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Abstract 

The finite nature of nonrenewable fossil fuel resources in combination with the almost linear 

relationship between the cumulative CO2 emissions and the global surface temperature makes the need 

of a radical technological transformation of the energy sector imperative. In order to meet the targets set 

by the restrictive legislations concerning CO2 emissions, technologies that capture and then utilize CO2 

into fuels, chemicals and materials have to be developed. The direct hydrogenation of captured CO2 to 

methanol, a versatile platform chemical of high energy density, is a key technology for CO2 valorization 

and the storage of renewable energy. Industrially, methanol is produced over a Cu-ZnO-Al 2O3 catalyst 

from syngas (CO/H2) with the addition of small quantities of CO2. However, this catalyst formulation is 

less selective for the direct hydrogenation of CO2 to methanol due to the competing reverse water gas 

shift reaction that also leads to steam-induced sintering of the active phase. Recently, In2O3 has emerged 

as an active and selective catalyst for methanol synthesis via CO2 hydrogenation, with prospects for 

industrial deployment. Yet, �D���G�H�W�D�L�O�H�G���X�Q�G�H�U�V�W�D�Q�G�L�Q�J���R�I���W�K�H���F�D�W�D�O�\�V�W�¶�V���V�W�U�X�F�W�X�U�H���D�W���W�K�H���D�W�R�P�L�F���D�Q�G���Q�D�Q�R�V�F�D�O�H��

level at working conditions is missing and the pathways of catalyst deactivation and regeneration are still 

to be addressed. In the first part of this dissertation, we correlate changes in the activity of In2O3 during 

CO2 �K�\�G�U�R�J�H�Q�D�W�L�R�Q�� �W�R�� �W�K�H�� �R�[�L�G�D�W�L�R�Q�� �V�W�D�W�H�� �R�I�� �,�Q�� �D�Q�G�� �W�K�H�� �F�D�W�D�O�\�V�W�¶�V�� �V�W�U�X�F�W�X�U�H���� �E�R�W�K�� �D�W�� �W�K�H�� �D�W�R�P�L�F�� ���O�R�F�D�O��

environment around In) and nanoscale (crystallinity and phase composition) levels. Model monodisperse 

nanocrystalline In2O3 nanoparticles (NPs) of ca. 7 nm in size were produced by a colloidal route and the 

evolution of the catalyst structure during CO2 hydrogenation with time on stream (TOS) was probed by 

operando X-ray absorption spectroscopy (XAS) combined with X-ray powder diffraction (XRD). Three 

distinct catalytic regimes are identified during CO2 hydrogenation: activation, stable performance, and 

deactivation. The activation stage is associated with a minor decrease of the In-O coordination number 

and a partial reduction of In2O3 due to the formation of oxygen vacancy sites (i.e. In2O���í�[). As the reaction 

proceeds, a reductive amorphization of In2O3 NPs takes place, characterized by decreasing In-O and In-

In coordination numbers and intensities of the In2O3 Bragg peaks. Direct observation of the evolution of 

In2O3 NPs using in situ transmission electron microscopy (TEM) confirms that under reaction conditions 

the structure of the catalyst is highly dynamic. 

Monoclinic ZrO2 has been proposed as the support of choice for In2O3 with In2O3/m-ZrO2 showing 

an order of magnitude higher methanol space time yield (STY) per catalyst mass compared to 

In2O3/t-ZrO2 (m- and t- refers to monoclinic and tetragonal, respectively) and unsupported In2O3. 

However, considering the structural complexity and possible dynamics of In2O3/ZrO2 under operating 

conditions, it remains elusive whether the structure of the ZrO2 support affects changes of the oxidation 
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state and the local structure of the indium sites with TOS during CO2 hydrogenation. To address this 

question, we impregnated colloidal nanoparticles of nanocrystalline In2O3 of ca. 7 nm in diameter, on 

monoclinic, tetragonal and amorphous ZrO2 �V�X�S�S�R�U�W�V���D�Q�G���I�R�O�O�R�Z�H�G���W�K�H���H�Y�R�O�X�W�L�R�Q���R�I���W�K�H���F�D�W�D�O�\�V�W�V�¶���V�W�U�X�F�W�X�U�H��

and activity by operando XAS-XRD. This study revealed that the superior catalytic performance of the 

catalysts derived from india supported on monoclinic zirconia is attributed to the formation of a m-ZrO2:In 

solid solution, with active In-Vo-Zr surface species that are significantly more stable towards reduction 

than In-Vo-In sites in unsupported In2O���í�[����In contrast, the amorphous ZrO2 (am-ZrO2) support promotes 

the rapid reduction of In2O3 to (molten) metallic In leading to an almost inactive amorphous catalyst. The 

tetragonal ZrO2 support avoids the complete transformation of In2O3 to In0, but the extent of reduction is 

substantial, characterized by an average oxidation state of In below +2, which is associated with poor 

catalytic activity.  

The formation of In-H species on In2O3/ZrO2 catalysts and their participation in the formate to 

methanol reaction pathway has been predicted by density functional theory (DFT) calculations but their 

spectroscopic characterization/evidence is missing. Here, we studied the dissociation of hydrogen on 

In2O3/m-ZrO2, In2O3/t-ZrO2, In2O3/am-ZrO2 and m-ZrO2:In catalysts, with and without a redox pre-

treatment by infrared (IR) spectroscopy. While hydrogen dissociates heterolytically at room temperature 

on calcined In2O3/m-ZrO2 and m-ZrO2:In (both show high activity in the hydrogenation of CO2 to 

methanol) forming In-H, a redox pre-treatment is required to form the respective sites for hydrogen 

dissociation in In2O3/t-ZrO2 and In2O3/am-ZrO2 (both are poor CO2 hydrogenation catalysts). 

Furthermore, bidentate formate species, which are intermediates of the methanol formation pathway, form 

upon reaction of In�±H species with CO2 only in In2O3/m-ZrO2(redox) and m-ZrO2:In(redox) catalysts. 

In the next step, we investigated the influence of the phase of the ZrO2 support on the nature of 

the surface species involved in methanol synthesis and the rates of their formation on ZrO2-supported, In-

based catalysts for CO2 hydrogenation. In situ diffuse reflectance infrared Fourier transform spectroscopy 

(DRIFTS) shows that formate species (HCOO*) appear prior to methoxy species (*OCH3) and both 

intermediates form faster on the more active m-ZrO2:In catalyst. For all three In-based, ZrO2-supported 

catalysts studied here, indium sites are essential for the formation of HCOO* and *OCH3 species as only 

carbonate species are observed on m-, t- and am-ZrO2 supports under CO2 hydrogenation conditions. The 

nature of the reaction intermediates is confirmed by ex situ solid-state nuclear magnetic resonance (NMR) 

spectroscopy and catalytic tests in a fixed bed reactor showing that both CO and methanol are primary 

products of CO2 hydrogenation.  
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Zusammenfassung 

Die Endlichkeit der nicht erneuerbaren fossilen Brennstoffressourcen in Kombination mit der 

nahezu linearen Beziehung zwischen den kumulierten CO2-Emissionen und der globalen 

Oberflächentemperatur macht eine radikale technologische Transformation des Energiesektors zwingend 

erforderlich. Um die Ziele der restriktiven Gesetzgebung bezüglich CO2-Emissionen zu erreichen, 

müssen Technologien entwickelt werden, die CO2 auffangen und als Kohlenstoffquelle für Kraftstoffe, 

Chemikalien und Materialien verwenden. Die direkte Hydrierung von CO2 zu Methanol, einer vielseitigen 

Plattformchemikalie mit hoher Energiedichte, ist eine Schlüsseltechnologie für die CO2-Valorisierung 

und die Speicherung erneuerbarer Energien. Industriell wird Methanol über einen Cu-ZnO-Al 2O3-

Katalysator aus Synthesegas (CO/H2) unter Zugabe geringer Mengen CO2 hergestellt. Diese 

Katalysatorformulierung ist jedoch weniger selektiv für die direkte Hydrierung von CO2 zu Methanol 

aufgrund der konkurrierenden reversen Wassergas-Shift-Reaktion, die auch zu einem dampfinduzierten 

Sintern der aktiven Phase führt. Kürzlich hat sich In2O3 als aktiver und selektiver Katalysator für die 

Methanolsynthese durch CO2-Hydrierung mit Aussichten auf eine industrielle Anwendung herausgestellt. 

Ein detailliertes Verständnis der Struktur des Katalysators auf atomarer und nanoskaliger Ebene unter 

Arbeitsbedingungen fehlt jedoch, und die Wege der Katalysatordeaktivierung und -regeneration sind noch 

nicht ausreichend erforscht. Im ersten Teil dieser Dissertation korrelieren wir Veränderungen der 

Aktivität von In2O3 während der CO2-Hydrierung mit dem Oxidationszustand von In und der 

Katalysatorstruktur, sowohl auf atomarer (lokale Umgebung um In) als auch auf nanoskaliger 

(Kristallinität und Phasenzusammensetzung) Ebene. Monodisperse, nanokristalline In2O3-Nanopartikel 

(NPs) von ca. 7 nm Größe wurden mittels kollodialer bottom-up Synthese hergestellt und die Entwicklung 

der Katalysatorstruktur unter Reaktionsbedingungen der CO2 Hydrierung (TOS) wurde durch Operando-

Röntgenabsorptionsspektroskopie (XAS) in Kombination mit Röntgenpulverdiffraktometrie (XRD) 

untersucht. Während der CO2-Hydrierung werden drei verschiedene katalytische Regime identifiziert: 

Aktivierung, stabile Phase und Deaktivierung. Die Aktivierungsphase ist mit einer geringfügigen 

Abnahme der In-O-Koordinationszahl und einer teilweisen Reduktion von In2O3 aufgrund der Bildung 

von Sauerstoffleerstellen (d. h. In2O���í�[) verbunden. Im weiteren Verlauf der Reaktion findet eine 

reduktive Amorphisierung der In2O3-NPs statt, die durch abnehmende In-O- und In-In-

Koordinationszahlen und Intensitäten der In2O3-Bragg-Peaks gekennzeichnet ist. Die direkte 

Beobachtung der Entwicklung von In2O3-NPs mit In-situ-Transmissionselektronenmikroskopie (TEM) 

bestätigt, dass die Struktur des Katalysators unter Reaktionsbedingungen hochdynamisch ist.  
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Monoklines ZrO2 wurde als bevorzugtes Trägermaterial für In2O3 vorgeschlagen, wobei 

In2O3/m-ZrO2 eine um eine Größenordnung höhere Methanol-Raum-Zeit-Ausbeute (STY) pro 

Katalysatormasse im Vergleich zu In2O3/t-ZrO2 zeigt (m- und t- bezeichnen das monokline, 

beziehungsweise tetragonale Polymorph von ZrO2) als reines In2O3. In Anbetracht der strukturellen 

Komplexität und möglichen Dynamik von In2O3/ZrO2 unter Betriebsbedingungen bleibt jedoch unklar, 

ob die Struktur des ZrO2-Trägers Änderungen des Oxidationszustands und der lokalen Struktur der 

Indiumzentren mit TOS während der CO2-Hydrierung beeinflusst. Um diese Frage zu beantworten, 

imprägnierten wir kolloidale Nanopartikel aus nanokristallinem In2O3 von ca. 7 nm Durchmesser auf 

monoklinen, tetragonalen und amorphen ZrO2-Trägern und verfolgten die Entwicklung der 

Katalysatorstruktur und -aktivität mit Operando XAS-XRD. Diese Studie zeigte, dass die überlegene 

katalytische Leistung der Indium-basierten Katalysatoren auf monoklinem Zirkoniumdioxid auf die 

Bildung eines Mischkristallsystems(m-ZrO2:In) zurückgeführt werden kann: Das System mit aktiven In-

Vo-Zr-Oberflächenspeziesist gegenüber der Reduktion signifikant stabiler als die in reinem Indiumoxid 

vorhandenen In-Vo-In-Strukturen.. Im Gegensatz dazu fördert der amorphe ZrO2 (am-ZrO2)-Träger die 

schnelle Reduktion von In2O3 zu (geschmolzenem) metallischem In, was zu einem nahezu inaktiven 

amorphen Katalysator führt. Der tetragonale ZrO2-Träger vermeidet die vollständige Umwandlung von 

In2O3 in In0, aber der Reduktionsgrad ist beträchtlich, gekennzeichnet durch eine durchschnittliche 

Oxidationsstufe von In unter +2, welche mit einer geringen katalytischen Aktivität einhergeht. 

Die Bildung von In-H-Spezies auf In2O3/ZrO2-Katalysatoren und ihre Beteiligung an der Formiat-

Methanol-Reaktion wurde durch Dichtefunktionaltheorie(DFT)-Rechnungen vorhergesagt, aber 

experimentelle Beweise durch deren spektroskopische Charakterisierung fehlen. Hier haben wir die 

Dissoziation von Wasserstoff auf In2O3/m-ZrO2, In2O3/t-ZrO2, In2O3/am-ZrO2 und m-ZrO2:In 

Katalysatoren mit und ohne Redox-Vorbehandlung durch Infrarot (IR)-Spektroskopie untersucht. 

Während Wasserstoff bei Raumtemperatur an kalziniertem In2O3/m-ZrO2 und m-ZrO2:In (beide zeigen 

eine hohe Aktivität bei der Hydrierung von CO2 zu Methanol) heterolytisch dissoziiert und In-H-Spezies 

gebildet werden, ist eine Redox-Vorbehandlung erforderlich, um die entsprechenden Zentren für die 

Wasserstoffdissoziation auf In2O3/t-ZrO2 und In2O3/am-ZrO2 zu formen (beide sind schlechte CO2-

Hydrierungskatalysatoren). Darüber hinaus bilden sich bei der Reaktion von In-H-Spezies mit CO2 nur 

in In2O3/m-ZrO2(Redox)- und m ZrO2:In(Redox)-Katalysatoren zweibindige Formiatspezies, welche 

Intermediate im Reaktionsmechanismus zur Methanolbildung sind. 

Im nächsten Schritt untersuchten wir den Einfluss der Phase des ZrO2-Trägers auf die Natur der 

Oberflächenspezies, die an der Methanolsynthese beteiligt sind, sowie die Geschwindigkeit ihrer Bildung 
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auf ZrO2-geträgerten, In-basierten Katalysatoren für die CO2-Hydrierung. In-situ-Infrarot-Fourier-

Transformations-Spektroskopie mit diffuser Reflexion (DRIFTS) zeigt, dass Formiat-Spezies (HCOO*) 

zeitlich vor den Methoxy-Spezies (*OCH3) erscheinen und beide Zwischenstufen schneller auf dem 

aktiveren m-ZrO2:In-Katalysator gebildet werden. Bei allen drei hier untersuchten In-basierten ZrO2-

Trägerkatalysatoren sind Indiumzentren für die Bildung von HCOO*- und *OCH3-Spezies essentiell, da 

auf m-, t- und am- ZrO2-Trägern unter CO2-Hydrierungsbedingungen nur Carbonatspezies beobachtet 

werden. Die Natur der Reaktionszwischenprodukte wird durch Ex-situ-Festkörper-

Kernresonanzspektroskopie (NMR) und katalytische Tests in einem Festbettreaktor bestätigt. Diese 

zeigen, dass sowohl CO als auch Methanol Primärprodukte der CO2-Hydrierung sind. 
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Chapter 1 
 

Introduction  

 

 

1.1. General background 

�+�X�P�D�Q�N�L�Q�G�¶�V���V�X�U�Y�L�Y�D�O���D�Q�G���H�Y�R�O�X�W�L�R�Q���K�D�V���E�H�H�Q���G�L�U�H�F�W�O�\���O�L�Q�N�H�G���W�R���W�K�H��use of energy in various forms. 

Currently the key energy carriers are fossil fuels (Figure 1.1) with most of the industrially significant 

synthetic chemicals being derived from petroleum sources. The global energy consumption is 

continuously rising with primary energy use worldwide reaching 14 400 million tons of oil equivalent 

(Mtoe) in 2019, 45% higher than in 2000 and an estimated 16-fold higher than in 1900.1 Considering that 

nonrenewable fossil fuel resources are finite, this increase in combination with a rapidly growing world 

population which is expected to reach 16 billion by 2100, raises concerns.2 

 

 Figure 1.1. World total primary energy supply (TPES) by source (EJ); and fuel shares of the TPES in 

2020. This Figure is reproduced from ref.3 

Most significantly, the combustion of carbon-based fossil fuels for energy generation is 

accompanied by an enormous emission of anthropogenic greenhouse gases (GHGs) into the atmosphere, 

mostly in the form of CO2. As early as 1895 Arrhenius studied the relationship between atmospheric CO2 

concentration and temperature4 and as we can see from Figure 1.2 there is indeed a near linear relationship 

between the cumulative CO2 emissions and the global surface temperature.5 The concentration of CO2 in 

the atmosphere is continuously increasing reaching an annual average of 410 ppm i.e., an increase of 

~44% when compared to the pre-industrial value of 280 ppm while the global surface temperature has 
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increased faster since 1970 than in any other 50-year period over at least the last 2000 years. Specifically, 

in 2011�± 2020 the global surface temperature was 1.09 °C higher than in 1850�±1900.5  

 

Figure 1.2. Near-linear relationship between cumulative CO2 emissions and the increase in global surface 

temperature. This Figure is reproduced from ref.5 

The outbreak of the Covid-19 pandemic has led to a worldwide drastic reduction of economic 

activity and mobility, therefore CO2 emissions are expected to fall to 30.6 Gt in 2020, almost 8% lower 

than in 2019. Such a reduction would be six-times larger than the previous record reduction of 0.4 Gt in 

2009 due to the financial crisis, and twice as large as the combined total of all previous reductions since 

the end of World War.3 However, this trend is only temporary, and the International Energy Agency (IEA) 

estimates that in the absence of effective countermeasures, the existing energy infrastructure could lead 

to nearly 750 GtCO2 of additional emissions by 2070. Yet, if the global temperature increase is to be 

limited to 2 °C (compared to pre-industrial levels), global CO2 emissions must be reduced to ~14 Gt/year.1   

A radical technological transformation of the energy sector leading to net-zero CO2 emissions is 

required in order to meet these ambitious CO2 targets.  The commonly proposed solution of carbon capture 

and sequestration (CCS), where CO2 is captured from various point sources including power plants and 

industrial facilities and subsequently stored underground, is not sufficient. CO2 will have to be recycled 



3 
 

by carbon capture and recycling (CCR) technologies where CO2 is first captured, and then recycled into 

value-added fuels, chemicals and materials. 6, 7  

Currently, the direct utilization of CO2 as feedstock in the chemical industry includes the synthesis 

of methanol (co-fed to syngas), urea, carboxylic acids (e.g. salicylic acid), carbonates (e.g. inorganic 

carbonate, organic carbonates including acyclic carbonates and cyclic carbonates), carbamates, esters, 

lactones and polymers (e.g. polycarbonates, polyols, polythiocarbonates, and polyurethanes).8-17 Among 

them, methanol is one of the most versatile and high energy density, liquid products that can be obtained 

from the hydrogenation of CO2 and it can be processed further into dimethyl ether, ethylene, propylene, 

gasoline and all other products currently obtained from petroleum and natural gas.6, 7, 18-21   Once methanol 

and its derivatives are combusted they will release CO2 which can be recycled back, effectively closing 

the carbon loop (Figure 1.3).  

 

Figure 1.3. Anthropogenic carbon cycle within the methanol economy. This Figure is reproduced from ref. 6   

1.2. CO2 hydrogenation to methanol 

Currently, methanol is industrially mainly produced from syngas with a composition of CO:H2 = 

1:2. called metgas which is generated by fossil resources e.g. through the gasification of coal as well as 

the steam reforming of natural gas.22-28 Small amounts of CO2 (about 2�±8%) are typically added to the 

syngas stream in order to accelerate the reaction rate and balance the H/C ratio to the desired 

stoichiometry.  
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CO + 2 H2 ���o  CH3OH                    �ûH298 K = �±21.7 kcal mol�±1  (eq. 1.1) 

CO2 + 3 H2 ���o  CH3OH + H2O       �ûH298 K = �±11.9 kcal mol �±1  (eq. 1.2) 

CO2 + H2 �o  CO + H2O          �ûH 298 K = 9.8 kcal mol�±1  (eq. 1.3) 

 

Figure 1.4. a) Gibbs free energy of methanol synthesis (MS) from CO2, reverse water gas shift (RWGS) and syngas 

hydrogenation (COH). b) Equilibrium conversion-selectivity values of the CO2 hydrogenation reaction at various 

pressures. This Figure is reproduced from ref.29 

From a thermodynamic point of view, methanol synthesis from CO2 hydrogenation is less favored 

compared to that from CO (Figure 1.4).12, 29, 30 Furthermore, due to the decrease in reaction molecule 

�Q�X�P�E�H�U�����H�T�����������������K�L�J�K���S�U�H�V�V�X�U�H�V���D�U�H���U�H�T�X�L�U�H�G���W�R���R�E�W�D�L�Q���K�L�J�K���P�H�W�K�D�Q�R�O���\�L�H�O�G�V�����D�F�F�R�U�G�L�Q�J���W�R���/�H���&�K�D�W�H�O�L�H�U�¶�V��

principle.31 An increase in temperature facilitates CO2 activation but undesirable CO and H2O can be 

formed through the endothermic RWGS (eq. 1.3) In addition to the RWGS (eq. 1.3), the hydrogenation 

of CO2 to methanol (eq. 1.2) competes with the undesired methanation of CO2 (the Sabatier reaction, eq. 

1.4).7  
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CO2 + 4 H2 �o  CH4 + 2H2O  �ûH 298 K = -60.4 kcal mol�±1 (eq. 1.4) 

Thus, in addition to low CO selectivity and resistance to H2O, a CO2 hydrogenation to methanol catalyst 

should adsorb and activate CO2 but not break the required C-O bond. 

