic species, indicating SAPO-34 has experienced dual-cycle 

mechanism, responsible for high C3 selectivity. The methylated poly-ene species 

are previously reported as rigid compounds, showing 13C and 1H chemical shift 

ranges at 130-160 and 1-3 ppm[69], respectively. In spent SAPO-34, we could 

observe the cross-peaks at 136.5/2.3 and 131.4/2.4 (13C/1H) ppm by 2D 1H-13C 

CP-HETCOR but not by INEPT-HETCOR, indicating the presence of less-

mobile methylated alkene species, which are presumably adsorbed in the zeotype 

framework (Figure 5-d, e).  
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Figure 5. (a) 1D 13C DE, 1H-13C CP, 1H-13C INEPT ssNMR MAS spectra of post-reacted 
SAPO-34 zeotype after hydrogenation of CO2 of fully isotope-enriched 13CO2 in the 
reactant feed (13CO2 at 30 bar, 375°C, H2/13CO2 = 3, and 10000 mL/g/h at a time-on-
stream of 60 h). 2D ssNMR correlation spectra acquired using (b) 2D 13C-13C, (c) 2D 1H-
13C-1H, (d) 1H-13C CP HETCOR, and (e) 1H-13C INEPT HETCOR. MAS spinning rate at 
20 kHz and the spinning side bands are noted with asterisk. 

 

4. CONCLUSIONS 

In this work, we have focused on the characterization of a combined system 

eligible as candidate for carbon dioxide hydrogenation into methanol and 

conversion to hydrocarbons. This system has shown to be highly active and 

selective for C3 hydrocarbon production, in particular propane[31]. This attitude 

can be directly correlated to the formation of a PdZn alloy on the PdZn/ZrO2 

component that has been confirmed in our previous paper[31] and well 

demonstrated by FT-IR findings. Indeed, using CO as a probe molecule on the 

lone PdZn/ZrO2 catalyst, the position of the IR band related to Pd0 linear carbonyls 
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and the absence of bridged carbonyls are ascribable to the formation of the alloy. 

NAP-XPS study of PdZn/ZrO2 catalyst, as prepared and after reduction, confirms 

the formation of a PdZn alloy. Indeed, in good agreement with the literature 

data[45,46,48], we observe a shift of 1 eV in binding energy after reduction when 

comparing the PdZn/ZrO2 catalyst to a model of Pd foil submitted to similar 

conditions. Moreover, FT-IR spectra of CO adsorbed at LNT show a particular 

behavior of Pd0 carbonyl band, which we named ‘bell-shaped shift’, due to the 

CO adsorption onto Zn2+ and Zr4+ sites of the oxidic phases in intimate contact 

with the PdZn alloy particles. The presence of a residual ZnO phase after 

reduction is demonstrated by NAP-XPS measurements that confirm previously 

obtained results[31]. 

When the metal-oxide phase is mechanically mixed with the zeotype SAPO-34, 

the characteristic spectroscopic features of the two components obtained after CO 

adsorption at LNT do not appear perturbed by the mixing. Nevertheless, after 

catalytic testing, aromatic and aliphatic compounds cover Pd sites and decrease 

the amount of Brønsted acid sites of SAPO-34. Indeed, as confirmed by ssNMR 

results, high amount of aromatic and olefinic species are present, indicating that 

SAPO-34 underwent a dual-cycle mechanism, responsible for high C3 selectivity. 

Regeneration (i.e. oxidation at 600 °C) is mandatory to restore the catalytic sites 

of the combined system; however, after the regeneration, a small fraction of Pd2+ 

exchanges some Brønsted acid sites inside the zeotype, which, after repeated 
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regeneration cycles, could be one of the causes of the reduction of the catalytic 

activity in propane formation. 
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