1.2.1. Heterogeneous catalysts development in methanol synthesis 

1.2.1.1 Copper-based catalysts 

The first industrial syngas-based process for methanol synthesis was developed by Badische 

Anilin & Soda Fabrik (BASF) in the 1920s. ZnO�±Cr2O3 catalysts were used and the operation conditions 

were T = 300�±400 °C and P = 25�±30 MPa. Since the 1960s, Imperial Chemical Industries (ICI) 

transitioned to Cu-ZnO-Al 2O3 catalysts that operate under milder reaction conditions (220�±300 °C, 5�±10 

MPa).22-28 Since then, a Cu-ZnO-Al 2O3 catalyst (typically composed of 60 wt. % Cu, 30 wt. % ZnO, and 

10 wt. % Al2O3) is mainly used in industrial applications for the conversion of a mixture of CO, CO2 and 

H2 into methanol with an optimal activity for a CO:CO2 ratio in the feed of ca. 10:1.24 The presence of 

CO2 in the feed is necessary as methanol is most probably formed by the hydrogenation of CO2 contained 

�L�Q���W�K�H���V�\�Q�J�D�V���R�Q���W�K�H���F�D�W�D�O�\�V�W�¶�V���V�X�U�I�D�F�H�����7�K�H���&�2���L�Q���W�K�H���V�\�Q�J�D�V���I�L�U�V�W���X�Q�G�H�U�J�R�H�V���D���Z�D�W�H�U���J�D�V���V�K�L�I�W���U�H�D�F�W�L�R�Q���W�R��

form CO2 and H2; subsequently the formed CO2 reacts with hydrogen to yield methanol.24, 32-35 A further 

increase in the quantity of CO2 added rises also the partial pressure of steam produced through the 

competing reverse water gas shift reaction (RWGS, Eq. 1.3) facilitating the thermal deactivation of the 

Cu-ZnO-Al 2O3 catalyst through sintering of the active Cu phase and crystal growth of ZnO and Al2O3.36, 

37 

Several paths have been explored aiming to increase the stability and selectivity of the Cu-based 

catalysts for CO2 hydrogenation such as the incorporation of additives (e.g. metal oxides including Al2O3, 

ZrO2, Ga2O3,38-43 La2O3,44 Y2O3,45, 46 SiO2,39, 47 TiO2,48 MgO,49 and noble metals including Pd50-52 and 

Au53, 54 that modify the acid�±base and redox properties and increase the Cu dispersion. The deposition of 

Cu on metal carbides55, 56 or metal oxides other than ZnO (e.g. CeO2, CeOx/TiO2, ZrO2)57, 58 has also been 

explored with Cu-ZrO2-based catalysts being particularly well studied.30, 58-65  The high performance of 

Cu-ZrO2-based catalysts in the methanol synthesis from CO2 arises from the excellent thermal and 

mechanical stability of ZrO2 as well as the lower hydrophilicity of ZrO2 compared to Al2O3.59, 66, 67 The 

phase of ZrO2, tetragonal (t-) or monoclinic (m-) was also found to be important for Cu/ZrO2 catalysts.58 

Whereas the surface area and Cu dispersion was essentially identical on both phases, Cu/ZrO2 prepared 

with m-ZrO2 was 4.5 times more active for CO2 hydrogenation to methanol than the one prepared with t-

ZrO2.58  
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1.2.1.2 Catalysts based on metals other than Cu 

Due to the excellent stability and sintering resistance, Pd-based catalysts have been proposed as 

alternatives to Cu-based catalysts. Fujitani et al.68 studied catalysts based on Pd on various supports 

including Al2O3, Cr2O3, TiO2, ZnO and ZrO2 with Pd/Ga2O3 being the most active with a CO2 conversion 

close to 20% at 50 bar.68 The turnover frequency was 20 times higher than on a Cu/ZnO catalyst. In a 

more recent study, small, narrowly distributed alloyed PdGa nanoparticles, prepared via surface 

organometallic chemistry from silica-supported GaIII  isolated sites, showed a high activity of 22.3 

molMeOH molPd
�í1 h�í1 and an 81 % selectivity for CH3OH/DME at 230 °C.69 Pt�±W/SiO2 was also reported 

to reach a methanol selectivity of up to 92.2% at a relatively modest CO2 conversion of 2.6%.70 Au-based 

catalysts deposited on different supports (TiO2, ZnO, ZrO2, Al2O3) have also been studied under moderate 

reaction conditions (P = 5 bar and T = 220-240 °C) with Au/ZnO being by far the most selective catalyst 

(selectivity> 50%).71 Au/CeOx/TiO2 catalysts also exhibit high catalytic activity for CO2 hydrogenation 

to methanol due to the generation of an active center for CO2 adsorption and activation at the Au�±

CeOx/TiO2 interface leading to a higher methanol yield even at low-pressure.72 Transition metal carbides 

have also been explored for the CO2 hydrogenation to methanol reaction with Mo2C and Fe3C showing 

high CO2 conversion but modest methanol selectivity, while TaC and SiC are almost inactive73.  Recently, 

Ni-Ga intermetallic compounds (IMC), in particular the �/-Ni5Ga3 phase, have been identified as 

promising catalysts by computational and experimental methods, exhibiting high selectivity towards 

methanol by suppressing the RWGS path at pressures close to atmospheric.74, 75   

1.2.1.3. Oxides and mixed oxide catalysts  

Recently, oxide-based catalysts (e.g. ZnO�±ZrO2,76 MnOx/m-Co3O4,77 In2O3,78,79 In2O3/ZrO2,80 

have been exploited for methanol synthesis via CO2 hydrogenation. The ZnO�±ZrO2 solid solution 

catalysts exhibit excellent CO2 single-pass conversion of higher than 10% with methanol selectivities as 

high as 91%.76 In this catalytic system, H2 and CO2 are adsorbed on Zn and the coordinatively unsaturated 

Zr sites, respectively. More recently Li et al.81 demonstrated that further solid solutions, i.e. MaZrOx (Ma 

= Cd, Ga), exhibit up to 80% methanol selectivity at a 4.3�±12.4% CO2 single pass conversion. Their 

activity is attributed to the strong synergistic effect between Ma and Zr in MaZrOx (Ma = Cd, Ga) 

catalysts, which enhances the H2 heterolytic activation determined by the rate of HD formation in H2�íD2 

exchange experiments and by density functional theory (DFT) calculations.81 More specifically, for 

CdZrOx, by introducing a Cd2+ ion into t-ZrO2, an oxygen vacancy (OV) is generated next to Cd2+, and, 

correspondingly, two 6-fold coordinated unsaturated Zr4+ �V�L�W�H�V�� �D�U�H�� �D�O�V�R�� �F�U�H�D�W�H�G���D�G�M�D�F�H�Q�W���W�R�� �W�K�H�� �&�G�í�2V 

center. DFT showed that the heterolytic dissociation of H2 leads to two H atoms bonding to O(Cd) and 

OV sites. In the case of GaZrOx the H species produced by the heterolytic dissociation of H2 molecule can 
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be stabilized by the Ga3+ and O���í sites on the surface of GaZrOx.81 MnOx/m-Co3O4 catalysts with 

manganese oxide nanoparticles (NPs) supported on mesoporous spinel cobalt oxide show high methanol 

yield under mild conditions (250 °C, 6 bar).77  Electron energy loss spectroscopy (EELS), X-ray 

absorption spectroscopy (XAS) and scanning transmission electron microscopy (STEM) revealed that the 

active phase are MnO NPs dispersed over grains with a core/shell structure of metallic Co cores with thin 

CoO surface layers. 

  In 2O3-based catalysts. In2O3-based catalysts have emerged as active and selective catalysts for 

methanol synthesis via CO2 hydrogenation, with prospects for industrial deployment.78-80 This reducible 

oxide has demonstrated high activity and selectivity in several catalytic CO2-involving reactions such as 

methanol steam reforming,82 electrochemical conversion into formic acid,83 and photocatalytic reduction 

to CO.84 More recently, DFT calculations suggested that In2O3 (india) is active for the hydrogenation of 

CO2 to methanol with the activity arising from oxygen vacancy sites (Vo sites formed on the india surface 

under reaction conditions).85 These surface In2O3�íx sites assist CO2 activation and hydrogenation by 

stabilizing the key reaction intermediates, such as surface-bound formate (HCOO*), dioxymethylene 

(H2COO*), and H2CO* species; the hydrogenation of the latter gives surface methoxy species, via the 

rate-determining step (RDS, Scheme 1.1).85 This mechanism demonstrates that Vo sites could be 

replenished during CO2 hydrogenation.79, 85, 86  

 

Scheme 1.1. A proposed mechanism for the hydrogenation of CO2 to methanol on Vo sites of In2O3. This Figure is 

adapted from ref.85 
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The theoretical prediction of the high activity of In2O3 was first experimentally reported by Liu et 

al.78 Using commercial indium (III) oxide powders calcined at 500 oC for 5 h under air, a methanol 

formation rate of 3.69 mol kgcat
�í1 h�í1 with CO2 conversion of 7.1% and methanol selectivity of 39.7% at 

330 oC, 4 MPa, GHSV of 15000 cm3 h�í1 gcat�í1 and H2:CO2:N2 = 3:1:1 was reported.78 

Later, bulk In2O3 synthesized by precipitation of In(NO3)3·xH2O and calcined at 300 oC showed 

that at  high pressure, high space velocities, low reaction temperatures (50 bar, GHSV of 16,000 h�±1 or 

higher, 200-300 oC) and H2:CO2= 4:1, the activity arising from the competing RWGS reaction could be 

completely avoided,80 consistent with a lower apparent activation energy for CO2 hydrogenation than for 

the RWGS reaction on In2O3 (103 and 117 kJ mol�±1, respectively).79 The STY at 50 bar, 6,000 h�±1, 300 oC 

and H2:CO2= 4:1 reached ca 0.2 gMeOH gcat
�í1 h�í1. Furthermore, at 300 oC a linear increase of the STY upon 

elevating the pressure (1.0�±5.0 MPa) was observed and a beneficial impact of excess hydrogen, up to a 

molar feed ratio of H2:CO2 = 8:1. Importantly, although In2O3 is a reducible oxide, no metallic In was 

detected by powder X-ray diffraction (XRD) after the reaction supporting the hypothesis that surface 

In2O3�íx sites are the active sites for this reaction. The formation of Vo sites was verified by ex-situ X-ray 

photoelectron spectroscopy (XPS), temperature-programmed desorption (CO2-TPD), H2-Temperature 

Programmed Reduction (TPR) and electron paramagnetic resonance (EPR) spectroscopy.  

In 2O3/ZrO2 catalysts. After supporting In2O3 on various supports it has been observed that its 

activity can be further enhanced. In2O3/ZrO2 catalysts have shown 100% methanol selectivity and are 

stable for 1000 h with ZrO2 (zirconia) being both a structural and an electronic promoter.80 The 

performance was equally good when In2O3 was supported on cubic and/or monoclinic ZrO2 while metallic 

In was detected in fresh samples of other supports. For In2O3/ZrO2 catalysts, sintering of the In2O3 phase 

was prevented while according to EPR measurements reduced Zr centers abstract O atoms from the active 

phase, thereby creating more and/or new types of vacancies.80 
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Figure. 1.5. a) Methanol STY for different supported catalysts after 4 h time on stream (TOS) and b) Evolution of 

the methanol STY with TOS over In2O3/ZrO2 and Cu-ZnO-Al 2O3. Reaction conditions: T= 300 oC, P = 50 bar, 

H2:CO2 = 4:1, and GHSV = 16000 h�±1. This Figure is reproduced from ref.80 

More recently, monoclinic ZrO2 was proposed as the support of choice for In2O3 as an order of 

magnitude higher methanol space time yield (STY) per catalyst mass was reported for In2O3/m-ZrO2 

relative to In2O3/t-ZrO2 (Figure 1.6)80, 87 It has been argued that the crystal lattice mismatch between In2O3 

and m-ZrO2 leads to tensile forces and ultimately oxygen vacancy (Vo) sites, increasing thereby the 

density of the active sites. In addition, CO2 is activated to a greater extent on m-ZrO2 than on t-ZrO2 as 

discussed above for Cu/ZrO2 catalysts.88-90 However, other effects such as the formation of an india-

�]�L�U�F�R�Q�L�D���V�R�O�L�G���V�R�O�X�W�L�R�Q���S�K�D�V�H���P�D�\���D�O�V�R���S�O�D�\���D���V�L�J�Q�L�I�L�F�D�Q�W���U�R�O�H���L�Q���W�K�H���F�D�W�D�O�\�V�W�¶�V���D�F�W�L�Y�L�W�\���D�V��the interaction 

between the two metal oxides may be maximized.19, 81, 87 Yet, solid solutions of In2O3 with t-ZrO2 showed 

an inferior catalytic performance compared to supported In2O3/m-ZrO2 and In2O3/t-ZrO2 catalysts.87 

Importantly, for all In2O3�íZrO2 materials produced by co-precipitation, the presence of even a small 

amount of indium caused the mixed oxide to crystallize in the metastable, less active tetragonal structure 

of ZrO2.
87 
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Figure 1.6. Methanol STY with respect to the In content and the total catalyst mass for supported In2O3 catalysts 

with pure In2O3 as a reference. Reaction conditions: T = 280 oC, P = 50 bar, molar H2:CO2 = 4:1, and WHSV = 

24000 cm3 gcat�í1 h�í1. This Figure is reproduced from ref. 87 

CO2-hydrogenation mechanism over ZrO2-supported In2O3-based catalysts. As already 

mentioned, besides the india system, zirconia is an effective support for Cu-based catalysts as well.66, 91, 

92 Similar to the In2O3-based systems, it has been observed that the phase of the zirconia support 

(monoclinic or tetragonal) in Cu/ZrO2 catalysts has a strong influence on their performance for CO2 

hydrogenation to methanol, i.e. Cu on monoclinic zirconia (Cu/m-ZrO2) is 4.5 times more active than Cu 

on tetragonal zirconia (Cu/t-ZrO2).58 In situ infrared and transient response experiments attributed this 

difference to the higher Lewis acidity and basicity of m-ZrO2 leading to a higher CO2 adsorption capacity, 

a higher concentration of adsorbed reactive intermediates, i.e. formate and methoxy species, and a faster 

hydrogen spillover from the Cu surface to the CO2-derived adsorbates.58, 88, 91, 93-96  In situ diffuse 

reflectance infrared Fourier transform spectroscopy (DRIFTS) studies of In2O3-based ZrO2-supported 

catalysts are still scarce and the influence of the ZrO2 phase on the concentration, and the rate of formation 

of surface intermediates of the methanol synthesis pathway has not been fully explored yet. One report 

has shown that methanol synthesis over In2O3/m-ZrO2 (290 °C, 10 bar, H2:CO2 = 4:1) involves a stepwise 

hydrogenation of HCOO* to methoxy species (*OCH3) for indium loadings over 2.5 wt. %.66  
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Figure 1.7. CO2 �K�\�G�U�R�J�H�Q�D�W�L�R�Q�� �S�D�W�K�Z�D�\�V�� �D�Q�G�� �V�F�K�H�P�D�W�L�F�� �V�W�U�X�F�W�X�U�H�í�S�H�U�I�R�U�P�D�Q�F�H�� �U�H�O�D�W�L�R�Q�V�K�L�S�V�� �I�R�U�� �,�Q0.1/ZrO2 and 

In2.5/ZrO2 CO2 hydrogenation reactions. This Figure is reproduced from ref. 66 

In the work of Chen et al. 66 the catalysts were prepared by impregnation of In(NO3)3·xH2O on 

commercial m-ZrO2 powder and subsequent calcination at 600 °C for 2 h. It is reported that in the 

�W�H�P�S�H�U�D�W�X�U�H���U�D�Q�J�H���������í���������ƒ�&�����3��� ���������E�D�U�����+2:CO2 = 4:1 and GHSV = 24000 h�í1 the catalyst shows a 

�����í���������V�H�O�H�F�W�L�Y�L�W�\���W�R���P�H�W�K�D�Q�R�O���D�W���D���O�R�D�G�L�Q�J���R�I���������í�����Z�W���������R�I���L�Q�G�L�X�P�����Z�K�H�U�H�D�V it exhibits a temperature-

insensitive CO selectivity of up to 80% for a loading of 0.1 wt. %. This shift in the product spectrum is 

attributed to different surface indium species, namely crystalline In2O3 in intimate contact with ZrO2, for 

loadings over 2.5 wt. %, and highly dispersed InOx, for loadings below 0.5 wt. %. Based on in situ 

DRIFTS results, the modest bonding strengths of HCOO* and H3�&�2�
���D�W���O�R�D�G�L�Q�J�V���R�I���������í�����Z�W���������U�H�V�X�O�W��

in an optimized selectivity toward methanol. However, at lower indium loadings, the strong bonding of 

*HCOO inhibits methanol synthesis. In the latter case HCOO* is decomposed into CO over zirconia sites 

�R�Q���W�K�H���L�Q�G�L�X�P�í�]�L�U�F�R�Q�L�D���L�Q�W�H�U�I�D�F�H���D�V���V�K�R�Z�Q���L�Q���)�L�J�X�U�H���������� 

On the other hand, DFT calculations performed on In2O3/ZrO2 (ZrO2 supported In2O3(110) 

surface)97 and ZrO2-doped In2O3 (ZrO2 doped In2O3(110) surface)98 showed that in all cases the methanol 

synthesis involves the stepwise hydrogenation of HCOO* to H3CO* and finally HOCH3, (elementary 
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steps involved shown in Figure 1.8) the same route as on bulk In2O3
85

 and the RWGS is not favorable. 

The main effect of ZrO2 is that it can inhibit the dissociation of CO2 into CO on In2O���í�[, stabilize key 

intermediates and enhance the adsorption of CO2, overall improving the methanol selectivity and activity 

compared to unsupported In2O3.97, 98  

 

Figure 1.8. Potential energy surfaces for CO2 hydrogenation to methanol on the defective Zr-In2O3(110) surface. 

This Figure is reproduced from ref.98 

Furthermore, for a ZrO2 doped In2O3(110) surface it has been demonstrated that ZrO2 species 

prohibit the excessive formation of oxygen vacancies on the In2O3(110) surface. It is also shown that H2 

is mainly activated on In-O sites and although the H2 adsorption structures are similar to pure In2O3(110) 

surface sites, the energies of H2 adsorption on Zr-In2O3(110) surface sites are remarkably reduced.98 As 

usually accepted 99, 100 it was also predicted that for pure In2O3 and In2O3/ZrO2 systems the dissociative 

adsorption of H2 proceeds on metal oxides heterolytically, i.e. by splitting of H2 across an M�±O bond 

forming M�±H and O�±H species.79, 85, 97, 98 The dissociation of H2 followed by the formation of water was 

predicted to provide �,�Q�í�9o�íIn sites, i.e. the active sites in In2O���í�[ based catalysts for CO2 hydrogenation. 

Furthermore, In-H species participate in the hydrogenation of each of the subsequent reaction 

intermediates (CO2 to HCOO*  to H2COO *  and then to H2CO * ).79, 85, 97, 98 However, the spectroscopic 

characterization and the nature of the sites for the dissociative adsorption of H2 or the activation of CO2 

(in the form of surface carbonates) in such CO2 hydrogenation catalysts remains understudied. 

1.3. Objectives and structure of this dissertation 

The goal of this dissertation is to advance the development of robust In2O3-based catalysts for the 

direct hydrogenation of CO2 into methanol, formulate their structure-activity relationships and identify 

the nature of sites and surface species involved in methanol synthesis. Specifically, the objectives of this 
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dissertation can be summarized as follows: 

i. Development of well-defined In2O3 NPs and In2O3/ZrO2 catalysts of controlled structure and size. 

ii.  Establish a structure-performance relationship for unsupported In2O3 and investigate if the 

structure of the ZrO2 support affects changes of the oxidation state and the local structure of the 

indium sites with TOS during CO2 hydrogenation.   

iii.  Evaluate the nature and abundance of sites for the dissociation of H2 and CO2 activation on various 

In2O3/ZrO2 catalysts. 

iv. Understand how the phase of the ZrO2 support (m-, t- and am-) influences the nature and rate of 

formation of surface species under conditions of CO2 hydrogenation on a series of In2O3/ZrO2 

catalysts. 

Accordingly, this work consists of six chapters and is structured as follows: 

Chapter 1 provides an introduction to the CO2 hydrogenation reaction.  

In chapter 2, we prepared model monodisperse nanocrystalline In2O3 NPs via a colloidal route and 

then evaluated their catalytic performance for CO2 hydrogenation in a continuous flow, high pressure 

reactor. Operando X-ray absorption spectroscopy (XAS) and X-ray powder diffraction (XRD) techniques 

coupled with the simultaneous analysis of the effluent gas by gas chromatography (GC) allowed us to 

correlate the evolution of the oxidation state and the catalysts' atomic structure during CO2 hydrogenation 

with the rate of methanol production. The structural transformation of In2O3 NPs under CO2 

hydrogenation conditions was also visualized by in situ TEM. This study helped to understand that the 

over-reduction of In2O3 to molten In0 with TOS results in the deactivation of the catalyst.   

In chapter 3 we report an operando XAS/XRD study that revealed that the phase of the ZrO2 support 

influences drastically the extent of In2O3 reduction and its structural evolution during CO2 hydrogenation. 

The superior catalytic performance of the catalysts derived from india supported on monoclinic zirconia 

is attributed to the formation of a m-ZrO2:In solid solution, in which active In-Vo-Zr surface species are 

significantly more stable towards reduction than In-Vo-In sites in unsupported In2O���í�[. The formation of 

this solid solution is further supported by ex situ XPS and scanning transmission electron microscopy 

(STEM) - energy dispersive X-ray (EDX) mapping.  

In chapter 4 we studied the dissociation of hydrogen on In2O3/m-ZrO2, In2O3/t-ZrO2, In2O3/am-ZrO2 

and m-ZrO2:In catalysts (m-, t- and am- refers to monoclinic, tetragonal and amorphous, respectively and 

m-ZrO2:In is a solid solution material), with and without redox pretreatment by infrared (IR) 

spectroscopy. The interaction of the hydride species of the four redox-treated catalysts with CO2 was 

subsequently evaluated while the changes in the structure of the most active In2O3/m-ZrO2 catalyst during 



14 
 

redox pretreatment were followed by in situ XAS-XRD. 

In chapter 5 we investigated the influence of the phase of the ZrO2 support on the nature of the surface 

species involved in methanol synthesis and the rates of their formation on ZrO2-supported, In-based 

catalysts for CO2 hydrogenation. The nature of the reaction intermediates is confirmed by ex situ solid-

state NMR and further insights into the reaction mechanism were obtained by catalytic tests with a varied 

contact time. 

In chapter 6, we summarize the conclusions of this dissertation and give recommendations for future 

works.  
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2. 1. Abstract 

We report an operando examination of a model nanocrystalline In2O3 catalyst for methanol 

synthesis via CO2 hydrogenation (300 oC, 20 bar) by combing X-ray absorption spectroscopy (XAS), X-

ray powder diffraction (XRD) and in situ transmission electron microscopy (TEM). Three distinct 

catalytic regimes are identified during CO2 hydrogenation: activation, stable performance, and 

deactivation. The structural evolution of In2O3 nanoparticles (NPs) with time on stream (TOS) followed 

by XANES-EXAFS-XRD associates the activation stage with a minor decrease of the In-O coordination 

number and a partial reduction of In2O3 due to the formation of oxygen vacancy sites (i.e. In2O���í�[). As 

the reaction proceeds, a reductive amorphization of In2O3 NPs takes place, characterized by decreasing 

In-O and In-In coordination numbers and intensities of the In2O3 Bragg peaks. A multivariate analysis of 

the XANES data confirms the formation of In2O���í�[ and, with TOS, metallic In. Notably, the appearance 

of molten In0 coincides with the onset of catalyst deactivation. This phase transition is also visualized by 

in situ TEM, acquired under reactive conditions at 800 mbar pressure. In situ TEM revealed an electron 

beam assisted transformation of In2O3 nanoparticles into a dynamic structure in which crystalline and 

amorphous phases co-exist and continuously interconvert. The regeneration of the deactivated In0/In2O���í�[ 

catalyst by re-oxidation was critically assessed revealing that the spent catalyst can be re-oxidized only 

partially in a CO2 atmosphere or air yielding an average crystallite size of the resultant In2O3 that is 

approximately an order of magnitude larger than the initial one. 

2. 2. Introduction  

The direct hydrogenation of CO2 to methanol (eq. 1.1) allows converting one of the major 

greenhouse gases into a valuable energy carrier,1-6 and could also provide a carbon-neutral source of fuels 

and platform chemicals if coupled with efficient CO2 capture and downstream, e.g. methanol-to-olefins, 

processes.2 The hydrogenation of CO2 to methanol and water is exothermic and competes with the 

undesired methanation of CO2 (the Sabatier reaction, �ûH298�� K  = �±60.4 kcal mol�±1) and the reverse water 

gas shift (RWGS, �ûH298 K  = 9.8 kcal mol�±1) reaction.3 In general, hydrogenation of CO2 at low 

temperatures and high pressures increases the yield of methanol.3 

CO2 + 3 H2 ���o  CH3OH + H2O  �ûH298 K = �±11.9 kcal mol�±1  (eq. 1.1) 

Industrially, methanol is produced over a Cu-ZnO-Al 2O3 catalyst from syngas (CO/H2) with small 

amounts of CO2 (< 5 vol. %, the addition of CO2 increases the reaction rate).7 However, Cu-ZnO-Al 2O3 

is a poor catalyst for the direct hydrogenation of CO2 to methanol, limited by its low selectivity due to 

the competing RWGS reaction that subsequently causes the steam-induced sintering of the active phase.8 
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Therefore, the development of novel catalysts is vital to realize the efficient hydrogenation of CO2 at the 

industrial scale. Recently, In2O3 has emerged as an active and selective catalyst for methanol synthesis 

via CO2 hydrogenation, with prospects for industrial deployment.9-11 At high pressure, high space 

velocities and low reaction temperatures (50 bar, GHSV of 16,000 h�±1 or higher, 200-300 oC), the 

competing RWGS reaction could be completely avoided,10 consistent with the lower apparent activation 

energy for CO2 hydrogenation than for the RWGS reaction on In2O3 (103 and 117 kJ mol�±1, 

respectively).11 DFT calculations ascribe the active sites of In2O3 catalyst to oxygen vacancy sites (Vo 

sites formed on the india surface under reaction conditions). These surface In2O3�íx sites assist CO2 

activation and hydrogenation by stabilizing the key reaction intermediates, such as surface-bound formate 

(HCOO), dioxymethylene (H2COO), and H2CO species; the hydrogenation of the latter gives surface 

methoxy species, supposedly via the rate-determining step (RDS, Scheme 1).11,12,13 This mechanism 

suggests that Vo sites could be replenished during CO2 hydrogenation. 

 

 

Scheme 2.1. A proposed mechanism for the hydrogenation of CO2 to methanol on Vo sites of In2O3. 

Experimental evidence of the proposed Vo active sites is based on electron paramagnetic 

resonance spectroscopy (EPR), X-ray photoelectron spectroscopy (XPS), and temperature-programmed 

desorption (CO2-TPD) of In2O3-based catalysts.10 By adding CO to the CO2/H2 feed, the amount of 

oxygen vacancies could be modulated.10 That said, a detailed atomic level understanding of the structure 

of In2O3-based catalysts under CO2 hydrogenation conditions and changes thereof with time on stream 

(TOS) is currently lacking. Indeed, these catalysts have been mainly characterized ex situ after handling 

in air; the latter is undesired because of the facile aerobic oxidation of partially reduced In2O3�íx. For 

instance, there is no spectroscopic evidence of the oxidation state of In sites and their local structure under 
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CO2 hydrogenation conditions. Likewise, questions concerning the long-term stability of In2O3 with TOS, 

the pathways of catalyst deactivation and regeneration are still to be addressed.  

Here, we aim at correlating changes in the activity of the In2O3 catalyst during CO2 hydrogenation 

�W�R���W�K�H���R�[�L�G�D�W�L�R�Q���V�W�D�W�H���R�I���,�Q���D�Q�G���W�K�H���F�D�W�D�O�\�V�W�¶�V���V�W�U�X�F�W�X�U�H�����E�R�W�K���D�W���W�K�H���D�W�R�P�L�F�����O�R�F�D�O���H�Q�Y�L�U�R�Q�P�H�Q�W���D�U�R�X�Q�G���,�Q����

and nanoscale (crystallinity and phase composition) levels. We prepared model monodisperse 

nanocrystalline In2O3 nanoparticles14 of ca. 7 nm in size and probed the evolution of the catalyst structure 

during CO2 hydrogenation with TOS by operando XAS-XRD. We have exploited experimental 

conditions in which three different stages of performance of the In2O3 catalyst could be clearly 

differentiated, viz. activation, stable performance and deactivation. The quantitative evolution of 

characteristic structural features of In2O3 was determined for each stage. We observe that the reduction 

of In2O3 under catalytic operation correlates with the formation of active Vo sites while deactivation 

coincides with the over-reduction to metallic In. We probed catalyst regeneration in CO2 or air and 

observed that the spent catalyst can be partially re-oxidized by both oxidants, but its initial 

nanocrystallinity could not be recovered. In situ TEM investigations were performed in order to obtain 

real-space information about gas-phase induced structural dynamics. Under reactive conditions and 

electron beam-assisted initiation, a transformation of In2O3 particles into a dynamic, film-like structure 

was observed. The dynamic state is characterized by a constant interconversion between amorphous and 

crystalline components. Overall, our work was able to examine in detail the fundamental question of 

relating structure, molecular function and reactivity, establishing thereby a structure-performance 

relationship for In2O3-based methanol synthesis catalysts. 

2. 3. Experimental Section 

2.3.1 Synthesis  

Monodisperse nanocrystalline In2O3 nanoparticles (NPs) were prepared from indium (III) 

acetylacetonate (acac) using a literature procedure15 that is reproduced below for convenience. A slurry 

of In(acac)3 (0.75 g, 2.1 mmol) in 30 mL oleylamine (1:43 molar ratio) was heated to and held at 250 °C 

for 7 h under an N2 flow using a Schlenk flask equipped with a condenser. The resulting reaction mixture 

was cooled down to room temperature yielding a brown viscous oil. The addition of dichloromethane 

(35 mL) gave a precipitate that was collected by centrifugation, washed with ethanol (2 �u 80 mL) and re-

dispersed in toluene. Drying at 100 °C for 5 h yielded nanoparticles of In2O3 that were further calcined at 

400 °C (3 °C min�±1) for 3 h. 
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2.3.2 Characterization 

Nitro�J�H�Q���S�K�\�V�L�V�R�U�S�W�L�R�Q���Z�D�V���S�H�U�I�R�U�P�H�G���R�Q���D���1�2�9�$�����������H�����4�X�D�Q�W�D�F�K�U�R�P�H�����L�Q�V�W�U�X�P�H�Q�W���D�W���í������ °C. 

Prior to the experiment, the samples were outgassed at 300 °C for 3 h. The specific surface area and pore 

�Y�R�O�X�P�H�� �Z�H�U�H�� �F�D�O�F�X�O�D�W�H�G�� �X�V�L�Q�J�� �W�K�H�� �%�U�X�Q�D�X�H�U�í�(�P�P�H�W�W�í�7�H�O�O�H�U�� ���%�(�7��16 �D�Q�G�� �%�D�U�U�H�W�W�í�-�R�\�Q�H�U�í�+�D�O�H�Q�G�D��

(BJH)17 models, respectively. The XRD data of the calcined NPs were collected on a PANalytical 

Empyrean X-ray Powder Diffractometer (45 kV and 40 �P�$���� �X�V�L�Q�J�� �&�X�� �.�.�� �;-ray radiation. The 

�G�L�I�I�U�D�F�W�R�P�H�W�H�U���Z�D�V���H�T�X�L�S�S�H�G���Z�L�W�K���D�Q���;�¶�&�H�O�H�U�D�W�Rr Scientific ultrafast line detector and Bragg�±Brentano 

�+�'���L�Q�F�L�G�H�Q�W���E�H�D�P���R�S�W�L�F�V�����7�K�H���V�F�D�Q�V���Z�H�U�H���F�R�O�O�H�F�W�H�G���L�Q���W�K�H���������U�D�Q�J�H���R�I�����ƒ�±100° (step size: 0.1° and time 

per step 12 s). Diffuse Reflectance Infrared Fourier Transform (DRIFT) spectroscopy was conducted in 

a Praying Mantis diffuse reflectance accessory using a Nicolet 6700 FT-IR spectrophotometer using 32 

scans at a resolution of 8 cm�±1 in absorption mode. Ex situ transmission electron microscopy (TEM) was 

performed on a FEI Talos F200X microscope equipped with four SDD detectors and operated at 200 kV 

in both TEM and scanning TEM (STEM) modes. 

2.3.3 Catalytic tests 

Catalytic CO2 hydrogenation tests were carried out in a high pressure reactor (304.8 mm total 

length, 9.1 mm internal diameter, Hastelloy X, Microactivity Effi, PID Eng&Tech). In a typical 

experiment, 10 mg of In2O3 were mixed with ca. 100 mg of boron nitride (BN, Sigma-Aldrich, diameter 

�F�D�����������P�������7�K�H���Fatalyst was filled onto a porous plate inside the reactor that was hold in place from both 

sides with plugs of quartz wool. Prior to the reaction, the fresh catalyst was pretreated in 80 mL min�±1 of 

N2 at 300 °C and P = 5 bar for 60 min. After the pre-treatment, the desired pressure (20 bar) was set under 

the identical N2 flow. Subsequently, the feed gas was switched to the reaction mixture (H2 : CO2 : N2 = 

3 :  1 :  1 molar ratio). The total flow rate of the feed gas was 80 mL min�±1, corresponding to a GHSV of 

480,000 L kg�±1 h�±1. The outlet of the reactor was heated above the boiling point of methanol and the off-

gas was analysed by a gas chromatograph (GC) equipped with a thermal conductivity detector (TCD), a 

flame ionization detector (FID) and a methanizer (PerkinElmer Clarus 580). 

2.3.4 Operando XAS-XRD Experiments 

Combined operando XAS and powder XRD measurements were performed at the Swiss-

Norwegian beamlines (SNBL, BM31) at the European Synchrotron Radiation Facility (ESRF), Grenoble, 

France. XAS spectra were collected at the In K-edge using a Si(111) double crystal monochromator in 

transmission mode with continuous scanning between 27750 and 29000 eV and a step size of 0.5 eV. The 

scan duration was 150 s. XRD data were collected with a 2D DEXELA detector using a Si (111) channel-

cut monochromator, set at a wavelength of 0.5060 Å.18 Ca. 6 mg of a mixture containing fresh In2O3 
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(0.6 mg) and boron nitride was used for optimal X-ray absorption and to ensure an appropriate gas-

particles contact time. The catalyst was placed between two plugs of quartz wool in a quartz capillary 

reactor cell (1 mm outer diameter, 0.02 mm wall thickness). XRD data were averaged over 30 s. 

Averaging procedures and azimuthal integration were performed with the pyFAI software using NIST 

LaB6 powder as a standard.19 The beam size was set to 0.5 �u 2 mm and 0.5 �u 0.5 mm for XAS and XRD, 

respectively. Schematics of the experimental setup and the methodology are shown in Figure 2.1. The 

alternating XAS-XRD cycles utilized the following steps: (i) heating up to 300 °C in N2 (5 bar, 

10 mL min�±1, 10 °C min�±1), (ii) pressurizing to 20 bar in N2 at 300 °C, (iii) switching to CO2 

hydrogenation conditions (300 °C, 20 bar, 10 mL min�±1, H2 : CO2 : N2 = 3 : 1 : 1 vol. %, GHSV = 

1000,000 L kg�±1 h�±1), iv) treating the deactivated catalyst with CO2 (300 °C, 20 bar, 10 mL min�±1) for 

30 min, and then, v) depressurizing to atmospheric pressure and subsequently introducing a flow of air 

(300 °C, 10 mL min�±1, 1 bar). The outlet of the capillary reactor cell was heated above the boiling point 

of methanol and fed to a GC (Global Analyser Solutions, equipped with TCD and FID detectors, 

Figure S2.5). Changes in temperature, gas pressure and composition as a function of TOS are shown in 

Figure S2.6. A pellet of InCl2 measured at room temperature served as the In+2 XAS reference, while the 

XAS spectra of In2O3 and In0 references were collected at 300 °C (Figure S2.8). XAS energy calibration 

was performed with an In reference at 27940 eV. Athena and Artemis software were used for the 

processing of the XAS data and EXAFS fittings, respectively.20 Details of the EXAFS fitting procedure, 

Linear Combination Fitting (LCF) and Multivariate Curve Resolution (MCR) Alternating Least Squares 

(ALS) analysis are described in the ESI. The analysis of the XRD patterns was performed using the 

Fullprof software. Rietveld refinement of In2O3 crystal structures were carried out using the Ia-3 space 

group and atomic positions following previously published crystal structures.21 Size broadening was 

implemented in the Rietveld analysis and the instrumental broadening was determined from a refinement 

of the LaB6 standard (NIST). A control experiment was carried out by diluting metallic indium powder 

in BN and collecting XRD and XAS data between room temperature and 300 °C under a constant flow 

of H2 (5 mL min�í1, 5 vol. % in He, Figure S2.10). 
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Figure 2.1. a) TEM of as-prepared In2O3 NPs and their size distribution (inset); b) XRD profiles (�� = 1.5406 Å) 

and fit of the Rietveld refinement of the calcined In2O3 NPs; c) a schematic illustration of the combined operando 

XAS-XRD experiment at BM31, ESRF; d) Operando In K-edge XANES under CO2 hydrogenation conditions; e) 

selected chromatographs showing the varying amounts of methanol produced with time on stream; f) XRD profiles 

over a selected range of Bragg angles (�� = 0.506 Å, full range is shown in Figure S2.28) with indexed Bragg peaks 

of bcc-In2O3 and BN (rhombohedral, labelled with *); g) the Fourier-transform of the k2-weighted operando 

EXAFS (not corrected for phase shift) of the In2O3 NPs during CO2 hydrogenation. The arrows indicate the 

direction of changes with TOS. 

2.3.5 Environmental TEM  

Environmental transmission electron microscopy (ETEM) was performed using an aberration-

corrected JEOL Grand ARM microscope that was operated at 300 kV. Calcined In2O3 NPs were dispersed 

in CHCl3 and drop-deposited on a silicon based micro-electromechanical systems (MEMS) chip from 

DENSsolutions. After loading the sample, the MEMS chip was plasma-cleaned, assembled into the 
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DENSsolutions Climate holder, and calcined in the microscope at 400 °C for 3 h. In order to study the 

pristine state of the In2O3 NPs, images and diffraction pattern were recorded at 400 °C, and after cooling 

to 300 °C in air. After evacuation of the nanoreactor, a gas mixture of H2 : CO2 at a ratio of 3 : 1 was 

introduced up to a total pressure of around 800 mbar, while keeping the temperature constant at 300 °C. 

Several TEM images and videos were acquired during the in situ experiments from different areas of the 

specimen.�� 

2. 4. Results and Discussion 

2.4.1 Characterization of the as-prepared and calcined In2O3 nanoparticles 

Nanoparticles of In2O3 prepared by a colloidal approach from In(acac)3 in oleylamine are nearly 

monodisperse with an average diameter of ca. 7 nm, both before and after calcination at 400 °C (3 h), as 

demonstrated by TEM analysis (Figures 2.1a and S2.2). Analysis of the X-ray powder diffraction data 

confirms that the particles are nanocrystalline with an average apparent crystallite size of ca. 7 nm and a 

bcc-In2O3 structure (body center cubic bixbyite-type, Ia-3 space group, Figure 2.1b). The BET surface 

area of the calcined In2O3 was 81 m2 g�í1 and, according to DRIFT spectroscopy (Figure S2.1), the surface 

of india contained no oleylamine ligand after the calcination.22 

2.4.2 Combined operando XAS-XRD CO2 hydrogenation experiment 

To investigate changes that occur in In2O3 nanoparticles at the atomic and nanoscale levels during 

CO2 hydrogenation, combined time-resolved (ca. 3 min) operando XAS-XRD experiments were carried. 

The outlet gas stream was analysed by a compact GC with a time resolution of ca. 3 min per run. The 

In2O3 NPs mixed with a diluent (boron nitride) were loaded in a quartz capillary reactor and GC, XANES-

EXAFS and XRD data were collected quasi-simultaneously (Figure 2.1c). We collected alternating In K-

edge XAS and XRD data (10 and 1 scans, respectively) under CO2 hydrogenation conditions (300 °C, 

20 bar, GHSV ca. 1,000,000 L kg�í1 h�í1). Gas chromatograms, XANES and XRD data, as well as the 

Fourier transformed (FT) EXAFS functions collected during the first 140 min of CO2 hydrogenation are 

presented in Figures 2.1d-g. The changes observed in the XANES-EXAFS-XRD data indicate a chemical 

and structural evolution of the In2O3 NPs with TOS. Below, we first quantitatively correlate the 

experimental results related to the oxidation state, local and nanocrystalline structure of In2O3 NPs 

(XANES, EXAFS, XRD, respectively) to the catalytic activity as a function of TOS considering each 

technique individually. Subsequently, we draw conclusions from the combined data set. 

GC data of the operando experiment. The catalytic performance expressed as space time yield 

(gMeOH gIn2O3
�í1 h�í1), distinguishes three stages of the CO2 hydrogenation reaction: i) activation, where the 

methanol production rate constantly increases from zero up to 0.35 gMeOH gIn2O3
�í1 h�í1 over the first 48 min, 
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ii) stable performance, where a high activity is maintained at a plateau for 42 min, followed by iii) 

deactivation, marked by a gradual decline of the space time yield with TOS, dropping to 0.05 

gMeOH gIn2O3
�í1 h�í1 after 210 min (Figure 2.2a).  

Importantly, a qualitatively similar reaction profile was obtained in the laboratory-scale catalytic 

reactor using a ca. 2 times lower GHSV than during the operando XAS-XRD experiment. Also in the 

laboratory-scale catalytic reactor, In2O3 showed an activation period for ca. 60 min, in which the methanol 

production rate increased to 0.21 gMeOH gIn2O3
�±1 h�±1, followed by deactivation (97% activity loss over 810 

min TOS, Figure S2.3). The methanol selectivity showed a similar trend, first reaching 54% after 60 min 

TOS and then decreasing gradually to 14% after 810 min TOS. Note that, the increasing concentration of 

CO (in addition to H2) with TOS may accelerate the reduction of In2O3 (vide infra). 

EXAFS: the local atomic structure. The FTs of the EXAFS data show a peak centered at ca. 

1.8 Å (not corrected for phase shifts) due to the In-O shell and another peak at ca. 3.3 Å consistent with 

the In-In shell (Figure 2.1g).23,24 The fitting of the EXAFS FTs allows determining the coordination 

numbers (CN), Debye-�:�D�O�O�H�U�� �I�D�F�W�R�U�V�� ���12) and interatomic distances (R) as a function of TOS 

(Table S2.1). We observe a decrease in the amplitude of In-O and In-In shells as the reaction progresses. 

At TOS = 3 min, the In-O and In-In shells in In2O3 NPs are characterized by RIn-O = 2.163(5) Å, 

CNIn-O = ���������������� �12
In-O = 0.0085(1) Å2 and RIn-In = 3.371(6) Å, CNIn-In = ���������������� �12

In-In = 0.0092(2) Å2, 

respectively. Starting from TOS = 3 min, the local structure of In2O3 evolves further (Figure 2.2b) as 

changes in the In-O and In-In coordination numbers obtained from fits become apparent. During the 

�I�L�W�W�L�Q�J�����W�K�H���12 factors, which account for the thermal and static disorder in the coordination shell, were 

kept constant at �W�K�H���Y�D�O�X�H���R�I���W�K�H���I�L�U�V�W���I�L�W�����Q�R�W�H���W�K�D�W���12 and CN are highly correlated). The activation stage 

is characterized by a minor decrease in coordination numbers of both shells, i.e. from 4.5(3) to 4.2(3) for 

CNIn-In and from 5.5(2) to 4.9(1) for CNIn-O after 48 min TOS, most likely due to the creation of oxygen 

vacancies. The two subsequent stages feature a faster decline of the coordination numbers, i.e. to 4.3(2) 

and 3.2(2) (CNIn-O) and to 3.6(4) and 2.4(4) (CNIn-In) after 90 and 137 min, respectively. After 210 min, 

the CNIn-O and CNIn-In are as low as 1.7(2) and 1.3(6), respectively. The decrease of the CNIn-In�� implies 

less In-In pairs at 3.2 Å, which suggests a reducing long-range order of india nanocrystallites with TOS.24 

The change in the slope of the decreasing coordination numbers at ca. 70 min coincides with the detection 

of In0 by XANES analysis (vide infra). Moreover, the quality of the fit decreases from ca. 90 min onwards, 

as indicated by the increased R-factor (Table S2.1). This observation suggests that the applied model 

based on an In2O3 structure does not fully account for changes after 90 min of TOS. The loss of the long-

range order can be rationalized by the formation of In0, which is in a molten state at the reaction 
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conditions. Indeed, comparing the EXAFS functions and the corresponding FT collected with TOS to the 

signatures of molten In0 reveals that changes in the EXAFS functions at TOS = 101 min can be associated 

with molten In0. The EXAFS FT (not corrected for phase shift) of In0 (data collected at 300 °C under 5 

vol. % H2 in He) exhibits a peak centered at ca. 2.7 Å, corresponding to In-In distance (Figure S2.10c). 

We also found that inclusion of a scattering path from the In-In shell in metallic In (fitted at an interatomic 

distance of ca. 3.1 Å) in the acquired EXAFS data at 137 and 210 min (where the signal from In0 is 

considerable) substantially improves the quality of the fitting (Figures S2.13 and S2.16), providing a 

further strong indication for the presence of In0 under these conditions and with TOS.  

The local structure of molten indium was probed in a control XAS-XRD experiment with metallic 

In (using 5% H2 in He flow to avoid oxidation, m.p.(In) = 156.6 °C).25 While XRD data confirms the loss 

of the Bragg reflections, the normalized EXAFS data and their FT in R space showed a different local 

structure of In at 300 °C relative to 50 °C, yielding a In-In distance at 2.9 Å at 300 °C (Figure S2.10). 

Therefore, the continuous decline of the amplitude in the In-In coordination sphere in In2O3 with TOS 

could be attributed partially to the gradual formation of molten In0 starting at ca. 1 h TOS, confirming 

that metallic In forms under CO2 hydrogenation conditions. 

XANES: the oxidation state of In. The XANES spectra show a decrease in the white line intensity 

and a shift of the edge and white line positions towards lower energies (both are indicative of a reduction 

of the In2O3 NPs) with TOS (Figure 2.1d). The changes in the XANES spectra are presented using the 

edge energy shift with respect to the In2O3 reference that was measured after 3 min TOS (as for the 

�(�;�$�)�6���D�Q�D�O�\�V�L�V���D�E�R�Y�H�����D�Q�G���G�H�I�L�Q�H�G���D�V���û�(0 = E0(TOS) �± E0(In2O3) (Figure 2.2c). The mean oxidation 

state of the catalyst at the activation stage is closer to In+3 than to In+2 �D�Q�G���W�K�H���û�(0 parameter is fairly 

�V�W�D�E�O�H�� �D�W�� �F�D���� ���� �W�R�� �í������ eV. Between ca. 48 and 90 min, i.e���� �G�X�U�L�Q�J�� �W�K�H�� �V�W�D�E�O�H�� �S�H�U�I�R�U�P�D�Q�F�H�� �V�W�D�J�H���� �û�(0 

gradually declines further by another �±0.5 �H�9���� �,�Q�� �W�K�H�� �G�H�D�F�W�L�Y�D�W�L�R�Q�� �V�W�D�J�H�� �û�(0 shifts by ca. �í1.4 eV, 

reaching the edge energy level of the In+2 reference (InCl2) at ca. 110 min TOS and approaching that of 

the In0 reference after 210 min TOS.  
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Figure 2.2. a) Methanol production rate; b) fitted In-O and In-In coordination numbers; c) XANES edge energy 

�V�K�L�I�W�����û�(0) with respect to the In2O3 reference; d) MCR-ALS and e) LCF analyses of the In K-edge XANES data; 

f) fraction of crystalline bcc-In2O3 and crystallite size of the In2O3 NPs during the operando CO2 hydrogenation 

experiment as a function of TOS. <Dxrd> is the average crystallite size. 

Further analysis of the operando XANES data using MCR-ALS method26 reveals that the data is 

well described by three components (Figure S2.23). The assessment of the number of components via 

principal component analysis (PCA) is described in detail in the ESI. Having fixed the rank of the matrices 

C and ST to three, MCR-ALS was run using three guessed spectra for starting the minimization routine 

and the same set of constraints as in the first case (Figures S2.24 and S2.25). Subsequently, components 

1 and 2 from the previous run were used as the two guessed spectra, while component 3 was replaced by 

the metallic In reference measured at 300 °C (Figure S2.26) as there is a clear evidence for the formation 

of In0 with TOS. Component 1 is matching very well the In2O3 reference (Figure S2.27) while component 

2 corresponds to a partially reduced, Vo-rich intermediate In2O���í�[.27 MCR-ALS analysis (Figure 2.2d) 

reveals that the most active catalyst (i.e. between 48 and 90 min TOS) is associated with a molar fraction 
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of In2O3 in the range 50 �± 40% while In2O���í�[ constitutes 50 �± 60%. The formation of metallic indium sets 

in at ca. 70 min TOS, surprisingly still during the stable performance stage. The onset of catalyst 

deactivation is characterized by a composition of 34, 53 and 13 % of In2O3, In2O���í�[ and In0, respectively. 

At 210 min, the catalyst has lost 86 % of its highest performance and MCR-ALS analysis reveals a molar 

ratio of In0, In2O���í�[ and In2O3�� of 68 : 32 : 0. Considering that the reduction of In+3 cations in In2O3 

proceeds via an intermediate In+2 state and oxygen vacancies, i.e. In2O���í�[,28,29 a linear combination fitting 

(LCF, Figure 2.2e analysis was performed in addition to the MCR-ALS method. Since a stable well-

defined state of In+2 oxide does not exist, we used InCl2 as a reference to model In2O3�íx, in addition to 

In2O3 and molten In0 (XANES reference data collected at 300 °C for both materials, see Figures S2.8 and 

S2.9 for more details). LCF reveals a similar trend regarding the fraction of these three components with 

TOS as the ones obtained by MCR-ALS, in particular during the activation stage. LCF analysis also 

captures the appearance of In0 after ca. 70 min of TOS. During the stable performance stage, however, 

the molar fraction of In2O���í�[ and In2O3 as determined by LCF is, respectively, lower and higher compared 

to the values obtained by MCR-ALS. We attribute this mismatch to the different chemical nature of the 

In2O���í�[ and InCl2 reference (Figure S2.27). Overall, both analysis indicate that In2O���í�[ is an intermediate 

phase with an In oxidation state between +3 and +2 and is associated with the highest catalytic activity. 

XRD: the nanocrystalline structure. The collected XRD patterns exhibit broad peaks of 

nanocrystalline bcc-In2O3 and additional sharp peaks of the BN diluent. With TOS, a decrease of the 

intensities of the In2O3 peaks is observed along with decreasing values of the crystallite size. In addition, 

the background signal between ca. 9 and 13�q (a halo due to an amorphous phase) increases (Figure 2.1f). 

As no other crystalline phases were detected, this observation directs to the amorphization of In2O3 NPs. 

Rietveld analysis allows for quantifying the content of bcc-In2O3 (based on the scale factor determined) 

and the size of the average crystallite (based on peaks broadening) as a function of TOS. The crystallinity 

is determined as the percentage of the bcc-In2O3 phase with respect to the initial quantity of bcc-In2O3 

(while BN serves as an internal standard). This analysis reveals only minor changes in the fraction of 

bcc-In2O3 and the average crystallite size during the activation stage (Figure 2.2f). However, we observe 

amorphization of ca. 62% (loss of crystallinity) after 140 min TOS, while the bcc-In2O3 crystallite size 

decreases by ca. 9%, compared to the initial state (7.2 vs 6.5 nm, respectively, Figure 2.2f). It is important 

to notice that the BN peaks remained constant. The control experiment using metallic In confirmed that 

(i) there are no XRD peaks due to crystalline metallic In at 300 °C and (ii) the increased background 

signal when compared to data collected at room temperature can be ascribed to the diffuse scattering of a 

molten (amorphous) In (Figure S2.10a).  
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To summarize, the results of the combined XANES, EXAFS and XRD analyses with respect to 

the three catalytic stages identified that: i) the crystallinity of bcc-In2O3 is not affected significantly in the 

activation stage, although the coordination numbers of the In-O and In-In shells decrease slightly, more 

pronounced for CNIn-O than for CNIn-In. This is consistent with the formation of Vo sites and the partial 

reduction of In2O3 (as confirmed by XANES); ii) the stable performance stage is associated with a 

continuing (partial) reduction of In2O3 NPs. The decreases of both CNIn-O and CNIn-In suggest that the 

long-range order of In2O3 nanocrystals is gradually lost, in line with a decreasing intensity of the 

bcc-In2O3 peaks. The decrease in the coordination numbers, as well as the decrease of the intensities of 

the In2O3 Bragg peaks, are ascribed to a partial amorphization of the nanocrystallites; iii) the deactivation 

stage is characterized by a further reduction and the beginning of catalyst deactivation coincides almost 

exactly with the formation of (molten) metallic indium manifested by a marked decrease in the 

crystallinity, and a decrease in the average crystallite size, observed by XRD. In0 could form from 

catalytically active Vo sites, depleting their density and therefore reducing the yield of methanol, and/or 

it could cover the surface of the catalyst blocking the remaining Vo active sites. Therefore, the over-

reduction of In2O3 with TOS leads to an amorphous In0/In2O���í�[ material of inferior catalytic activity.  

2.4.3 Probing catalyst regeneration after 210 min TOS 

Regeneration of the spent catalyst by oxidation with CO2 or air was studied by XAS-XRD after 

210 min TOS. Passing CO2 (10 mL min�í1, 20 bar, 300 °C, 30 min) through the deactivated catalyst bed, 

we observed an increase in the white line intensity and a shift of the white line and the edge positions to 

higher energies in the XANES data (Figure S2.31a). The shift of E0 from 27937.8 eV to 27938.6 eV after 

CO2 treatment shows that the In0/In2O���í�[ material can be re-oxidized only partially by CO2. Next, we 

replaced CO2 by air (10 mL min�í1, 1 bar, 300 °C, 30 min) and observed a further increase of E0 to 

27939.1 eV, which is still lower than the initial E0 at TOS = 3 min (27939.8 eV). The amplitudes of the 

In-O and In-In coordination spheres also increase during oxidative regeneration, reaching 2.9(2) and 

2.0(4) for CNIn-O and CNIn-In after oxidation with CO2, respectively. Air oxidation yields a further increase 

of the coordination numbers for In-O and In-In spheres to 3.8(2) and 3.1(4), respectively. However, these 

values are still considerably smaller than in freshly calcined In2O3 (Figure S2.31b). Therefore, XANES 

and EXAFS indicate that CO2 and air treatments can re-oxidize only partially the spent catalyst 

(TOS = 210 min) under the conditions tested here. In addition, during CO2 oxidation we observe 

significant changes in the crystalline phase of the spent catalyst (Figure �6���������F�������%�U�D�J�J���U�H�À�H�F�W�L�R�Q�V����������������

�D�W��������� �����������ƒ���D�Q�G���������������D�W��������� ����1.18°, corresponding to bcc-In2O3 are observed, however, each of these 

peaks consist of one narrow and one broad peak. While the broad component corresponds to a crystallite  
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size ca. 6.5 nm, the crystallite size of the narrow component cannot be estimated precisely since it is 

instrumentally limited, i.e. �•������ nm, which is significantly larger size than that of the fresh catalyst (ca. 

7 nm). This result could be explained by the oxidation of the amorphous In0/In2O���í�[ material that does 

not recover to its original nanocrystalline size but instead yields larger crystallites of In2O3 (sharp In2O3 

peaks). On the other hand, a fraction of In2O���í�[ catalyst is maintained as very small nanocrystals featuring 

broad, low intensity peaks overlapping with the sharp peaks of In2O3 (Figure S2.31c).  

2.4.4 Visualization of the Structural Transformation of In2O3 NPs by in situ TEM  

To ensure that all carbon contamination was removed, the NPs were calcined in situ in the TEM 

cell. The recorded HR-TEM fringes and selected area electron diffraction (SAED) patterns of the calcined 

In2O3 NPs are consistent with the bcc-In2O3 structure. In situ TEM also confirms that the NPs preserve 

their size, narrow size distribution and high degree of crystallinity during calcination (Figure S2.30). It is 

important to note here that the In2O3 particles are stable under the electron beam. Co-feeding of H2 and 

CO2 at a ratio of 3:1 at ca. 800 mbar and 300 °C does not cause any noticeable structural changes of the 

catalyst initially (Figure 2.3a). However, in this atmosphere, a structural transformation can be triggered 

by the electron beam. As soon as the dose rate is increased to levels that are required for conventional 

high-resolution imaging, dynamic changes of the structural of the NPs can be observed. Once initiated, 

these dynamics can be maintained even under low-dose conditions. We speculate that the electron beam-

induced formation of radical species shifts the chemical potential such that structural changes of In2O3 

can take place even under these low pressure conditions. With the duration of the in situ TEM experiment, 

a new phase forms that grows and spreads from the surface and edges of In2O3 NPs (Figure 2.3b-h). 

Notably, areas that show diffraction contrast and intermittent lattice fringes, which can be assigned to the 

(222) planes of crystalline In2O3, can be observed within the growing and spreading amorphous phase 

(marked regions in Figure 2.3d,h). These crystalline domains appear and disappear continuously while 

the amorphous phase increases in size, confirming the high dynamic nature of this transformation process. 

While more work is required to understand the exact role of the beam-induced initiation mechanism, the 

TEM observations are in line with the operando XRD results (Figure 2.2f), viz. a decrease of the level of 

crystallinity of the NPs due to the formation of an amorphous/molten phase with TOS (Figure 2.3). Hence, 

it is highly conceivable that the transformations observed in both experiments are similar in nature. We 

underline that areas that have not been illuminated by the electron beam do not show such dynamics. 

Despite the lower pressure in the in situ TEM experiment (ca. 800 mbar vs 20 bar), the electron beam 

assisted reductive amorphization proceeds faster, i.e. in the order of minutes in the TEM experiment 

compared to hours in the XAS experiment. Given the ability of the electron beam to deposit energy, form  
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radicals, induce and accelerate structural transformations,30-32 one could consider the observed dynamics 

as specific to the in situ TEM experiment. However, the qualitative agreement of the results obtained by 

TEM and XAS and the behaviour of the system as a function of the dose rate in the TEM experiment 

point to the same or at least related structural evolution phenomenon in In2O3 under CO2 hydrogenation 

conditions. It is noteworthy that in the absence of CO2 in the feed (all of the other conditions being 

identical), no change in the structure of the In2O3 NPs was observed by TEM. This means that H2 alone 

is insufficient to induce the observed reductive amorphization. Indeed, the reduction of bulk In2O3 by H2 

starts above 400 oC and is complete at ca. 800 oC while the surface reduction of In2O3 by H2 begins already 

at 100 oC.10,33-36 However, CO that can be produced on india from a mixture of CO2 and H2 through the 

RWGS reaction or the reduction of CO2 by In2O3�íx
37 is a stronger reducing agent for In2O3 than H2 (the 

initial rates of reduction with CO are an order of magnitude higher than those for H2 at T = 200 �± 500 oC). 

Hence, it is likely that CO plays a role in inducing the observed structural transformation.38 In other words, 

CO2 can serve as the oxygen transfer reagent, lowering the energies required to disproportionate defective 

In2O���í�[ to crystalline In2O3 and metallic In (crystallizing oxygen vacancies sites),39 although this process 

could also be induced by water.40, 41 

 

Figure 2.3. In situ TEM images showing the transformation of crystalline In2O3 NPs into a film-like 

amorphous/molten phase (300 °C, CO2 : H2 = 1 : 3 ratio, 800 mbar). Highlighted areas contain crystalline structures 

attributed to In2O3 that dynamically transform into an amorphous/molten phase and vice versa.  

2. 5. Conclusions 

The structural evolution of crystalline In2O3 nanoparticles of ca. 7 nm in diameter as probed by 

operando XAS-XRD was correlated to three distinct catalytic stages during CO2 hydrogenation: 
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activation, stable performance and deactivation. During the activation stage, the crystallinity of the 

bcc-In2O3 catalyst is not affected significantly and the small decrease of the In-O coordination number is 

consistent with the formation of oxygen vacancy Vo sites, leading to the active In2O���í�[ phase. This 

observation is supported also by the partial reduction of india as probed by XANES. The local structure 

and the oxidation state of the reduced In2O3 catalyst during the period of the highest methanol production 

rate is characterized by CNIn-O ranging from 4.9(1) to 4.3(2) and CNIn-In from 4.2(3) to 3.6(4) and a mean 

In oxidation state between +3 and +2. MCR-ALS analysis reveals that the most active catalyst contains a 

molar fraction of In2O3 in the range 50�±40%, while In2O���í�[ constitutes 50�±60%. The reductive 

amorphization of the In2O���í�[ nanocrystallites progresses with TOS leading ultimately to an over-reduction 

to molten In0. The mixture of In0/In2O���í�[, is linked to the gradual deactivation of the catalyst. The 

crystallinity of the deactivated catalyst is reduced by ca. 60%. The spent catalyst can be re-oxidized only 

partially in CO2 and air (300 oC, 20 and 1 bar, respectively) and its original nanocrystalline structure 

cannot be recovered. Direct observation of In2O3 using in situ TEM confirms that under reaction 

conditions the structure of the catalyst is highly dynamic leading to a reductive amorphization and a 

continuous interconversion between amorphous/molten and crystalline In2O���í�[ domains. Overall, the 

obtained results indicate that there is a direct relationship between the crystallinity, the local structure and 

the oxidation state of In2O3 and the catalytic performance during the CO2 hydrogenation to methanol: 

In2O���í�[ is the active phase while formation of In0 leads to catalyst deactivation. 

2. 6. Supplementary Information 

2.6.1 Characterization of Prepared In2O3  

 

Figure S2.1. In situ DRIFT spectra of In2O3 NPs diluted in KBr upon heating from 25 to 400 °C under air flow (50 

mL min�±1). 
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Figure S2.2. TEM images of In2O3 NPs after calcination at 400 °C for 3 h.  

The sample was deposited directly to the TEM copper grid without re-dispersion in a solvent. 

2.6.2. CO2 Hydrogenation Tests in a Fixed Bed Reactor 

In all experiments, CH4 concentration in the outlet gas was negligible. The formation rates of 

MeOH and the selectivity to methanol and CO were calculated using the following equations.  

Fout (mol h -1) = 
�¿�Ô�Ù��
H���¼�¿�.�á�Ô�Ù��

�¼�¿�.�á�Ú�à�ß��
       (eq. S2.1) 

rMeOH (gMeOH h-1 gIn2O3
-1)  = 

�¿�Ú�à�ß��
H���¼�¾�Ð�À�¹�á�Ú�à�ß����
H���Æ�ê�¾�Ð�À�¹��

�ê�º�Ù�.�À�/
  (eq. S2.2) 

SMeOH = 
���¿�¾�Ð�À�¹�á�Ú�à�ß����

�¿�¾�Ð�À�¹�á�Ú�à�ß���>���¿�´�À�á�Ú�à�ß
 × 100     (eq. S2.3) 

SCO = 
���¿�´�À�á�Ú�à�ß����

�¿�¾�Ð�À�¹�á�Ú�à�ß���>���¿�´�À�á�Ú�à�ß
 × 100     (eq. S2.4) 

where Fin is a total gas inlet flow rate (mol h-1), Fout is a total gas outlet flow rate (mol h-1), CN2,in 

is the inlet gas fraction of  N2 (which serves as an internal standard), CMeOH,out is the outlet gas fraction of 

MeOH, rMeOH is the production rate of methanol (gMeOH h-1 gIn2O3
-1), MwMeOH is the molecular weight of 

methanol which is equal to 32.042 g mol-1 and wIn2O3 is the In2O3 content in the catalytic bed.   
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Figure S2.3. The methanol formation rate and selectivity with calcined In2O3 NPs measured in a fixed bed reactor 

using calcined In2O3 NPs diluted in BN (10 mg of In2O3 mixed with 100 mg BN). 

Reaction conditions P = 20 bar, H2 : CO2 : N2 = 3 : 1 : 1 vol. %, and GHSV=480,000  

L kg�±1 h�±1. 

Benchmark methanol synthesis catalyst (Cu-ZnO-Al 2O3) purchased from Alpha Aesar was tested 

under the same reaction conditions after pretreatment in 5 vol. % H2/N2 at 300 °C for 1 h. 

 

Figure S2.4. The methanol formation rate and selectivity with commercial Cu-ZnO-Al 2O3 catalyst diluted in BN 

(10 mg of catalyst mixed with 100 mg BN). 
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Reaction conditions: P = 20 bar, H2 : CO2 : N2 = 3 : 1 : 1 vol. %, and GHSV=480,000  

L kg�±1 h�±1. 

Under the conditions tested here, the catalytic performance expressed as space time yield 

(gMeOH gcat
�±1 h�±1) of the commercial Cu-ZnO-Al 2O3 catalyst is stable with TOS and is higher compared to 

STY of In2O3 NPs. However, the MeOH selectivity of Cu-ZnO-Al 2O3 catalyst is stable but low (ca. 15 

%). 

2.6.3. Operando XAS-XRD Experiment 

 

 

Figure S2.5. A photograph of the operando XAS-XRD set-up at the BM31, SNBL at ESRF. 
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Figure S2.6. The reaction profile for the operando XAS-XRD experiment. 

 

Figure S2.7. Methanol formation rate on In2O3 during the operando CO2 hydrogenation experiment.  

Reaction conditions: P= 20 bar, H2 : CO2 : N2 = 3 : 1 : 1 vol. %, GHSV= 1000,000 L kg�±1 h 
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2.6.4. Linear Combination Fitting (LCF) Analysis  

The linear combination fitting (LCF) analysis was carried out using the Athena software in the 

range of 27323 �± 27994 eV.20 Since a stable pure state of In2+ oxide does not exist, we used InCl2 as a 

reference to model In2O3�íx. InCl2 was measured as a pellet at room temperature while the XANES spectra 

of In2O3 and In0 were collected at 300 °C and are shown in Figure S2.8. 

 

Figure S2.8. XANES spectra of In K-edge for In2O3, InCl2 and metallic In used as references for In+3, In+2 and In0 

oxidation states, respectively.  

InCl2 was measured as a pellet at room temperature while the XANES spectra of In2O3 and In0 

were collected at 300 °C. As the oxidation state of In decreases, a decrease in the white line and a shift in 

the edge position to lower energies are observed. 

First, the fitting was performed using only two references, In2O3 and In0, however the quality of 

the fit was deteriorating especially after ca. 75 min TOS. This indicates that the third reference with an 

intermediate state (InCl2 in this case) is necessary. The improvement of the fitting quality when using 

three instead of two references is shown in Figure S2.9 for the data collected after ca. 137 min TOS. 
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Figure S2.9. Fitting XANES spectra of In K-edge after ca. 137 min (a) with two references (In2O3 and In0) and (b) 

with three references (In2O3, InCl2 and In0).  

The quality of the fit is improved when 3 references are used especially at the white line region (E ca. 27940- 27960 

eV). 

2.6.5. Metallic In Reference Experiment 

In a reference XAS-XRD experiment, metallic In powder (Sigma-Aldrich, 99.99% purity) diluted 

with BN was heated from room temperature to 300 °C under 5 vol. % H2 in He to avoid any oxidation. 

Figure S2.10 presents a comparison of the data collected at room temperature with the data collected at 

300 °C. At room temperature, the sample exhibits In Bragg peaks (ICSD 53777). At 300 °C under 5 

vol. % H2, these peaks disappeared, producing an increased background halo in the XRD pattern ascribed 

to the diffuse scattering of the (amorphous) molten phase (Figure S2.10a). This experiment also highlights 

the effect of temperature (and the local structure) on the normalized EXAFS data in R space for In0 as the 

amplitude of the In-In coordination sphere (2.9 Å) reduces significantly at 300 °C compared to 50 °C, 

due to the loss of long range order in the molten state (Figure S2.10c). Figure S2.10b shows that that 

XANES spectra of the sample measured at 50 and 300 °C exhibit slight differences in the position of the 

edge and intensity of the white line. 
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Figure S2.10. ���D�����;�5�'���S�U�R�I�L�O�H��������� ���������������c�����V�H�O�H�F�W�H�G���U�D�Q�J�H���������E�����;�$�1�(�6���R�I���,�Q���.-edge, (c) Fourier-transform of 

k2-weighted EXAFS and (d) k2-weighted EXAFS functions at In K-edge of In metallic at 50°C and 300 °C under 

5 vol. % H2 in He. 

2.6.6. Analysis of EXAFS Data 

Extended X-ray absorption fine structure (EXAFS) data were analyzed using the Demeter 

program package.20 The theoretical model used for the EXAFS fitting was generated from bcc-In2O3 

structure. The amplitude reduction factor, S0
2, Debye Waller-�I�D�F�W�R�U�V���12 were first determined for In2O3 

after 3 min TOS and to reduce the number of refined parameters, Debye Waller-�I�D�F�W�R�U�V�����12) were fixed; 

while the coordination number and interatomic distances and energy shift were variables during the 

�I�L�W�W�L�Q�J�������12 of the In-O and In-In paths were fixed to 0.0092 Å2 and 0.0086 Å2 respectively. The two paths 

used for In-O and In-In shell (Figure S2.19) at R���q 1.8 Å and R���q 3.3 Å (not corrected for phase shift), 

respectively, were generated from the bcc-In2O3 structure. Fittings were performed in all 3 k-weights to 

validate the model using R range between 1.3 - 3.4 Å. 



45 
 

 

Figure S2.11. Fitting of a) k1, b) k2 and c) k3-weighted EXAFS data after 3 min TOS during operando CO2 

hydrogenation. 

2.6.7. Changes in the Local Structure with TOS 

The structural values obtained from best fits of the k2-weighted EXAFS data are summarized in 

Table S2.1. Measurements 1-40 correspond to the data collected from 3-137 min TOS, with a time interval 

of ca. 3 min and measurement 41 corresponds to the data collected after 210 min TOS under CO2 

hydrogenation conditions (300 °C, 20 bar, 10 mL min�±1 H2 : CO2 : N2 = 3 : 1 : 1 vol. %, GHSV = 

1000,000 L kg-1 h-1). Measurements 42 and 43 correspond to the data collected after treating the catalyst 

with 10 mL min�±1 CO2 (20 bar) for 30 min and then with 10 mL min-1 air (1 bar) for another 30 min at 

300 °C. 

Table S2.1. EXAFS fitting results of In K-edge of In2O3 NPs during the operando CO2 hydrogenation and CO2 and 

air re-oxidation. 

Measurement Shell N 

 

�û�(���H�9��������

(eV) 

 

R, (Å) 

 

R-factor 

1 In-O 5.5(2) 2.9(5) 2.163(5) 0.004 
In-In 4.5(3) 3.371(6) 

2 In-O 5.5(1) 4.0(5) 2.170(5) 0.003 
In-In 4.7(3) 3.380(6) 

3 In-O 5.4(1) 4.1(5) 2.173(5) 0.003 
In-In 4.7(3) 3.381(5) 

4 In-O 5.4(1) 4.0(4) 2.172(5) 0.003 
In-In 4.7(3) 3.382(5) 

5 In-O 5.3(2) 4.0(6) 2.173(6) 0.005 
In-In 4.0(6) 3.38(3) 

6 In-O 5.3(1) 4.1(5) 2.174(5) 0.003 
In-In 4.7(3) 3.385(5) 

7 In-O 5.3(2) 3.7(5) 2.167(5) 0.004 
In-In 4.6(3) 3.38(3) 

In-O 5.3(2) 2.173(6) 
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8 In-In 4.5(3) 4.1(6) 3.380(7) 0.005 

9 In-O 5.3(1) 3.9(5) 2.171(5) 0.003 
In-In 4.5(3) 3.380(6) 

10 In-O 5.2(2) 4.5(6) 2.169(6) 0.005 
In-In 4.4(3) 3.380(7) 

11 In-O 5.0(1) 3.6(5) 2.172(5) 0.004 
In-In 4.6(3) 3.379(6) 

12 In-O 5.2(2) 3.6(7) 2.171(7) 0.006 
In-In 4.3(4) 3.381(8) 

 
13 In-O 5.1(1) 3.9(5) 2.173(6) 0.004 

In-In 4.3(3) 3.384(7) 

 
14 In-O 4.9(1) 4.0(5) 2.174(5) 0.004 

In-In 4.2(3) 3.383(6) 

 
15 In-O 5.0(2) 4.3(6) 2.170(6) 0.005 

In-In 4.2(3) 3.381(7) 

 
16 In-O 4.9(2) 3.6(7) 2.171(7) 0.007 

In-In 4.3(4) 3.380(8) 

17 In-O 4.9(2) 3.6(7) 2.171(7) 0.006 
In-In 4.3(4) 3.381(8) 

18 In-O 4.3(4) 3.8(6) 2.174(6) 0.005 
In-In 4.2(3) 3.382(7) 

19 In-O 4.8(2) 3.6(6) 2.172(6) 0.005 
In-In 4.1(3) 3.379(7) 

20 In-O 4.7(2) 4.1(6) 2.172(6) 0.005 
In-In 4.0(3) 3.380(7) 

21 In-O 4.5(2) 3.3(6) 2.175(6) 0.006 
In-In 4.0(3) 3.382(7) 

22 In-O 4.5(2) 3.2(7) 2.173(7) 0.008 
In-In 3.9(4) 3.380(9) 

23 In-O 4.4(2) 3.2(7) 2.172(7) 0.008 
In-In 3.8(4) 3.381(9) 

24 In-O 4.4(2) 3.2(9) 2.171(9) 0.01 
In-In 3.7(4) 3.381(1) 

25 In-O 4.3(2) 2.8(9) 2.167(9) 0.01 
In-In 3.6(4) 3.38(1) 

26 In-O 4.3(2) 4.8(8) 2.179(9) 0.01 
In-In 3.6(4) 3.39 (1) 

27 In-O 4.2(2) 3.3(7) 2.175(7) 0.008 
In-In 3.4(3) 3.381(9) 

In-O 4.2(2) 2.179(8) 
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28 In-In 3.3(3) 4.6(7) 3.384(9) 0.008 

29 In-O 3.9(2) 3.7(8) 2.178(8) 0.009 
In-In 3.5(4) 3.386(9) 

30 In-O 3.9(2) 3.6(8) 2.177(9) 0.01 
In-In 3.4(4) 3.38(1) 

31 In-O 3.8(2) 3.2(9) 2.17(1) 0.01 
In-In 3.2(4) 3.38(1) 

32 In-O 3.6(2) 3(1) 2.18(1) 0.02 
In-In 3.2(4) 3.38(1) 

33 In-O 3.5(2) 4(1) 2.18(1) 0.01 
In-In 3.0(4) 3.39(1) 

34 In-O 3.5(2) 4(1) 2.17(1) 0.02 
In-In 2.8(4) 3.39(1) 

35 In-O 3.5(2) 3(1) 2.17(1) 0.02 
In-In 2.8(4) 3.38(1) 

36 In-O 3.3(2) 4(1) 2.18(1) 0.02 
In-In 2.9(4) 3.39(1) 

37 In-O 3.3(2) 3(1) 2.17(1) 0.02 
In-In 2.6(4) 3.38(1) 

38 In-O 3.2(2) 8(1) 2.18(1) 0.02 
In-In 2.4(4) 3.38(1) 

39 In-O 3.1(2) 4(1) 2.18(1) 0.03 
In-In 2.6(5) 3.38(2) 

40 In-O 3.2(2) 5(1) 2.18(1) 0.02 
In-In 2.4(4) 3.38(2) 

41 In-O 1.7(3) 5(3) 2.19(3) 0.1 
In-In 1.3(6) 3.39(4) 

42 In-O 2.9(2) 6(1) 2.17(1) 0.02 
In-In 2.0(4) 3.37(2) 

43 
In-O 3.8(2) 

5.8(9) 
2.17(1) 

0.01 
In-In 3.1(4) 3.38(1) 

2.6.8. Probing the Formation of Molten In0 by EXAFS 

As observed from Table S2.1, the R-factor of the fittings shows and increasing trend with TOS, 

reaching a value of 0.1 for 210 min TOS (measurement 41). This may be attributed to the gradual 

formation of molten In0. 

Comparison of the EXAFS functions collected with TOS to the data of molten In0 reveals that 

changes in EXAFS functions at TOS = 101 min can be associated with molten In0 (Figure S2.12). 
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Figure S2.12. Selected experimental k2-weighted EXAFS functions of the In2O3 NPs during the operando CO2 

hydrogenation and metallic In at 300 °C under 5 vol. % H2 in He. The arrows indicate the direction of changes with 

TOS. 

Therefore, we include one more In-In path generated from I 4/m m m In0 structure at R ca. 2.9 Å. 

�7�K�H���12 of this path is fixed to the value of 0.00856 equal to the one determined for the In-In path generated 

from the bcc-In2O3 structure. The coordination number, interatomic distances and the energy shift were 

variables during the fitting as well. As shown in Figure S2.13 and Table S2.2, the fitting quality is 

improved and the R-factor decreases to 0.05. Similarly, the fitting of the data collected after 137 min TOS 

(measurement 40) is improved after including the In0 generated In-In path (Figure S2.16). This 

observation is in line with LCF, MCR analysis and XRD supporting the gradual formation of molten 

metallic In after ca. 70 min TOS (measurement 21). For completeness, we present also the fittings in k1 

and k3 weights of the data collected after 210 (Figures S2.14 and S2.15) and 137 min (Figures S2.17 and 

S2.18) without and with In-In path from generated In0. 
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Figure S2.13. Fitting of k2-weighted EXAFS data (a) without and (b) with the In-In path generated from I 4/m m 

m In0 structure at R���q 2.9 Å of In2O3 NPs after 210 min TOS during the operando CO2 hydrogenation experiment. 

 

 

Figure S2.14. Fitting of k1-weighted EXAFS data (a) without and (b) with the In-In path generated from I 4/m m 

m In0 structure at R���q 2.9 Å of In2O3 NPs after 210 min TOS during the operando CO2 hydrogenation experiment. 
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Figure S2.15. Fitting of k3-weighted EXAFS data (a) without and (b) with the In-In path generated from I 4/m m 

m In0 structure at R���q 2.9 Å of In2O3 NPs after 210 min TOS during the operando CO2 hydrogenation experiment. 

 

Figure S2.16. Fitting of k2-weighted EXAFS data (a) without and (b) with the In-In path generated from I 4/m m 

m In0 structure at R ca. 2.9 Å of In2O3 NPs after ca. 137 min TOS during the operando CO2 hydrogenation 

experiment. 
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Figure S2.17. Fitting of k1-weighted EXAFS data (a) without and (b) with the In-In path generated from I 4/m m 

m In0 structure at R ca. 2.9 Å of In2O3 NPs after ca. 137 min TOS during the operando CO2 hydrogenation 

experiment. 

 

Figure S2.18. Fitting of k3-weighted EXAFS data (a) without and (b) with the In-In path generated from I 4/m m 

m In0 structure at R ca. 2.9 Å of In2O3 NPs after ca. 137 min TOS during the operando CO2 hydrogenation 

experiment. 

 

The Fourier-transform of k2-weighted EXAFS of the two paths used for In-O and In-In shell at R 

ca. 1.8 and 3.3 Å, respectively, generated from the bcc-In2O3 structure and the In-In path at R ca. 2.9 Å 

generated from I 4/m m m In0 structure are plotted in R space for clarity (Figure S2.19). 
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Figure S2.19. Fourier-transform of k2-weighted EXAFS of the In-O and In-In paths at R���q 1.8 Å, R���q 3.3 Å, 

respectively, generated from the bcc-In2O3 structure and the In-In path at R���q 2.9 Å generated from I 4/m m m In0 

structure. 

Table S2.2. EXAFS fitting results of In K-edge of In2O3 NPs after 140 and 210 min TOS during the operando CO2 

hydrogenation experiment including the In-In path generated from I 4/m m m In0 structure. 

Measurement Coordination shell N �û�(�����H�9�� R, (Å) R-factor 

40 In-O 

(bcc-In2O3) 

3.2(2) 4 (1) 2.17(2)  

 

0.02 In-In 

(bcc-In2O3) 

2.6(7) 3.36(2) 

 

In-In (In0) 0.5(5) 3.25(2) 

41 In-O 

(bcc-In2O3) 

1.8(2) 3 (2) 2.17(3)  

 

 

0.05 

In-In 

(bcc-In2O3) 

1.9(7) 3.34(3) 

In-In (In0) 1.0(5) 3.11(3) 
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In order to validate the model used for the EXAFS fittings, we have fitted a partial data set 

obtained during the operando CO2 hydrogenation experiment using also k1 and k3 weights (Tables S2.3 

and S2.4, respectively). We observed that the quality of the fit is not affected significantly by the k-weight 

applied and that the overall trends regarding the change of the In-O and In-In coordination numbers with 

TOS remain unaltered. 

Table S2.3. k1-weighted EXAFS fitting results of In K-edge of In2O3 NPs of selected measurements during the 

operando CO2 hydrogenation experiment with R range from 1.3 to 3.4. Å. 

Measurement Shell N 

 

�û�(�����H�9��������

(eV) 

 

R, (Å) 

 

R-factor 

1 In-O 5.5(1) 3.1(5) 2.17(2) 0.003 
In-In 4.4(4) 3.37(2) 

10 In-O 5.2(1) 4.5(5) 2.17(2) 0.004 
In-In 4.3(4) 3.37(3) 

20 In-O 4.7(1) 4.2(5) 2.18(2) 0.004 
In-In 3.8(4) 3.37(3) 

30 In-O 3.9(2) 3.8(7) 2.183(8) 0.008 
In-In 3.1(4) 3.38(3) 

40 In-O 3.1(2) 4(1) 2.190(2) 0.02 
In-In 2.4(5) 3.37(3) 

40 

In-O 3.3(1)5

83) 4.3(9) 

2.18(5) 0.007 
In-In 3.4(6) 3.357(9) 

In-In 

(In0) 

1.1(5) 3.12(1)  

 

Table S2.4. k3-weighted EXAFS fitting results of In K-edge of In2O3 NPs of selected measurements during the 

operando CO2 hydrogenation experiment with R range from 1.3 to 3.4. Å. 

Measurement Shell N 

 

�û�(�����H�9��������

(eV) 

 

R, (Å) 

 

R-factor 

1 In-O 5.5(2) 2.5(8) 2.16(3) 0.007 
In-In 4.4(3) 3.37(2) 

10 In-O 5.2(2) 4.2(9) 2.17(3) 0.009 
In-In 4.4(3) 3.38(3) 

20 In-O 4.7(2) 3.7(9) 2.17(2) 0.009 
In-In 4.0(3) 3.38(3) 

30 In-O 3.8(2) 3(1) 2.17(2) 0.01 
In-In 3.5(3) 3.38(3) 

40 In-O 3.0(3) 2(2) 2.16(3) 0.04 
In-In 2.9(4) 3.38(3) 
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40 

In-O 

 

3.1(3) 

5(2) 

2.17(2) 

0.03 
In-In 2.2(5) 3.38(4) 

In-In 

(In0) 

0.4(3) 3(2) 

 

2.6.9. Multivariate Curve Resolution Constrained (MCR)-Alternating Least Squares Algorithm 

(ALS) and Principal Components Analysis (PCA)  

MCR-ALS was used to analyses the operando time-resolved XANES data for CO2 hydrogenation 

over In2O3. This method was applied with the goal of separating the spectral components allowing to 

identify the chemical changes with TOS. Through this method the time-resolved spectra can be 

decomposed into a set of meaningful component spectra and the corresponding concentration profiles. 

MCR-ALS is a powerful analysis tool to process large datasets coming from in situ experiments, due to 

its potential to separate constituents of unresolved mixtures when no previous information or reference 

spectra. MCR-ALS algorithm allows to decompose an experimental mixture of spectra D into pure 

contributions, consisting of concentration profiles C and the corresponding spectra S of different chemical 

compounds, based on the equation 

 D = CST + E     (eq. S2.5) 

where ST is the transpose of matrix S and E corresponds to the residuals (not explained by the 

model) and it should be close to the experimental error.  

The MCR analysis of the spectral dataset (in the range 27850 �± 28100 eV) was performed with 

the algorithm implemented by Tauler and co-workers42, 43 in MCR-ALS graphical user interface (GUI) 

2.0 for Matlab using positive constraints for both concentration and spectra profiles and closure 

constraints for concentration (i.e. no mass transfer; constant concentration of the absorber throughout the 

experiment).44 

Initially, the number of pure components has to be defined and a constrained alternating least 

squares algorithm (ALS) implemented to realistically extract and interpret the profiles for C and ST. MCR-

ALS relies on solving iteratively eq. S2.5 until the concentrations and pure spectra matrices optimally fit 

the experimental data (and the residuals are minimized). Convergence is achieved when there is no 

evident difference in the standard deviation of the residuals between two consecutive iterations. The 

goodness of fit is finally evaluated by analysing statistical indicators such as the lack of fit, standard 

deviation of residuals or percentage of variance explained.  
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The principal component analysis (PCA) was applied in order to determine the number of 

components in the data set. PCA is a dimension reduction tool having as a main scope the identification 

of how much variance there is in a certain dataset and the determination of linearly independent 

components in a series of experimental spectra. Thus, PCA allows the rank reduction of a large dataset to 

a workable number of components. PCA was implemented using PrestoPronto software.45 Figure S2.20a 

displays the time-resolved dataset collected at In K-edge for the CO2 hydrogenation reaction. The arrows 

are showing the evolution of the reaction with time; the increasing time on stream leads to a visible 

decrease of white-line intensity and a shift of absorption edge towards lower energies pointing out at a 

reduction process. Figure S2.20b shows a representation of the first four components (i.e. sorted in 

descending order of their corresponding eigenvalues). While the first two components dominate the 

spectra in the edge region (where the changes associated with a reduction in oxidation number of In from 

its initial +3 state are major), the third component appears to be above the noise level in the same region. 

The fourth component seems to contain mainly high-frequency noise. 

 

Figure S2.20. (a) XANES dataset collected during the CO2 hydrogenation reaction over In2O3 catalyst, and (b) the 

first four principal components (PC) as extracted from the PrestoPronto software. 

Therefore, this indicates the presence of three components in the dataset. To further validate this 

result, we have first plotted a representative spectrum (we chose the first and the last, 3 and 210 min TOS 

respectively, spectrum for comparison purposes) superimposed with a linear combination of 1, 2, 3, and 

4 components (Figure S2.21), and secondly, we reconstructed the initial dataset with an increased number 

of components. The plots of residuals for the time-resolved dataset resulted from a 1, 2, 3, and 4 

components fit are shown in Figure S2.22 (see Y-scale for the visual evaluation of the goodness of fit). 

The results from both figures (Figure S2.21 and Figure S2.22) evidenced that a linear combination of the 
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first three components replicate very well the experimental dataset at all the times of the reaction 

providing minimum residuals (and the fit is greatly improved compared to a 2-components system).  

 

Figure S2.21. Representative spectrum (in black) superimposed with a linear combination of 1, 2, 3, and 4 

components (in red). The blue line shows the residuals (i.e. degree of mismatch) which are minimized for a 3-

component system. 
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Figure S2.22. Residual plots resulted from the reconstruction of the entire time-resolved dataset collected during 

the CO2 hydrogenation over In2O3 with 1 (red), 2 (green), 3 (blue), and 4 (cyan) components. 

2.6.10. MCR-ALS analysis 

MCR-ALS environment performs its own rank analysis in order to determine the number of 

components that can appropriately reproduce the experimental data. The results of this singular value 

decomposition method (SVD) are shown in Figure S2.23a and Figure S2.23b. The calculated eigenvalues 

of the data versus the component number (the so-called scree plot, Figure S2.23a - left) allow 

understanding how much variance each component can explain. Generally, the first component is an 

average of all the data, and it accounts for more than 99% of the explained variance, whereas the next 

components are accountable for the rest of the variance. A break in the slope of such plot is usually related 

to the minimum number of components able to mimic that mixture. The log-scale representation of the 

eigenvalues (Figure S2.23b) allows the visualization of a real change in the plot i.e. after the third 

component the eigenvalues are aligned in a linear fashion and do not contribute much to the explained 

variance. There is a clear correlation between the eigenvalues plots and the loadings plot (Figure S2.23a 

�± right, depicted in concentration direction and as extracted from MCR-ALS run) which shows that the 
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introduction of the fourth components comes with noise only and it is no longer representative for the 

mixture. These results are in agreement with the ones obtained from the PCA analysis. 

 

Figure S2.23. a) MCR-ALS results. Scree-plot representation for the determination of the number of independent 

components based on a singular value decomposition method (SVD) �± i.e eigenvalues versus component number 

(left). As-extracted PCA loadings (in concentration direction) showing that the introduction of a fourth component 

has no longer an impact over the dataset (right). b) Log-scale is used for the y-axis in order to ease the visualization 

of a real change (break) in the plot. 

 

The results of MCR analysis performed on the operando XANES spectra are displayed in Figure 

S2.24, showing that MCR successfully separated the original spectral data matrix into three temporally 

varying spectral components. In Figure S2.24a, the obtained components are plotted while the 

concentration profile of these components as a function of TOS are displayed in Figure S2.24b. Next, we 

have compared the obtained components with the available references as shown in Figure S2.25. 

Component 1 (C-1) resemble to the spectra of a fully oxidized In3+ indium state (In2O3) in terms of white-

line intensity, absorption edge and first oscillation after the edge. Component 2 (C-2) exhibit a decrease 
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in the white-line intensity and a slight shift of the absorption edge towards lower energies compared to 

In2O3, indicating reduction of the oxidation state, while the oscillation after the edge are similar to In2O3. 

When compared with the available reference for In2+ (InCl2), it is observed that the white line intensity of 

C-2 is higher and the features after the edge are different. Therefore, C-2 can be attributed to a mixture 

In2+ and In3+, (leading to the formation of oxygen vacancies), for which we will refer to as the In2O3-x. 

Component 3 (C-3): displays features of a more reduced In state compared to (C-1) and (C-2). The white-

line reduces significantly (to around ca. 30%) and the absorption edge is largely shifted towards lower 

energies and the first oscillation after the edge is close to metallic state (In0). However, the white line is 

still slightly higher than the experimentally collected In0 reference. 

Considering the concentration profile, and the comparison with the experimental references, these 

results suggest that In2O3 is reduced on TOS forming In2O3-x in first stage, and as the reaction progresses 

In0 starts to form at ca. 70 min, with increasing content on TOS.  

At this stage, we consider the information obtained by EXAFS analysis which indicates that CNIn-

O decrease on TOS, is line with In2O3 reduction. At 210 min of TOS, the EXAFS data indicate the presence 

of both metallic and oxidized species. On the other hand, at 210 min the concertation profile obtained in 

Figure S2.24b shows the presence of C-3, with total depletion of C-1 and C-2. Moreover, the obtained 

component 3 resembles In metallic, however, it exhibits a higher white line. Therefore, this suggest that 

component 3 does not represent a pure metallic state.  

 

Figure S2.24. CO2 hydrogenation over In2O3 catalyst materials: spectral representation (left) and the corresponding 

concentration profiles (right) as extracted from the MCR-ALS run for a 3-component system i.e. C-1 (black), C-2 

(red), and C-3 (blue), respectively. 
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Figure S2.25. Comparison of the as-extracted component spectra from the MCR-ALS with the pure references for 

In3+ (In2O3) - left, In2+ (InCl2) - middle, and In0 (metallic In) �± right. 

On these bases, we decided to run MCR-ALS algorithm one more time, using three guessed 

spectra for starting the minimization: C-1 and C-2 from the previous run, while the C-3 was replaced by 

the metallic In reference acquired experimentally (300 °C, 5 vol. % H2 in He flow). The same set of 

constraints were applied as in the first case.  

Figure S2.26 shows the results of the second MCR run in terms of spectra components (left) and 

the corresponding concentration profiles (right). There are two main observations as compared to the first 

results: 1) even if the first two spectral components keep the same shape as before (consistently), the third 

component is now almost entirely matching the In0 reference (Figure S2.27) and 2) the concentrations 

profile show that at TOS 210 min, the data represent a mixture of In2O3-x and In0, in line with EXAFS 

results. 

Therefore, for these results we can assign C-1, C-2 and C-3 to In2O3, In2O3-x and In0, respectively. 

In2O3 decreases continuously its concentration on TOS. In the initial stage of the reaction with increasing 

content in the first 40 min TOS In2O3-x is formed (i.e. indium oxide with both In2+ and In3+). The metallic 

In0 starts to form at ca. 70 min TOS and gradually increases its concentration towards the end of the run. 

The process ends up with a mixture of ca. 60:40 (In0: In2O3-x) at 210 TOS. 
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Figure S2.26. CO2 hydrogenation over In2O3 catalyst materials: spectral representation (left) and the corresponding 

concentration profiles (right) as extracted from the MCR-ALS run for a 3-component system i.e. C-1 (black), C-2 

(red), and C-3 (blue), respectively. 

 

Figure S2.27. Comparison of the as-extracted component spectra from the MCR-ALS with the pure references for 

In3+ (In2O3) - left, In2+ (InCl2) - middle, and In0 (metallic In) - right. 
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Table S2.5. Quality indicators for the MCR-ALS analysis. 

(3 components) - convergence achieved after 25 iterations* 

Standard deviation of residuals versus experimental data 0.0010173 

Fitting error (lack of fit, LOF) in % (PCA) 0.044609 

Fitting error (lack of fit, LOF) in % (experimental) 0.12591 

Percentage of variance explained at optimum 99.9998 

 

* for the MCR run shown in Figure S2.24 

2.6.11. Analysis of the XRD data  

 

Figure S2.28. XRD profiles (�� = 0.506 Å) and the fits from the Rietveld refinement of In2O3 mixed with BN to 

optimize the X-ray absorption during the operando CO2 hydrogenation. 

The scale has been chosen in order to show clearly the In2O3 phase. 
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Table S2.6. Rietveld refinement results of In2O3 NPs (diluted with BN) during the operando CO2 hydrogenation. 

TOS  

(min) 

dXRD 

(nm) 

a 

bcc-In2O3 

(Å) 

SFa 

bcc-In2O3 

10-9 

SFa 

BN 

10-4 

Weight %b 

bcc-In2O3 

Crystallinity c (%) 

0 7.2 10.152(3) 7(1) 1.18(9) 13(1) 100(1) 

34 7.0 10.144(3) 7(1) 1.18(9) 13(1) 98(1) 

70 7.0 10.145(3) 4(1) 1.11(9) 10(1) 71(1) 

105 6.7 10.146(3) 3(1) 1.11(9) 7(1) 50(1) 

140 6.5 10.145(3) 2(1) 1.11(9) 5(1) 38(1) 

a SF: scale factor for each crystalline phase, b Weight percentage considering crystalline phases (i.e. bcc-

In2O3 and BN). c Crystallinity (%) = bcc-In2O3(TOS) / bcc-In2O3(TOS = 0) ���u 100 

 

Figure S2.29. (a) FWHM and (b) intensity of the (222) bcc-In2O3 Brag reflection during the operando CO2 

hydrogenation experiment (0 �± 210 min), CO2 re-oxidation (240 min) and air re-oxidation (270 min). 
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2.6.12. In situ TEM  

 

Figure S2.30. (a) HRTEM image of In2O3 NPs and (b) corresponding SAED patterns recorded after in situ 

calcination at 400 °C in air for 3 hours; Inset of (a) shows the lattice fringes of a NP with measured d-spacing of 

2.92 Å, fitting well to the (222) plane of bcc-In2O3. 

2.6.13. Combined operando XAS-XRD experiment: probing the catalyst regeneration 

 

Figure S2.31. a) In K-edge XANES, b) the corresponding Fourier-transform of k3-weighted EXAFS and c) XRD 

�S�U�R�I�L�O�H�� ������ � �� ������������ �c���� �V�H�O�H�F�W�H�G�� �U�D�Q�J�H���� �R�I�� �W�K�H�� �V�S�H�Q�W�� �,�Q2O3 catalyst during its re-oxidation under CO2 and then air 

compared to the catalyst prior to the CO2 hydrogenation reaction. 
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Chapter 3 
 

 

Operando X-Ray Absorption Spectroscopy Identifies Monoclinic 
ZrO 2:In Solid Solution as the Active Phase for the 

Hydrogenation of CO2 to Methanol 
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3. 1. Abstract 

Operando X-ray absorption spectroscopy (XAS) associates the superior activity and stability of 

the In2O3/m-ZrO2 catalyst for the direct hydrogenation of CO2 to methanol (300 oC, 20 bar) to indium 

sites with an average oxidation state of +2.3 atomically dispersed in the lattice of monoclinic ZrO2. The 

active sites in this solid solution m-ZrO2:In catalyst are In�±Vo�±Zr sites (Vo is an oxygen vacancy) that are 

stabilized in the lattice of poorly reducible m-ZrO2 against deactivation by over-reduction to In0. In 

contrast, amorphous ZrO2 support does not form a (crystalline) solid solution with In2O3 and as a result, 

In2O3/am-ZrO2 reduces to metallic In within minutes under reaction conditions. Furthermore, a tetragonal 

ZrO2 support stabilizes dispersed india nanocrystals (In2O3/t-ZrO2) against over-reduction only partially, 

yielding a catalyst with an average oxidation state of the In sites below +2, i.e. In2O3/t-ZrO2 also suffers 

deactivation by over-reduction. Our results demonstrate that the phase of the ZrO2 support determines 

whether an active solid solution with india forms, which has major implications for the reducibility of 

In3+ sites and their local structure. Comparing the stability and activity of india-based catalysts, we 

identified the monoclinic solid solution m-ZrO2:In as a superior catalyst for the direct conversion of CO2 

to methanol, which contains active In-Vo-Zr surface species that are significantly more stable towards 

reduction than In-Vo-In sites in bixbyite-type In2O3.   

3. 2. Introduction  

The direct hydrogenation of captured CO2 is a key technology for CO2 valorization and the storage 

of renewable energy in the form of methanol, a versatile platform chemical of high energy density (eq. 

3.1).1  

CO2 + 3 H2 ���o  CH3OH + H2O    �û�+298 K = �±11.9 kcal mol�±1  (eq. 3.1) 

CO2 + H2   �o  CO + H2O       �û�+298 K = 9.8 kcal mol�±1  (eq. 3.2) 

However, an industrial implementation of the CO2-to-methanol process still requires the 

availability of highly stable and active catalysts because the current production route converts a mixture 

of CO, CO2 and H2 to methanol over a Cu-ZnO-Al 2O3 catalyst and the latter exhibits its highest activity 

for a CO:CO2 ratio in the feed of ca. 10:1.2 Increasing the quantity of CO2 rises also the partial pressure 

of steam facilitating the thermal deactivation of the Cu-ZnO-Al 2O3 catalyst through sintering of the active 

Cu phase and crystal growth of ZnO and Al2O3.3 Because the Cu-ZnO-Al 2O3 system is unselective for 

the hydrogenation of CO/CO2 �W�R���P�H�W�K�D�Q�R�O�����W�K�H���F�D�W�D�O�\�V�W�¶�V���V�W�D�E�L�O�L�W�\���L�V���H�[�D�F�H�U�E�D�W�H�G���E�\���W�K�H���V�W�H�D�P���S�U�R�G�X�F�H�G��

through the competing reverse water gas shift reaction (RWGS, eq. 3.2).4 To counteract the limitations of 

the Cu-ZnO-Al 2O3 system, In2O3 supported on ZrO2 has emerged as a promising catalyst for the direct 
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hydrogenation of CO2 to methanol.5, 6 Yet, a high stability of In2O3/ZrO2 has been attained only at 

relatively high pressures (50 bar),5, 6 likely because catalyst deactivation by CO, produced in the parallel 

RWGS reaction, can be avoided in these conditions.7, 8 The necessity to use such high pressures is a 

limitation when considering the use of streams of captured CO2 or H2 produced by electrolysis, which 

would require additional pressurization and therefore infer additional infrastructure costs.9 In contrast to 

the active Cu(0) phase in the Cu-ZnO-Al 2O3 system, the active phase in india-based CO2 hydrogenation 

catalysts has been proposed to be In2O���í�[, i.e. partially reduced india containing oxygen vacancy (Vo) 

active sites.7, 10, 11 These sites deactivate by over-reduction, leading ultimately to the formation of metallic 

In according to operando X-ray absorption spectroscopy �± X-ray powder diffraction (XAS-XRD) results 

obtained on unsupported In2O3 nanocrystals.12 This operando study associated the most active catalyst to 

an In oxidation state between +3 and +2 (average oxidation state +2.3), in agreement with the proposed 

In2O���í�[��active phase.12 

It has been shown previously that when deposited on a ZrO2 support, the activity and stability of 

In2O3 during CO2 hydrogenation is increased.5, 13 In particular, it was argued that zirconia allows tuning 

the density of active Vo sites in In2O���í�[.5 In addition, DFT calculations showed that a ZrO2 support can 

inhibit the dissociation of CO2 into CO on In2O���í�[, stabilize key intermediates of the methanol pathway14 

and enhance the adsorption of CO2, overall improving the methanol selectivity and activity compared to 

unsupported In2O3.15 

Besides the india system, zirconia is an effective support for Cu-based catalysts.16-18 It has been 

observed that the phase of the zirconia support (monoclinic or tetragonal) in Cu/ZrO2 catalysts has a 

strong influence on their performance for CO2 hydrogenation to methanol, i.e. Cu on monoclinic zirconia 

(Cu/m-ZrO2) is 4.5 times more active than Cu on tetragonal zirconia (Cu/t-ZrO2).19 In situ infrared and 

transient response experiments attributed this difference to the higher Lewis acidity and basicity of 

m-ZrO2 leading to a higher CO2 adsorption capacity, a higher concentration of adsorbed reactive 

intermediates, i.e. formate and methoxy species, and a faster hydrogen spillover from the Cu surface to 

the CO2-derived adsorbates.19-22 

m-ZrO2 was proposed as the support of choice for In2O3.5, 13 However, while an order of 

magnitude higher methanol space time yield (STY) per catalyst mass of In2O3/m-ZrO2 relative to 

In2O3/t-ZrO2 was reported,5, 23 it remains unclear whether the role of zirconia is only limited to the 

aforementioned redox mechanism. It has been argued that the crystal lattice mismatch between In2O3 and 

m-ZrO2 leads to tensile forces and ultimately oxygen vacancy (Vo) sites, increasing thereby the density 
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of the active sites. In addition, CO2 is activated to a greater extent on m-ZrO2 than on t-ZrO2 as was 

discussed above for Cu/ZrO2 catalysts.20, 24, 25 However, other effects such as the formation of an india-

zirconia solid solution �S�K�D�V�H���P�D�\���D�O�V�R���S�O�D�\���D���V�L�J�Q�L�I�L�F�D�Q�W���U�R�O�H���L�Q���D���F�D�W�D�O�\�V�W�¶�V���D�F�W�L�Y�L�W�\�����<�H�W�����V�R�O�L�G���V�R�O�X�W�L�R�Q�V��

of In2O3 with t-ZrO2 showed an inferior catalytic performance compared to supported In2O3/m-ZrO2 and 

In2O3/t-ZrO2 catalysts.23, 26, 27  

Considering the structural complexity and possible dynamics12 of In2O3/ZrO2 under operating 

conditions, it remains elusive whether the structure of the ZrO2 support affects changes of the oxidation 

state and the local structure of the indium sites with time on stream (TOS) during CO2 hydrogenation. To 

address this question, we impregnated colloidal nanoparticles of nanocrystalline In2O3 with a narrow 

particle size distribution of ca. 7 nm in diameter, reported by us previously,12 on monoclinic, tetragonal 

and amorphous ZrO2 supports a�Q�G�� �I�R�O�O�R�Z�H�G�� �W�K�H�� �H�Y�R�O�X�W�L�R�Q�� �R�I�� �W�K�H�� �F�D�W�D�O�\�V�W�V�¶�� �V�W�U�X�F�W�X�U�H�� �D�Q�G�� �D�F�W�L�Y�L�W�\�� �E�\ 

operando XAS-XRD. We obtained time-resolved information of the oxidation state and structural 

changes of the In2O3/ZrO2 catalysts with TOS while quantifying simultaneously the amounts of methanol 

produced. Our operando study revealed that the phase of the ZrO2 support influences drastically the extent 

of In2O3 reduction and its structural evolution during CO2 hydrogenation. The superior catalytic activity 

of In2O3/m-ZrO2 is attributed to the stabilization of In2+/In3+ sites in the lattice of m-ZrO2, which creates 

active In-Vo-Zr surface species that are significantly more stable towards reduction than In-Vo-In sites in 

unsupported In2O���í�[.12 Overall, we provide clear structural evidence for the dissolution of supported In2O3 

nanoparticles (NPs) into the lattice of m-ZrO2 with the formation of a m-ZrO2:In solid solution containing 

highly dispersed In cations stabilized in a m-ZrO2 lattice. EXAFS analysis demonstrates unequivocally 

that In2+/In3+ sites reside in m-ZrO2 and this constitutes a key parameter for the high stability and activity 

of In2O3/m-ZrO2 catalysts for the CO2 hydrogenation to methanol.  

3. 3. Results and discussion 

3.3.1. Calcined In2O3/ZrO 2 catalysts 

Colloidal, oleyl amine-capped nanocrystals of In2O3
12, 28 were incipient wetness impregnated onto 

phase-pure nanocrystalline monoclinic, tetragonal or amorphous ZrO2 supports (m-ZrO2, t-ZrO2 and 

am-ZrO2 with respective specific surface areas of 120, 170 and 269 m2 g�±1, Figure S3.1 and Table S3.1).29 

The materials were dried and calcined (400 °C, 3 °C min�±1, 3 h) to remove completely the capping ligand 

from the surface of the In2O3 NPs, as was demonstrated previously by in situ DRIFTS,12 yielding 

In2O3/m-ZrO2, In2O3/t-ZrO2 and In2O3/am-ZrO2 catalysts with 4.5, 4.1 and 5.1 wt. % In loading according 

to ICP-OES analysis. HR-TEM, HAADF STEM images and energy-dispersive X-ray spectroscopy 

(EDX) maps of indium and zirconium reveal that the In2O3 NPs preserve their initial size of ca. 7 nm and 
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are well-dispersed on m-, t- and am-ZrO2 supports (Figures S3.5 and S3.6). The XRD pattern of 

In2O3/am-ZrO2 shows Bragg reflections of bcc-In2O3 and a diffuse scattering halo owing to am-ZrO2 

(Figure S3.7). The corresponding patterns of In2O3/m-ZrO2 and In2O3/t-ZrO2 show broad peaks of 

nanocrystalline monoclinic and tetragonal ZrO2 with respective crystallite sizes of 7 and 8 nm,30 masking 

reflections of bcc-In2O3. The oxidation state of indium in the calcined In2O3/ZrO2 is In3+ according to In 

K-edge X-ray absorption near edge structure (XANES) data (Figure S3.8). However, bcc-In2O3 exhibits 

a characteristic feature in the post-edge XANES region at ca. 27990 eV which is notably less intense in 

the spectrum of In2O3/m-ZrO2, suggesting structural differences of the In sites in those two materials.  

The Fourier transformed (FT) extended X-ray absorption fine structure (EXAFS) analysis shows 

that the local structure of the In atoms in In2O3/t-ZrO2 and In2O3/am-ZrO2 is similar to that of bcc-In2O3 

(Figures S3.9 and S3.11d). However, the amplitudes of the first In�±O, and in particular the second 

coordination shell, In�±In/Zr, are lower in In2O3/m-ZrO2 than in bcc-In2O3. Furthermore, the EXAFS 

signature of In2O3/m-ZrO2 is similar to that of a reference bulk monoclinic solid solution of india and 

zirconia, i.e. m-Zr0.95In0.05O1.975 (Figures S3.9 and S3.11d). The second coordination shell for 

m-Zr0.95In0.05O1.975 appears at a slightly shorter distance and the peak is broader and lower in amplitude 

than for bcc-In2O3. EXAFS fitting demonstrates unequivocally that the second shell in m-Zr0.95In0.05O1.975 

corresponds to an In�±Zr coordination shell (see SI for details). The differences between bcc-In2O3 and 

m-Zr0.95In0.05O1.975 are further underlined when comparing the EXAFS functions in k-space. 

Characteristic features of bcc-In2O3 at k = 3.6 and 5.55 Å �í�� are absent in m-Zr0.95In0.05O1.975 

(Figure S3.11c). Thus, calcined In2O3/m-ZrO2 contains In atoms in two environments: (i) supported 

nanocrystals of bcc-In2O3 and (ii) In3+ ions dissolved in the m-ZrO2 lattice, i.e. a monoclinic solid 

solution, m-ZrO2:In. Linear combination fitting (LCF) of the EXAFS functions of In2O3/m-ZrO2 in k-

space yields 43 and 57% for bcc-In2O3 and the m-Zr0.95In0.05O1.975 reference, respectively. Noteworthy, 

the fitted fraction of m-Zr0.95In0.05O1.975 in calcined In2O3/t-ZrO2 and In2O3/am-ZrO2 is zero 

(Figure S3.18).  

To summarize, HR-TEM and HAADF STEM characterization demonstrates that the size and 

morphology of the starting nanocrystals of In2O3 in as-prepared In2O3/ZrO2 remains largely unchanged 

after calcination at 400 °C. However, XANES and EXAFS analysis uncover notable amounts of a 

m-ZrO2:In solid solution in In2O3/m-ZrO2 only, rationalized by a partial dissolution of In2O3 into m-ZrO2.  

3.3.2 Operando XAS-XRD CO2 hydrogenation experiment 

We performed time-resolved operando XAS-XRD experiments to correlate the evolution of the 
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 oxidation state and the structure of the In2O3/ZrO2 catalysts to their performance during CO2 

hydrogenation. The details of the experimental setup are described elsewhere.12 During the experiment, 

the catalyst powders (ca. 8 mg), placed in a quartz capillary reactor were (i) heated to 300 °C in N2 (5 bar, 

10 mL min�±1, 10 °C min�±1) and then pressurized to 20 bar in N2, (ii) subjected to CO2 hydrogenation 

conditions (300 °C, total pressure 20 bar, 10 mL min�±1, H2 : CO2 : N2 = 3 : 1 : 1 vol. %, space velocity 

(SV) = 75000 L kg�±1 h�±1), followed by (iii) treating the reacted catalyst with CO2 (300 °C, 20 bar, 10 

mL min�±1) for 30 min, and (iv) air at atmospheric pressure (300 °C, 10 mL min�±1). 

Effect of the phase of ZrO2 on the catalytic activity. The catalytic activity of all prepared 

In2O3/ZrO2 catalysts increases with TOS, similar to what has been observed for unsupported nanocrystals 

of In2O3 (Figure 3.1a). This activation period was associated with the formation of the active In2O���í�[ 

phase.12 In what follows, we will discuss in detail the structural changes of india in zirconia-supported 

catalysts with TOS. Note that in contrast to unsupported In2O3 nanocrystals for which equilibration of the 

partial pressures of reactant gases was achieved at ca. TOS = 0 min,12 the increase and stabilization of the 

partial pressures of CO2 and H2 during the operando experiments with In2O3/ZrO2 catalysts took ca. 40-

50 min, (Figures 3.1a and S3.19). This difference, at least partially contributes to the increasing methanol 

formation rates within the first 40 min TOS. The space time yields of methanol at 140 min TOS are 1.9, 

0.24 and 0.18 gMeOH gIn2O3
�í1 h�í1 for In2O3/m-ZrO2, In2O3/t-ZrO2 and In2O3/am-ZrO2, respectively 

(Figure 3.1a). These values highlight the remarkably higher activity of In2O3/m-ZrO2 compared to 

In2O3/t-ZrO2, In2O3/am-ZrO2 as well as unsupported In2O3 (0.35 gMeOH gIn2O3
�í1 h�í1).12 Furthermore, only 

for In2O3/m-ZrO2 the catalytic activity increases between ca. 40 min and 100 min TOS (from 1.4 to 1.8 

gMeOH gIn2O3
�í1 h�í1), indicating an induction period in this material. Important to note is that a comparison 

of the operando XAS-XRD and the laboratory-scale fixed-bed catalytic experiments shows qualitatively 

similar results (Figures 3.1a and S3.21). The laboratory experiment was conducted at a SV of 45000 

L kg�í1 h�í1 and gave for In2O3/m-ZrO2, after reaching a stable activity, a space time yield of methanol of 

1.2 gMeOH gIn2O3
�í1 h�í1. This value is ca. 8 and 36 times higher than that obtained for In2O3/t-ZrO2 and 

In2O3/am-ZrO2 (TOS = 210 min). The characteristic increase of the activity of In2O3/m-ZrO2 with TOS 

was also observed in the laboratory experiment, providing further evidence of the generality of the 

structural insight obtained by the XAS-XRD operando experiments (vide infra). Besides its higher 

activity, In2O3/m-ZrO2 features also a stable methanol selectivity of ca. 40%, exceeding substantially the 

values for the other two catalysts, i.e. 26 and 5% for, respectively, In2O3/t-ZrO2 and In2O3/am-ZrO2 

(Figure S3.21b). 
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Reducibility of In2O3/ZrO2. Changes in the oxidation state of In under pre-treatment in N2 and 

with TOS were followed by the shift of the edge energy position (measured at a half height of the 

normalized absorption edge step in the In K-edge XANES data) with respect to the edge energy position 

of the calcined samples, �G�H�I�L�Q�H�G���D�V���û�(0 = E0(TOS) �± E0(calcined) (Figure 3.1b). After N2 pre-�W�U�H�D�W�P�H�Q�W�����û�(0 

�Z�D�V���H�T�X�D�O���W�R���������í���������D�Q�G���í������ eV for In2O3/m-ZrO2, In2O3/t-ZrO2 and In2O3/am-ZrO2, respectively. This 

trend intensifies under CO2 hydrogenation conditions. Specifically, In2O3/am-ZrO2 showed a rapid 

�G�H�F�U�H�D�V�H���L�Q���û�(0 �E�\���D�Q���D�G�G�L�W�L�R�Q�D�O���í�� eV, reaching the edge energy of In0 �D�W���í������ eV after merely 13 min 

TOS. The reduction of In2O3/t-ZrO2 �S�U�R�F�H�H�G�H�G�� �W�R�� �D�� �O�H�V�V�H�U�� �H�[�W�H�Q�W�� �Z�L�W�K�� �û�(0 declining gradually by an 

�D�G�G�L�W�L�R�Q�D�O�� �í������ �H�9�� �R�Y�H�U�� �W�K�H�� �I�L�U�V�W�� �F�D���� ������ �P�L�Q�� �7�2�6���� �V�W�D�E�L�O�L�]�L�Q�J�� �X�O�W�L�P�D�W�H�O�\�� �D�W�� �û�(0 � �� �í������ eV. In sharp 

�F�R�Q�W�U�D�V�W�����W�K�H���û�(0 of In2O3/m-ZrO2 �U�H�D�F�K�H�G���í������ eV after ca. 13 min TOS, corresponding to a mean In 

oxidation state between +3 and +2 (average oxidation state +2.3, Figure 3.1b) and remained stable at this 

value for the rest of the operando experiment. Thus, XANES analysis shows that the phase of the ZrO2 

support influences strongly the degree of the reduction of In in N2 and CO2 hydrogenation conditions and 

that In2O3/m-ZrO2 is the only catalyst that maintains an oxidation state of In between +3 and +2. This 

analysis yields the average oxidation state of all In ions present in the solid solution, i.e. a mixture of In3+ 

and reduced species such as In2+, thus we will refer to these cations as In3+/In2+ (although the presence of 

In+1 cannot be fully excluded). Note that this range of oxidation states was previously shown to be optimal 

to achieve a high activity in CO2 hydrogenation to methanol, before In2O���í�[ with a high density of oxygen 

vacancy sites starts to disproportionate into metallic In and In2O3, deactivating the catalyst.12 

Evolution of the local structure of In. EXAFS analysis shows considerable differences in the 

changes in the local structure around the In atom between the three In2O3/ZrO2 catalysts studied during 

the operando experiments (Figure S3.22, Tables S3.7-S3.9). For In2O3/am-ZrO2, a fast decline of the In�±

O coordination number (CN�,�Q�í�2) leading to the complete disappearance of the In�±O coordination sphere 

after 13 min TOS is observed (Figures 3.1c). This decline in the In-O coordination sphere is accompanied 

by an abrupt decrease in the amplitude of the In�±In shell. These observations are in line with the formation 

of molten In0 (Figures 3.1c and S3.22c).12 We observe a decrease in amplitude for In2O3/t-ZrO2 in both 

the In�±O and In�±In shells. The CN�,�Q�í�2 decreased from 5.7(4) to 2.9(3) for In2O3/t-ZrO2 after ca. 139 min 

TOS, while the CN�,�Q�í�,�Q decreases simultaneously from 5.3(8) to 3.8(5) (Figures 3.1c, S3.22b and S3.24). 

These changes are interpreted as a partial reductive amorphization of the supported In2O3 nanocrystals, 

characterized by reducing the long-range order of india nanocrystallites with TOS, which is reflected in 

the continuous decrease of both the In�±O and In�±In coordination numbers, as was previously 

demonstrated for unsupported In2O3 nanocrystals.12 
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Figure 3.1. Evolution of the three In2O3/ZrO2 catalysts under CO2 hydrogenation conditions with TOS: (a) 

�P�H�W�K�D�Q�R�O���V�S�D�F�H���W�L�P�H���\�L�H�O�G�������E�����;�$�1�(�6���H�G�J�H���H�Q�H�U�J�\���V�K�L�I�W�����û�(0) with respect to the calcined In2O3/ZrO2 catalysts at 

the beginning of the operando experiment; (c) fitted In�±O coordination numbers; (d) In K-edge XANES spectra; 

(e) FT of selected k2-weighted operando EXAFS functions (not corrected for the phase shift) and bcc-In2O3 

reference measured at 300 oC under N2. 

The evolution of the EXAFS functions with TOS for In2O3/m-ZrO2 differs substantially from that 

of In2O3/t-ZrO2 and In2O3/am-ZrO2. Also, for In2O3/m-ZrO2, we observe a decrease in CN�,�Q�í�2 from 5.1(4) 

to 3.5(4) during the first 40 min TOS, followed by a notable increase to CN�,�Q�í�2 = 4.1(4), i.e. stabilizing 

at a higher In�±O coordination compared to the other two In2O3/ZrO2 catalysts (Figure 3.1c). The 

amplitude of the second coordination shell of In2O3/m-ZrO2 decreases sharply within only ca. 10 min 

TOS (Figure S3.22a). This characteristic change of the second sphere is ascribed to the formation of an 

In-Zr shell (see additional discussion in SI) and evidences the evolution of the (remaining) In2O3 

nanocrystals into indium sites (In2+/In3+) dispersed in the lattice of m-ZrO2 (Figure S3.11d). Comparison 

of the EXAFS data of the in situ obtained solid solution m-ZrO2:In and the reference m-Zr0.95In0.05O1.975 

solid solution will be discussed below. 

The XRD patterns collected during operando CO2 hydrogenation as a function of TOS confirm 

that m-ZrO2, t-ZrO2 and am-ZrO2 supports are structurally stable with TOS (Figure S3.27). Consistent 

with the presented XANES and EXAFS analyses, the intensities of the bcc-In2O3 peaks in In2O3/am-ZrO2 

decrease over time confirming the reductive amorphization of the In2O3 NPs to molten In0. 
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Overall, a combination of GC, XANES, EXAFS and XRD data demonstrates that the phase of 

ZrO2 has a significant impact on the local structure of In, the reducibility of india and the catalytic 

performance of supported nanocrystalline In2O3 NPs (Figure 3.1d,e). The activity of the three prepared 

catalysts correlates directly to the extent of In2O3 reduction and their structural evolution, more 

specifically, to the formation of a m-ZrO2:In solid solution during calcination and CO2 hydrogenation. 

The amorphous ZrO2 support promotes the rapid reduction of In2O3 to metallic In leading to an almost 

inactive (amorphous) catalyst. A tetragonal ZrO2 support avoids the complete reduction of In2O3 to In0, 

but the extend of reduction is substantial, characterized by an average In oxidation state below +2; the 

latter oxidation state was previously associated with an inferior catalytic performance for CO2 

hydrogenation.12 The greater catalytic activity of In2O3/m-ZrO2 is attributed to the formation of new 

In2+/In3+ sites that are atomically dispersed in the m-ZrO2 lattice, forming a solid solution. These results 

suggest that the formation of nanocrystalline m-ZrO2:In is more favorable than the formation 

nanocrystalline t-ZrO2:In solid solution under calcination (400���qC) and/or CO2 hydrogenation conditions. 

The local structure of the In sites (In-Vo-Zr) formed in the In2O3/m-ZrO2 catalyst is similar to that in the 

m-Zr0.95In0.05O1.975 phase, and different from that of the sites in bcc-In2O���í�[ nanoparticles (In-Vo-In). By 

forming such a solid solution, the over-reduction of the In2+/In3+ sites to In0, which corresponds to catalyst 

deactivation, is effectively avoided. 

3.3.3. Re-oxidation of reacted In2O3/ZrO 2 catalysts 

Re-oxidation of the catalysts with CO2 and subsequently with air at 300 °C (see details in ESI) 

leads to the increase of the edge energy to the levels of the calcined samples (E0=27940.6 eV). Therefore, 

In2O3/ZrO2 catalysts can be fully re-oxidized in air to the mean In+3 oxidation state. The EXAFS analysis 

of the re-oxidized catalysts shows that CNIn-O are comparable to the respective values of the fresh 

materials, while the coordination number of the second sphere does not increase for any of the tested 

catalysts (Figures S3.31-S3.33). This strongly suggests that the initial structure of the bcc-In2O3 

nanocrystals cannot be restored. Indeed, for In2O3/m-ZrO2, In sites that were incorporated into m-ZrO2 as 

a solid solution remain well dispersed, indicated by EXAFS fittings that contain In-Zr paths (Figure 2a, 

b, Figure S3.36 and Table S3.10). LCF of the re-oxidized In2O3/m-ZrO2 in k-space (Figure S3.37) yields 

after re-oxidation 3% bcc-In2O3 and 97% m-ZrO2:In further supporting the irreversible dissolution of 

In2O3 in m-ZrO2. 

3.3.4. Ex situ characterization of the used catalysts by XPS and STEM-EDX 

X-ray photoelectron spectroscopy (XPS) was employed to correlate changes in the catalytic 

�S�H�U�I�R�U�P�D�Q�F�H�� �Z�L�W�K�� �F�K�D�Q�J�H�V�� �R�Q�� �W�K�H�� �F�D�W�D�O�\�V�W�V�¶�� �V�X�U�I�D�F�H���� �S�U�R�Y�L�G�L�Q�J�� �L�Q�I�R�U�P�D�W�L�R�Q�� �R�Q�� �W�K�H�� �,�Q���=�U�� �U�D�W�L�R�� �D�Q�G�� �W�K�H��
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abundance of Vo sites. The catalysts were measured freshly calcined and after the laboratory catalytic test 

(see SI for details). To avoid aerobic oxidation, the reacted catalysts were handled in an air-tight XPS 

cell.31 The In 3d core level spectra (Figure S3.38) of all of the calcined In2O3/ZrO2 materials show two 

peaks at ca. 444.3 and 451.7 eV, owing to the characteristic spin-orbit splitting of the 3d5/2 and 3d3/2 states, 

consistent with an In3+ oxidation state.32, 33 After 210 min TOS, no significant shift in the In 3d binding 

energies is observed for all three In2O3/ZrO2 catalysts. However, the area of the In 3d core level spectra 

peaks reduces significantly for In2O3/m-ZrO2 and In2O3/am-ZrO2 compared to the respective calcined 

materials. Using the areas of the In 3d and Zr 3p peaks, the relative atomic ratio of In/Zr was determined. 

For In2O3/t-ZrO2, the atomic ratio of In/Zr decreases by 31% during the catalyst test (Figure S3.39). For 

In2O3/m-ZrO2 and In2O3/am-ZrO2, even larger reductions in the relative atomic ratio of In/Zr with TOS 

are observed, i.e. by 61 and 88 %, respectively, after 210 min TOS. Importantly, the relative abundance 

of the O vacancy sites (Figure 3.2c, O 1s core spectra) increases from ca. 10% in calcined In2O3/m-ZrO2 

to ca. 18% in In2O3/m-ZrO2 after 210 min TOS. Similarly to used In2O3/m-ZrO2, the relative abundance 

of the O vacancy sites in the m-Zr0.95In0.05O1.975 reference material prepared by a high-temperature solid 

state synthesis (specific surface area less than 1 m2 g�±1) is as high as 22%. On the other hand, we do not 

observe a notable increase in the relative abundance of the O vacancy sites for used catalysts In2O3/t-ZrO2 

and In2O3/am-ZrO2.This demonstrates that oxygen vacancies are generated through the substitution of 

Zr4+ by In3+ cations in the m-ZrO2 lattice (Figure 3.2c,e). A similar observation was reported for the ZnO-

ZrO2 solid solution.34 Furthermore, the In/Zr atomic ratio of ca. 0.08 in the used In2O3/m-ZrO2 is similar 

to that in m-Zr0.95In0.05O1.975 that is 0.1 (Figures 3.2e and S3.12). Thus, XPS data are in line with the 

operando XAS results and corroborate the dissolution of In2O3 into m-ZrO2. Since this dissolution is 

complete for used In2O3/m-ZrO2, the increase in the density of Vo sites is attributed to the formation of 

additional In�±Vo�±Zr sites owing to the dissolution of In2O3 in the m-ZrO2 lattice rather than the generation 

of Vo sites in bcc-In2O3 during CO2 hydrogenation.32 

The absence of distinguishable In2O3 nanoparticles in the HRTEM images of the used 

In2O3/m-ZrO2 and In2O3/am-ZrO2 (Figure S3.41a,b) confirms the structural evolution of supported In2O3 

nanoparticles with TOS. The STEM EDX maps of In2O3/m-ZrO2 before and after reaction (Figure 3.2f,g) 

clearly show the transformation of the initially nanocrystalline In2O3 NPs into homogeneously distributed 

In sites within/on the m-ZrO2 support, as assessed by the overlapping In and Zr signals. This is in 

agreement with the XAS and XPS results (schematic illustration of the structural transformation of the 

In2O3/m-ZrO2 catalyst during calcination and CO2 hydrogenation is presented in Figure 3.2h). STEM 

EDX mapping of the spent In2O3/am-ZrO2 (Figure S3.42c) also shows finely dispersed In on the support, 
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indicating that a high dispersion of india alone does not lead to a high catalytic activity. Importantly, XAS 

results do not support the formation of a crystalline solid solution for In2O3/am-ZrO2 (e.g. no In�±Zr 

coordination sphere is observed). Therefore, STEM EDX data show an amorphous InOx/In0 phase that is 

highly dispersed onto am-ZrO2. In contrast to In2O3/m-ZrO2 and In2O3/am-ZrO2, STEM EDX mapping 

of used In2O3/t-ZrO2 shows the presence of In2O3 NPs, indicating a weaker interaction of In2O3 with 

t-ZrO2. Overall, the operando XAS results reveal that the formation of m-ZrO2:In and the associated 

formation of In�±Vo�±Zr sites are crucial for highly active CO2-to-methanol catalysts, which is only attained 

for In2O3/m-ZrO2. 

 

Figure 3.2.  a) k2-weighted EXAFS functions and b) the corresponding Fourier-transform of the re-oxidized 

In2O3/m-ZrO2 catalyst and the references Zr0.95In0.05O1.975 and bcc-In2O3 measured at 50 °C, c) deconvolution of the 

O 1s core spectra and d) In/Zr ratio and e) Odefect % on In2O3/m-ZrO2 before and after reaction with m-ZrO2 and 

Zr0.95In0.05O1.975 references. STEM EDX maps of In2O3/m-ZrO2 f) before and g) after the catalytic test and h) a 

schematic representation of the In2O3/m-ZrO2 catalyst structural transformation during calcination and CO2 

hydrogenation. 

The XRD patterns of the used catalysts (Figure S3.43) show that the bcc-In2O3 diffraction peaks, 

as observed in calcined In2O3/am-ZrO2 (Figure S3.7), are absent in the spent catalyst, in agreement with 

the operando experiment. Although the analysis of the XRD pattern is hampered by highly overlapping 
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�S�H�D�N�V�����)�L�J�X�U�H���6���������������W�K�H���Y�D�Q�L�V�K�L�Q�J���S�H�D�N���D�W��������� �������������ƒ���D�Q�G���W�K�H���V�K�R�X�O�G�H�U���D�W��������� �������������ƒ���F�R�U�U�H�V�S�R�Q�G�L�Q�J���W�R��

(211) and to (222) Bragg reflections of bcc-In2O3 agrees with the dissolution of bcc-In2O3 nanocrystals 

into the m-ZrO2 matrix. It should be noted that the incorporation of indium cations into the m-ZrO2 lattice 

does not result in a noticeable change in the unit cell volume (Table S3.12) as the ionic radii of In3+ (0.80 

Å) and Zr4+ (0.78 Å) are very similar.35  

Lastly, in order to investigate if the formation of the m-ZrO2:In solid solution depends on the 

In2O3 precursor, we impregnated an aqueous solution of In(NO3)3 onto m-ZrO2 yielding, after calcination, 

In2O3(nit)/m-ZrO2 (further details in the SI). The laboratory-scale fixed-bed catalytic experiments show 

that the STY of methanol obtained for In2O3(nit)/m-ZrO2 after TOS = 210 min is similar to that of 

In2O3/m-ZrO2 (1.25 vs. 1.19 gMeOH gIn2O3
�í1 h�í1, Figure S3.46) However, the characteristic increase of the 

catalytic activity as observed in both operando XAS capillary and laboratory experiments for 

In2O3/m-ZrO2 is less noticeable for In2O3(nit)/m-ZrO2 (Figure S3.46). EXAFS data show that the local 

structure of the calcined In2O3(nit)/m-ZrO2 is very similar to that of the reference m-Zr0.95In0.05O1.975 or 

re-oxidized In2O3/m-ZrO2 (Figure S3.45), indicating that the m-ZrO2:In solid solution was formed in 

In2O3(nit)/m-ZrO2 already during calcination, i.e. indium sites were uniformly and atomically dispersed 

on the support already at this step. Therefore, the induction period (ca. between 40 and 100 min) observed 

for In2O3/m-ZrO2 is likely related to the further dispersion and stabilization of indium sites (In2+/In3+) in 

the lattice of m-ZrO2 in the form of a solid solution, viz. m-ZrO2:In. Both In2O3/m-ZrO2 and 

In2O3(nit)/m-ZrO2 catalysts were stable over ca. 100 h TOS with In2O3/m-ZrO2 showing a minor 

continuous increase in methanol STY, while the activity of In2O3(nit)/m-ZrO2 was stable over the entire 

experiment (Figure S3.47). 

3. 4. Conclusions 

In summary, we report that the phase of ZrO2 affects significantly the local structure, reducibility 

and the catalytic performance of ZrO2-supported, nanocrystalline In2O3 NPs for the hydrogenation of CO2 

to methanol. Operando XAS/XRD studies reveal that the catalytic activity directly correlates to the extent 

of In2O3 reduction and the evolution of the local structure of In sites during the CO2 hydrogenation 

reaction, both of which are strongly affected by the phase of the ZrO2 support. The amorphous ZrO2 

support promotes the rapid reduction of In2O3 to metallic In leading to an almost inactive amorphous 

catalyst. The tetragonal ZrO2 support avoids the complete transformation of In2O3 to In0, but the extent 

of reduction is substantial, characterized by an average oxidation state of In below +2, which is associated 

with poor catalytic activity. In contrast, In2O3 nanoparticles interact with m-ZrO2 during calcination and 
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 CO2 hydrogenation by evolving into In2+/In3+ sites that are atomically dispersed into the lattice of 

m-ZrO2, which leads to the activation of the catalyst with TOS. The formation of this solid solution 

increases the quantity of active In�±Vo�±Zr sites. These sites are stabilized by the m-ZrO2 lattice against 

deactivation by over-reduction to In0. The used catalyst can be fully re-oxidized in air at 300 oC, however, 

the formed m-ZrO2:In phase is stable and the dissolution of In2O3 into m-ZrO2 is irreversible. XPS further 

confirms the incorporation of In2+/In3+ into the lattice of m-ZrO2 during reaction, which in turn leads to a 

notable increase of surface oxygen vacancies next to In sites. Such In sites residing next to an oxygen 

vacancy and Zr sites are thought to be catalytically active, explaining the superior catalytic performance 

of In2O3/m-ZrO2 catalyst for the direct hydrogenation of CO2 to methanol. 

The combination of the techniques applied in this study allowed us to decipher the nature of the 

active sites in the In2O3/m-ZrO2 catalyst, which are distinctly different to the active sites in bixbyite-type 

In2O���í�[ nanoparticles (In�±Vo�±Zr vs In�±Vo�±In sites, respectively), and ascribe the superior performance of 

the catalysts derived from india supported on monoclinic zirconia to the formation of a m-ZrO2:In solid 

solution, thereby providing a direct correlation between the structure of the active sites and the catalytic 

activity for CO2 hydrogenation. We hope that the new findings will pave the way towards the rational 

design of active and stable catalysts for CO2 hydrogenation to methanol based on metal oxides. 

3. 5. Supplementary Information 

3.5.1. Synthesis of Materials  

Monodisperse nanocrystalline In2O3 nanoparticles (NPs) were prepared from indium(III) 

acetylacetonate (acac) using a literature procedure28 that is reproduced below for convenience. A slurry 

of In(acac)3 (0.75 g, 2.1 mmol) in 30 mL oleylamine (1:43 molar ratio) was kept at 250 °C for 7 h under 

a N2 flow using a Schlenk flask equipped with a condenser, and the resulting reaction mixture was cooled 

to room temperature leaving a brown viscous oil. The addition of dichloromethane (35 mL) gave a 

precipitate that was collected by centrifugation, washed with ethanol (2 �u 80 mL) and re-dispersed in 

toluene. We have previously reported the TEM characterization of those as-prepared In2O3 NPs, their size 

distribution and XRD profiles.12 m-ZrO2, t-ZrO2 and am-ZrO2 supports were synthesized following the 

literature procedure (see Figure S3.1 for X-ray diffractograms).29 Monoclinic ZrO2 was prepared by 

refluxing a 0.5 M aqueous solution of zirconyl chloride (ZrOCl2·8H2O, Sigma-Aldrich, 98%) at 100 ºC 

for 240 h, while maintaining the pH at 1.5 (NaOH). Amorphous and tetragonal ZrO2 were prepared by 

maintaining the pH at 9 (NaOH). The product was recovered by vacuum filtration, redispersed in 

deionized water, washed (5 �u 100 mL) and dried at 100 ºC in a vacuum oven (50 mbar) for 24 h. The 

dried samples were calcined at 300 and 400 ºC (5 ºC min�í1) for 4 h to obtain amorphous and monoclinic 
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ZrO2, respectively. According to XPS Na 1s core spectra the as-prepared m-ZrO2, t-ZrO2 and am-ZrO2, 

supports contained no Na (Figure S3.3). Na was removed successfully during the washing step. 

Calcination of as prepared amorphous ZrO2 at 800 ºC (5 ºC min�í1) for 4 h gave tetragonal ZrO2. 

�%�U�X�Q�D�X�H�U�í�(�P�P�H�W�W�í�7�H�O�O�H�U�� ���%�(�7���� �V�X�U�I�D�F�H�� �D�U�H�D�V�� �R�I�� �W�K�H�� �F�D�O�F�L�Q�H�G�� �P-ZrO2, t-ZrO2 and am-ZrO2 supports 

were 269, 120 and 170 m2 g�±1, respectively. Colloidal In2O3 nanoparticles were dispersed on zirconia 

supports by incipient wetness impregnation followed by drying at 100 °C for 5 h and calcination at 400 °C 

(3 °C min�í1) for 3 h in order to remove the capping ligand from the surface of In2O3 NPs.12,36 XPS N 1s 

level data (Figure S3.4) shows no nitrogen signal, in agreement with complete removal of the capping 

ligand in calcined catalysts. For the synthesis of m-Zr0.95In0.05O1.975 (nominal composition), stoichiometric 

amounts of ZrOCl2·8H2O and In(NO3)3·2.8H2O (Sigma-Aldrich, 99.9%) were dissolved in deionized 

water. Subsequently, citric acid and ethylene glycol were added, the resulting mixture evaporated at 100 

°C to make a sol that was dried overnight at 130 °C and calcined at 1450 °C (3 °C min�í1, 5 h). 

In2O3(nit)/m-ZrO2 material (4.7% In loading according to ICP-OES analysis) was prepared by wet 

impregnation of the m-ZrO2 support with an aqueous solution of In(NO3)3. The obtained sample was dried 

at 100 °C for 5 h and then calcined at 400 °C (3 °C min�±1) for 3 h. 

3.5.2. Ex situ Characterization 

Nitrogen physisorption was performed on a NOVA 4000e (Quantachrome�����L�Q�V�W�U�X�P�H�Q�W���D�W���í������ °C. 

Prior to the experiment, the materials were outgassed at 300 °C for 3 h. The specific surface area and pore 

�Y�R�O�X�P�H���Z�H�U�H���F�D�O�F�X�O�D�W�H�G���X�V�L�Q�J���W�K�H���%�U�X�Q�D�X�H�U�í�(�P�P�H�W�W�í�7�H�O�O�H�U�����%�(�7��37 �D�Q�G���%�D�U�U�H�W�W�í�-�R�\�Q�H�U�í�+�D�O�H�Q�G�D�����%�-�+����

models,38 respectively. Inductively coupled plasma optical emission spectroscopy (ICP-OES) was 

performed on an Agilent 5100 VDV instrument. The multi-element standard 5 (Sigma Aldrich) was used 

for calibration. Samples were prepared by digesting ~3 mg of the specimen in 4 mL HNO3. The resulting 

solutions were diluted with de-ionized (DI) water to 25 mL. To avoid any contamination, trace-grade acid 

and HNO3-treated glassware were used. Laboratory-based X-ray diffraction (XRD) data were collected 

on a PANalytical Empyrean X-ray Powder Diffractometer under standard operation (45 kV and 40 mA) 

�X�V�L�Q�J���&�X���.�.���;-�U�D�\���U�D�G�L�D�W�L�R�Q�����7�K�H���G�L�I�I�U�D�F�W�R�P�H�W�H�U���Z�D�V���H�T�X�L�S�S�H�G���Z�L�W�K���D�Q���;�¶�&�H�O�H�U�D�W�R�U���6�F�L�H�Q�W�L�I�L�F���X�O�W�U�D�I�D�V�W��

line detector and a Bragg�±�%�U�H�Q�W�D�Q�R���+�'���L�Q�F�L�G�H�Q�W���E�H�D�P���R�S�W�L�F�V�����7�K�H���V�F�D�Q�V���Z�H�U�H���F�R�O�O�H�F�W�H�G���L�Q���W�K�H��������range 

of 5°�±100° (step size: 0.1° in a continuous scan mode and total acquisition of 3 h). The analysis of the 

XRD patterns was performed using the Fullprof software.39 X-ray photoelectron spectroscopy (XPS) 

measurements were conducted on a Sigma II instrument (Thermo Fisher Scientific) equipped with an 

UHV chamber (non-�P�R�Q�R�F�K�U�R�P�D�W�L�F�����������:���$�O���.�.���V�R�X�U�F�H�����D���K�H�P�L�V�S�K�H�U�L�F�D�O���D�Q�D�O�\�]�H�U�����D�Q�G���D���V�H�Y�H�Q���F�K�D�Q�Q�H�O��

electron multiplier). The analyzer-to-source angle was 50°, while the emission angle was 0°. A pass 

energy of 50 eV and 25 eV was set for the survey and the narrow scans, respectively, and the C 1 s peak 
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of adventitious carbon was set at 284.8 eV to compensate for any charge induced shifts. For the used 

materials, an air-tight cell allowing to transfer specimens between the glovebox and the XPS instrument 

was used.31 XPS data were analyzed in CasaXPS Version 2.3.19PR1.0 software. The background 

subtraction was performed according to Shirley,40 or Tougaard41 and the atomic sensitivity factors (ASF) 

of Scofield were applied to estimate the atomic composition.42 Transmission electron microscopy (TEM) 

images were acquired on a FEI Talos F200X microscope operated at 200 kV in both TEM and scanning 

TEM (STEM) modes. The microscope is equipped with a SuperX EDX detector with four SDD detectors. 

The microstructure and electronic structure of the samples were also investigated by analytical electron 

microscopy using a double Cs corrected (TEM&STEM) JEOL JEM-ARM300F Grand ARM scanning 

transmission electron microscope that was operated at 300 kV. The microscope is equipped with the Dual 

EDS system (two large area SDD EDX detectors with 100 mm2 active area; total solid angle: 1.6 sr). For 

electron microscopy, samples were prepared by drop deposition of In2O3/ZrO2 dispersed in chloroform 

onto a copper grid with a holey carbon support film. ADF STEM images were recorded with a semi-

convergence angle of 18 mrad and 55-177 mrad collection semi-angles.  

3.5.3. Operando XAS-XRD Experiments 

Combined operando XAS and powder XRD measurements were performed at the Swiss-

Norwegian beamlines (SNBL, BM31) at the European Synchrotron Radiation Facility (ESRF), Grenoble, 

France. XAS spectra were collected at the In K-edge using a Si(111) double crystal monochromator in 

transmission mode, with continuous scanning between 27749 and 29001 eV, binned to a step size of 

0.5 eV during 150 s. XRD data were collected with a 2D DEXELA detector using a Si (111) channel-cut 

monochromator, set at a wavelength of 0.5060 Å.43 Ca. 8 mg of catalyst was used which was placed 

between two plugs of quartz wool in a quartz capillary reactor cell (1 mm outer diameter, 0.02 mm wall 

thickness). XRD data were averaged during 30 s. Data averaging and azimuthal integration were 

performed with the PyFAI software using NIST LaB6 powder as a standard.44 The beam size was set by 

the slits in horizontal and vertical directions to 0.5 �u 2 mm and 0.5 �u 0.5 mm for XAS and XRD, 

respectively. The alternating XAS-XRD cycles consisted of the following steps: (i) heating up to 300 °C 

in N2 (5 bar, flow rate 10 mL min�±1) with a ramp of 10 °C min�±1, (ii) pressurizing to 20 bar in N2 at 300 °C, 

(iii) switching to CO2 hydrogenation conditions (300 °C, 20 bar, 10 mL min�±1 H2 : CO2 : N2 = 3 : 1 : 1 

vol. %, SV = 75000 L kg�í1 h�í1), iv) treating the used catalyst with CO2 (300 °C, 20 bar, 10 mL min�±1) for 

30 min, and then, v) depressurizing to atmospheric pressure and subsequently introducing a flow of air 

(300 °C, 10 mL min�±1, 1 bar) to investigate the catalyst regeneration. The operating pressure in the 

operando synchrotron experiment was limited by the resistance of the quartz capillary cell that was leak-

tight up to 20 bar. The outlet of the capillary reactor cell was heated above the boiling point of methanol 
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and on-line GC data was collected with a compact-GC (Global Analyser Solutions) equipped with TCD 

and FID detectors. XAS energy calibration was performed based on the In reference at 27940 eV. Athena 

and Artemis software were used for the XAS data processing and EXAFS fittings, respectively.45  

3.5.4. In K-edge Extended X-ray absorption fine structure (EXAFS) analysis  

The data collection is described below. EXAFS data were analyzed using Athena and Artemis 

software based on Feff and Ifeffit.45 The data were fitted using two structural models: 1) the solid solution 

model, based on one In-O and one In-Zr path and 2) bcc-In2O3 model, based on one In-O and one In-In 

path. The two paths used for the In-O and In-Zr shell, respectively were generated from the bcc-In2O3 

structure with the In-Zr path obtained by replacing one In atom by Zr in the In-In path of the bcc-In2O3 

structure. The amplitude reduction factor, S0
2, was determined first from In2O3 (reference) while fixing 

coordination numbers to the crystallographic values. The Debye-�:�D�O�O�H�U���I�D�F�W�R�U�����12) of the In-Zr path was 

fixed to 0.015 Å2, while the coordination number and interatomic distances, energy �V�K�L�I�W���D�Q�G���12 of the In-

O were variables during the fitting. The fitting was performed in k2-weighted (k = 3 - 9 Å �í1) 1.2 - 3.47 Å 

R range.  

For the data collected under reaction conditions, the Debye-Wa�O�O�H�U�� �I�D�F�W�R�U�V�� ���12) were first 

determined for In2O3/t-ZrO2 �D�I�W�H�U�������P�L�Q���7�2�6���D�Q�G���W�R���U�H�G�X�F�H���W�K�H���Q�X�P�E�H�U���R�I���W�K�H���U�H�I�L�Q�H�G���S�D�U�D�P�H�W�H�U�V�����D�O�O���12 

were fixed while the coordination number and interatomic distances and energy shift were variables 

�G�X�U�L�Q�J���W�K�H���I�L�W�W�L�Q�J�����12 of the In-O and In-In paths were fixed to 0.010 and 0.009 Å2 respectively (initially 

fitted values). The structural values obtained from best fits of the k2-weighted EXAFS data are 

summarized in Tables S3.7-S3.9. For In2O3/m-ZrO2 and In2O3/t-ZrO2, measurements 1-40 correspond to 

the data collected from 3-139 min TOS, with a sampling rate of ca. 3 min, while for In2O3/am-ZrO2, only 

the first three measurements (3-10 min TOS) are fitted, as after this time the model was not applicable 

due to the over-reduction of the catalyst and the loss of its long range order. 

3.5.5. Zr K-edge XAS analysis 

XAS spectra of three supports, i.e. m-ZrO2, t-ZrO2, am-ZrO2, and of three used catalysts, i.e. 

In2O3/m-ZrO2, In2O3/t-ZrO2 and In2O3/am-ZrO2, were measured at room temperature at the Zr K-edge. 

(Figures S3.7, S3.28-S3.30). The samples were prepared as pellets of optimized mass of sample mixed 

with cellulose. XAS energy calibration was performed with a Zr(0) foil reference at 17998 eV. 

3.5.6. CO2 Hydrogenation Tests in a Fixed Bed Reactor 

 The catalytic tests were carried out in an automated continuous flow tubular Hastelloy X 

(304.8 mm total length, 9.1 mm internal diameter) high pressure reactor (Microactivity Effi, PID 

Eng&Tech). In a typical experiment, 120 mg of catalyst were filled onto a porous plate placed inside the 
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reactor and hold in place from both ends with plugs of quartz wool. Prior to the reaction, the fresh catalyst 

was pretreated in 80 mL min�±1 of N2 at 300 °C and P = 5 bar for 60 min. After the pre-treatment, the 

desired pressure (25 bar) was set under the same N2 flow. Subsequently, the feed was introduced 

(H2 : CO2 : N2 = 3 :  1 :  1 molar ratio, SV = 45000 L kg�í�� h�í��) for 210 min or for 97 h for selected stability 

tests and gas chromatography (GC) data were collected. The outlet of the reactor was heated above the 

boiling point of methanol and the off-gas was analysed by a gas chromatograph equipped with a thermal 

conductivity detector (TCD) and a flame ionization detector (FID) with a methanizer (PerkinElmer Clarus 

580). In all experiments, the CH4 concentration in the outlet gas was negligible. The formation rates of 

and the selectivity to methanol were calculated using the following equations:  

Fout (mol h�í��) = 
�¿�Ô�Ù��
H���¼�¿�.�á�Ô�Ù��

�¼�¿�.�á�Ú�à�ß��
         (eq. S3.1) 

rMeOH (gMeOH h�í����g In2O3
�í��)  = 

�¿�Ú�à�ß��
H���¼�¾�Ð�À�¹�á�Ú�à�ß����
H���Æ�ê�¾�Ð�À�¹��

�ê�º�Ù�.�À�/
               (eq. S3.2) 

SMeOH = 
���¿�¾�Ð�À�¹�á�Ú�à�ß����

�¿�¾�Ð�À�¹�á�Ú�à�ß���>���¿�´�À�á�Ú�à�ß
 × 100        (eq. S3.3) 

where Fin is the total inlet gas flow rate (mol h�í��), Fout is the total outlet gas flow rate (mol h�í��), CN2,in is 

the inlet gas fraction of N2 (internal standard), CMeOH,out is the outlet gas fraction of MeOH, rMeOH is the 

production rate of methanol (gMeOH h�í����gIn2O3
�í��), MwMeOH is the molecular weight of methanol (32.04 g 

mol�í��) and wIn2O3 is the In2O3 content in the catalytic bed as measured by ICP-OES.  

 

Figure S3.1. XRD profiles (�� = 1.5406 Å) of the three ZrO2 supports after calcination. The simulated patterns 

according to the Inorganic Crystal Structure Database (ICSD) for t-ZrO2 (ICSD #66781) and m-ZrO2 (ICSD 

#18190). 
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Figure S3.2. a) Zr K-edge XANES and b) the corresponding Fourier-transform of k3-weighted EXAFS of the m-

ZrO2, am-ZrO2 and t-ZrO2 supports collected at room temperature. 

 

 

Figure S3.3. XPS Na 1s core spectra of a) m-ZrO2, b) t-ZrO2 and c) am-ZrO2 supports. 

 

 

Figure S3.4. XPS N 1s core spectra of a) In2O3/m-ZrO2, b) In2O3/t-ZrO2 and c) In2O3/am-ZrO2 catalysts. 
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Figure S3.5. EDX-STEM maps of calcined a) In2O3/m-ZrO2, b) In2O3/t-ZrO2 and c) In2O3/am-ZrO2. 

 

 

Figure S3.6. HR-TEM micrographs of a) In2O3/m-ZrO2, b) In2O3/am-ZrO2 and c) In2O3/t-ZrO2.  
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 Crystalline In2O3 nanoparticles with well-resolved lattice fringes are clearly distinguishable in the 

HR-TEM images. The majority of these fringes are separated by 0.296 nm, which agrees with the 

interplanar spacing of the (222) plane of cubic In2O3. Well resolved lattice fringes are also observed for 

crystalline monoclinic and tetragonal ZrO2 supports. 

 

Figure S3.7. �;�5�'���S�U�R�I�L�O�H�V��������� �������������� Å) of In2O3/m-ZrO2, In2O3/am-ZrO2 and In2O3/t-ZrO2. 

 

Figure S3.8. a) XANES spectra of the In K-edge for In2O3, InCl2 and metallic In used as references for In+3, In+2 

and In0 oxidation states, respectively, and the calcined In2O3/am-ZrO2, In2O3/t-ZrO2, In2O3/m-ZrO2 catalysts. b) E0 

as a function of In average oxidation state based on the In2O3, InCl2 and metallic In references. The red line is the 

curve fitted with a linear function. 
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The edge energy position is measured at the half height of the normalized absorption edge step in the In K-edge 

XANES data. 

Table S3.1. Characterization of calcined catalysts: surface area, pore volume and In2O3 content. 

Catalyst BET surface area 

(m2 g�í1) 

BJH pore volume 

(cm3 g�í1) 

ICP-OES  

In, wt. % 

In2O3/t-ZrO2 162 0.59 4.5 

In2O3/m-ZrO2 114 0.27 4.1 

In2O3/am-ZrO2 267 0.76 5.1 

In2O3(nit)/m-ZrO2 120 0.27 4.7 

 

 

Figure S3.9. The Fourier-transform of the k2-weighted EXAFS functions (not corrected for the phase shift) of the 

calcined In2O3/am-ZrO2, In2O3/t-ZrO2, In2O3/m-ZrO2 catalysts. 
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Figure S3.10. k2-weighted EXAFS functions (not corrected for the phase shift) and b) the corresponding Fourier-

transform of the calcined In2O3/m-ZrO2 and the reference m-Zr0.95In0.05O1.975. 

 

 

Figure S3.11. �D�����;�5�'���S�U�R�I�L�O�H�V��������� �������������� Å) of the m-Zr0.95In0.05O1.975 and the m-ZrO2 support calcined at 1450 

°C, b) In K-edge XANES spectra, c) k2-weighted EXAFS functions and d) Fourier-transform of the k2-weighted 

EXAFS of bcc-In2O3 and m-Zr0.95In0.05O1.975 measured at 50 °C. 
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Table S3.2. Unit cell parameters determined by full profile analysis (Le Bail47) of the XRD data. 

Material Space  group   Vol 

 (Å3) 

Rw  

m-ZrO2 calcined   at 1450 °C P 1 21/c 1 140.73(1) 26.8   

m-Zr0.95In0.05O1.975 P 1 21/c 1 140.73(1)  25.0 

 

 The full profile analysis (Le Bail) of the XRD data (Figure S3.11a and Table S3.2) confirms that 

m-Zr0.95In0.05O1.975 exhibits a monoclinic structure (P 1 21/c 1 space group) without any Bragg reflections 

of bcc-In2O3 and yielded the monoclinic unit cell parameter. For comparison, a similar analysis was 

performed on m-ZrO2 calcined at 1450 °C. The unit cell volume of both materials are very close, due to 

the similarity of the ionic radii of In3+ (VI) and Zr4+ (VII) whi ch are equal to 0.80 Å and 0.78 Å, 

respectively.35 This result underlines the importance of complementary techniques, such as EXAFS, to 

investigate the formation of solid solutions in this system since the incorporation of In into the m-ZrO2 

lattice does n�R�W���O�H�D�G���W�R���D���F�R�Q�V�L�G�H�U�D�E�O�H���X�Q�L�W���F�H�O�O���Y�R�O�X�P�H���F�K�D�Q�J�H���D�Q�G���D���U�H�O�D�W�H�G���������S�H�D�N���V�K�L�I�W���L�Q���W�K�H���;�5�'��

data. 

 

Figure S3.12. Deconvolution of the XPS O 1s core spectra of m-Zr0.95In0.05O1.975 and the m-ZrO2 support. 
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Table S3.3. XPS fitting parameters for the O 1s core spectra of calcined m-Zr0.95In0.05O1.975 and the pure m-ZrO2 

support. 

Material B.E. (eV) FWHM (eV) Peak shape Amount (%) 

Zr0.95In0.05O1.975 

Olattice 529.2 2.11 GL[a] 70.7 

Odefect 531.2 2 GL[a] 
22.2 

 

OH 532.3 2 GL[a] 7.1 

m-ZrO2 

Olattice 

 

529.1 

 

2 GL[a] 
87.3 

 

Odefect 

 

531.3 

 

2 GL[a] 
11.1 

 

OH 532.9 2 GL[a] 1.7 

 

[a] GL is Gaussian/Lorentzian line shape 

 The relative percentage of Odefect sites is double for m-Zr0.95In0.05O1.975 compared to m-ZrO2 

explained by the generation of oxygen vacancies due to the substitution of Zr4+ cations by In3+ in the m-

ZrO2 lattice (oxygen nonstoichiometry). A similar observation was reported for the ZnO-ZrO2 solid 

solution.34 

 The In 3d core level spectra in Figure S13 shows two peaks located at 444.2 and 451.7 eV, which 

can be attributed to the characteristic spin-orbit split 3d5/2 and 3d3/2 indicating In3+ state in 

m-Zr0.95In0.05O1.975.32 
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Figure S3.13. XPS In 3d core spectra of m-Zr0.95In0.05O1.975.  

 The EXAFS data of m-Zr0.95In0.05O1.975 exhibit clear differences with respect to bcc-In2O3, in 

particular the data show differences in the amplitude and the shape of the second coordination sphere, 

which is related to the In-Zr shell. This is confirmed by the fitting of the EXAFS data using both solid 

solution and bcc-In2O3 models (vide infra). The fitting was performed in the k2-weighted R range between 

1.2-3.47 Å (Figure S3.15 and Table S3.4). When using the bcc-In2O3 model, the quality of the fit is 

inferior (Figure S3.15b), also shown by the higher R factor (0.024). This confirms that the local 

environment of In incorporated in m-ZrO2 is different from that in the bcc-In2O3 structure. 

 We present also the fittings using k3-weighted EXAFS data with the In-Zr path with both probed 

models (Figure S3.17). We observed that the quality of the fit is not affected significantly by the k-weight 

applied. However, an improvement in the R factor difference (0.01 vs 0.03) and fit is more prominent 

with k3 weights when the In-Zr path is used instead of the In-In path, validating the incorporation of In in 

the m-ZrO2 structure (solid solution). Thus, k3-weighted EXAFS data is more sensitive to distinguish 

between In and Zr neighbours than the corresponding k2-weighted EXAFS data (higher weight in k 

enhances the sensitivity of the EXAFS to heavier elements Zr and In compared to lighter O element 

present in the material). These results demonstrate that EXAFS analysis can distinguish between In-In 

and In-Zr, i.e. allowing us to differentiate between In in a bcc-In2O3 environment or In incorporated in a 

solid solution in m-ZrO2:In structure.  
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Figure S3.14. Fitting of k2-weighted EXAFS functions of m-Zr0.95In0.05O1.975 a) with the solid solution and b) the 

bcc-In2O3 models.  

 

Figure S3.15. Fitting of k2-weighted EXAFS data of m-Zr0.95In0.05O1.975 a) with the solid solution and b) with the 

bcc-In2O3 model. 

Table S3.4. k2-weighted In K-edge EXAFS fitting results of m-Zr0.95In0.05O1.975. 

Model Coordination shell CN �12, (Å2) �û�(�������H�9�� R, (Å) R-

factor 

Solid 
solution 

In-O 6(1) 0.011(3)  

5(2) 

2.16(3)  

0.009 

 
 

 In-Zr 11(2)  3.5(1) 

 

bcc-In2O3 In-O 7(2) 0.011(4)  

3(2) 

2.14(5)  

0.024 In-In 8(2)  3.41(6) 
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Figure S3.16. Fitting of k3-weighted EXAFS functions of m-Zr0.95In0.05O1.975 with a) the solid solution, and b) the 

bcc-In2O3 model.  

The two paths used for the fit (In-O and In-Zr or In-O and In-In) are also shown. 

 

Figure S3.17. Fitting of k3-weighted EXAFS data of m-Zr0.95In0.05O1.975 with a) the solid solution model and b) the 

bcc-In2O3 model. 

Table S3.5. k3-weighted In K-edge EXAFS fitting results of m-Zr0.95In0.05O1.975. 

Model Coordination shell N �12, (Å2) �û�(�������H�9�� R, (Å) R-

factor 

Solid 

solution 

In-O 

 

6(1) 0.009(2)  

5(2) 

2.16(3)  

0.01 

In-Zr 11(2)  3.5(1) 

bcc-In2O3 In-O 

 

7(2) 0.010(4)  

2(3) 

2.14(6)  

0.03 

In-In 9(2)  3.40(5) 
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The fitting of the EXAFS data of the calcined catalysts was performed in the k3-weighted R range 

between 1.2-3.47 Å. The bcc-In2O3 model was used for In2O3/t-ZrO2 and In2O3/am-ZrO2 while both the 

bcc-In2O3 and the solid solution model were used for In2O3/m-ZrO2, in line with the presence of In atoms 

in two environments: (i) supported nanocrystals of bcc-In2O3 and (ii) In3+ ions dissolved in the m-ZrO2 

lattice. For calcined In2O3/t-ZrO2 and In2O3/am-ZrO2, only the bcc-In2O3 model was used, i.e. only In�±

O, In�±In paths were considered. 

 

Table S3.6. k3-weighted In K-edge EXAFS fitting results of the calcined In2O3/m-ZrO2. In2O3/t-ZrO2 and 

In2O3/am-ZrO2. 

Material Coordination 

shell 

CN �û�(�������H�9�� R, (Å) R-factor 

In2O3/m-ZrO2 In-O 5.6(3)  

8(1) 

2.16(3) 0.005 

In-In 2(1) 3.39(4) 

In-Zr 2(3)  3.5(2)  

In2O3/t-ZrO2 In-O 6.7(5)  

8(1) 

2.186(5)  

0.019 In-In 7.1(7) 3.41(6) 

In2O3/am-ZrO2 In-O 6.4(5) 10(1) 2.189(3) 0.025 

In-In 6.1(8)  3.42(7)  

 

�
�,�Q���R�U�G�H�U���W�R���U�H�G�X�F�H���W�K�H���Q�X�P�E�H�U���R�I���W�K�H���U�H�I�L�Q�H�G���S�D�U�D�P�H�W�H�U�V�����D�O�O���12 �Y�D�O�X�H�V���Z�H�U�H���I�L�[�H�G�����7�K�H���12 of the In�±O and In�±In 

paths were fixed at 0.007 and 0.005 Å2 respectively, as first determined for unsupported In2O3 �D�W���������Û�&�����9�D�O�X�H���R�I��

�12 of In�±Zr path used for In2O3/m-ZrO2 was fixed at 0.015 Å2, as determined for the m-Zr0.95In0.05O1.975 reference. 
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Figure S3.18. LCF of In K-edge k2-weighted EXAFS functions of a) In2O3/m-ZrO2, b) In2O3/t-ZrO2 and c) 

In2O3/am-ZrO2 with In2O3 and m-Zr0.95In0.05O1.975 references measured at 50 °C. 
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Figure S3.19. Methanol STY of In2O3/m-ZrO2 during the operando CO2 hydrogenation experiment. 

 

 

Figure S3.20. CO2 molar percentage as a function of TOS during the operando CO2 hydrogenation experiment. 

The CO2 concentration gradually increases due to a change of gas from N2 to H2 : CO2 : N2 = 3 : 1 : 1 vol. % at 20 

bar. 
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Figure S3.21. a) Methanol STY and b) selectivity with time on stream measured in a fixed bed reactor for In2O3/m-

ZrO2, In2O3/t-ZrO2 and In2O3/am-ZrO2. 

Reaction conditions P = 25 bar, T = 300 °C H2 :  CO2 : N2 = 3 : 1 : 1 vol. %, and SV = 45000 L kg�±1 h�±1. 
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3.5.7. Analysis of EXAFS Data: Changes in the Local Structure with TOS 

 

�)�L�J�X�U�H���6�������������7�K�H���)�R�X�U�L�H�U���W�U�D�Q�V�I�R�U�P���R�I���W�K�H���N�����Z�H�L�J�K�W�H�G���R�S�H�U�D�Q�G�R���(�;�$�)�6�����Q�R�W���F�R�U�U�H�F�W�H�G���I�R�U���W�K�H���S�K�D�V�H���V�K�L�I�W�����R�I���D����

�,�Q���2�����P���=�U�2�������E�����,�Q���2�����W���=�U�2�����D�Q�G���F�����,�Q���2�����D�P���=�U�2�����G�X�U�L�Q�J���S�U�H���W�U�H�D�W�P�H�Q�W���X�Q�G�H�U���1�����D�Q�G���&�2�����K�\�G�U�R�J�H�Q�D�W�L�R�Q�����7�K�H��

�L�Q�V�H�W���L�Q���)�L�J�X�U�H���6���������D���U�H�S�U�H�V�H�Q�W�V���W�K�H���G�D�W�D���E�H�W�Z�H�H�Q���������D�Q�G���������P�L�Q�X�W�H�V���7�2�6�����L�Q�G�L�F�D�W�L�Q�J���W�K�D�W���D�O�W�K�R�X�J�K���W�K�H���6�7�<���R�I��

�P�H�W�K�D�Q�R�O���L�Q�F�U�H�D�V�H�V���G�X�U�L�Q�J���W�K�L�V���W�L�P�H�����)�L�J�X�U�H���6���������������W�K�H���F�K�D�Q�J�H�V���L�Q���W�K�H���,�Q�±�2���D�Q�G���,�Q�±�,�Q���F�R�R�U�G�L�Q�D�W�L�R�Q���H�Q�Y�L�U�R�Q�P�H�Q�W������

�O�R�F�D�O���V�W�U�X�F�W�X�U�H���D�U�H���Y�H�U�\���V�X�E�W�O�H���D�Q�G���D�U�H���Z�L�W�K�L�Q���W�K�H���H�[�S�H�U�L�P�H�Q�W�D�O���H�U�U�R�U���R�I���W�K�H���P�H�W�K�R�G�����S�U�H�Y�H�Q�W�L�Q�J���T�X�D�Q�W�L�I�L�F�D�W�L�R�Q���R�I��

�W�K�H�V�H���F�K�D�Q�J�H�V�� 
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The spectra obtained after pressurization to 20 bar under a flow of N2 at 300 °C (TOS = 0), at the beginning (TOS���q 

3 min) and end (TOS ca. 139 min) of the operando experiment are highlighted with thicker lines for clarity.  

 

 

Figure S3.23. Fitting of k2-weighted EXAFS data after 3 min TOS during operando CO2 hydrogenation for In2O3/t-

ZrO2. 

Table S3.7. EXAFS fitting results of In K-edge of In2O3/m-ZrO2 during the operando CO2 hydrogenation 

experiment. 

Measurement Shell CN 

 

�û�(�����H�9�� 

 

R, (Å) 

 

R-factor 

1 In-O 5.1(3) 8(1) 2.15(4) 0.012 
In-In 3.2(7) 3.40(5) 

2 In-O 4.2(4) 7(3) 2.15(4) 0.035 
In-In 3.0(9) 3.37(3) 

3 In-O 3.8(4) 8(3) 2.16(3) 0.043 
In-In 1.5(9) 3.38(4) 

4 In-O 3.6(3) 6(3) 2.13(6) 0.027 
In-In 1.5(7) 3.40(5) 

5 In-O 4.0(2) 2(2) 2.12(7) 0.011 
In-In 1.8(5) 3.40(6) 

6 In-O 3.8(4) 9(3) 2.17(2) 0.040 
In-In 1(1) 3.5(1) 

7 In-O 3.6(3) 7(2) 2.14(5) 0.019 
In-In 1.7(6) 3.43(8) 

8 In-O 3.5(4) 8(3) 2.16(3) 0.004 
In-In 1.3(8) 3.43(8) 

In-O 3.6(3) 2.16(3) 
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9 In-In 1.4(7) 8(2) 3.41(7) 0.003 

10 In-O 3.8(4) 8(3) 2.16(3) 0.035 
In-In 1.5(9) 2.5(1) 

11 In-O 3.5(4) (3) 2.15(4) 0.050 
In-In 1.3(9) 3.39(4) 

12 In-O 4.0(4) 6(3) 2.13(6) 0.031 
In-In 1.4(8) 3.37(2) 

 
13 In-O 3.8(2) 7(1) 2.15(4) 0.009 

In-In 2.0(4) 3.44(9) 

 
14 In-O 4.1(4) 6(3) 2.15(5) 0.032 

In-In 1.3(8) 3.38(3) 

 
15 In-O 4.2(3) 4(2) 2.13(6) 0.014 

In-In 1.6(5) 3.37(2) 

 
16 In-O 4.2(3) 5(2) 2.13(6) 0.014 

In-In 1.9(6) 3.39(4) 

17 In-O 3.7(4) 7(3) 2.13(6) 0.032 
In-In 1.5(8) 3.43(8) 

18 In-O 4.2(3) 6(2) 2.14(6) 0.020 
In-In 2.1(7) 3.42(7) 

19 In-O 3.9(2) 8(2) 2.16(3) 0.013 
In-In 2.2(5) 3.42(8) 

20 In-O 4.2(3) 6(2) 2.14(5) 0.020 
In-In 1.4(7) 3.39(4) 

21 In-O 4.1(3) 6(2) 2.13(6) 0.021 
In-In 2.2(7) 3.39(4) 

22 In-O 4.1(2) 6.2(7) 2.17(2) 0.010 
In-In 2.0(7) 3.5(1) 

23 In-O 3.8(3) 9(2) 2.17(2) 0.021 
In-In 1.6(7) 3.5(1) 

24* In-O �± �± �± �± 
In-In �± �± 

25 In-O 3.8(3) 9(2) 2.16(3) 0.012 
In-In 1.7(7) 3.4(1) 

26 In-O 3.6(4) 8(3) 2.16(3) 0.040 
In-In 1.1(9) 3.43(8) 

27 In-O 3.7(3) 7(2) 2.14(5) 0.021 
In-In 2.0(5) 3.34(9) 

28 In-O 4.3(2) 4(2) 2.12(8) 0.001 
In-In 1.9(5) 3.37(2) 

In-O 3.7(2) 2.16(3) 
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29 In-In 1.8(5) 9(1) 3.44(9) 0.011 

30 In-O 3.7(2) 9(1) 2.16(3) 0.012 
In-In 1.8(5) 3.44(9) 

31 In-O 3.6(3) 10(2) 2.17(2) 0.026 
In-In 1.5(8) 3.5(1) 

32 In-O 3.8(3) 9(2) 2.17(2) 0.02 
In-In 1.3(7) 3.5(1) 

33 In-O 3.8(4) 10(3) 2.18(1) 0.045 
In-In 1.2(1) 3.5(1) 

34 In-O 3.7(4) 8(3) 2.15(4) 0.037 
In-In 1.1(9) 3.43(8) 

35 In-O 4.2(3) 7(2) 2.14(5) 0.016 
In-In 1.2(6) 3.40(6) 

36 In-O 4.0(7) 1(5) 2.1(1) 0.082 
In-In 2.3(1) 3.33(2) 

37 In-O 3.6(6) 10(2) 2.17(2) 0.0319 
In-In 1.4(8) 3.5(1) 

38 In-O 4.1(2) 6(1) 2.14(5) 0.005 
In-In 1.9(4) 3.43(8) 

39 In-O 4(5) 6(2) 2.14(5) 0.017 
In-In 1.7(6) 3.40(5) 

40 In-O 4.1(2) 4(2) 2.14(5) 0.009 
In-In 1.8(5) 3.42(7) 

*Data point is not available due to an experimental flaw during the measurement. 

Table S3.8. EXAFS fitting results of In K-edge of In2O3/t-ZrO2 during the operando CO2 hydrogenation 

experiment. 

Measurement Shell CN 

 

�û�(�����H�9�� 

 

R, (Å) 

 

R-factor 

1 In-O 5.7(4) 5(2) 2.17(2) 0.017 
In-In 5.3(8) 3.38(3) 

2 In-O 4.5(3) 7(2) 2.194(2) 0.019 
In-In 4.4(7) 3.39(4) 

3 In-O 4.4(4) 7(2) 2.198(7) 0.022 
In-In 4.1(7) 3.39(5) 

4 In-O 4.1(4) 7(2) 2.199(8) 0.025 
In-In 3.9(7) 3.40(5) 

5 In-O 4.0(4) 7(2) 2.191(6) 0.033 
In-In 3.5(8) 3.38(4) 

6 In-O 3.64(4

) 
8(2) 2.21(1) 0.043 

In-In 4.0(9) 3.41(6) 



104 
 

7 In-O 3.7(4) 8(2) 2.21(2) 0.040 
In-In 3.8(9) 3.42(7) 

8 In-O 3.5(3) 7(2) 2.198(7) 0.030 
In-In 3.3(7) 3.38(3) 

9 In-O 3.5(3) 6(2) 2.188(4) 0.024 
In-In 3.1(6) 3.38(3) 

10 In-O 3.8(3) 5(2) 2.18(2) 0.002 
In-In 3.3(6) 3.37(2) 

11 In-O 3.5(3) 5(2) 2.187(4) 0.017 
In-In 3.3(5) 3.37(2) 

12 In-O 3.4(4) 6(2) 2.189(3) 0.036 
In-In 3.5(7) 3.38(4) 

 
13 In-O 3.4(3) 5(2) 2.188(4) 0.039 

In-In 3.4(6) 3.38(2) 

 
14 In-O 3.3(4) 7(2) 2.20(1) 0.039 

In-In 3.4(8) 3.41(6) 

 
15 In-O 3.3(4) 7(3) 2.199(8) 0.049 

In-In 3.5(9) 3.41(7) 

 
16 In-O 3.3(3) 6(2) 2.192(1) 0.024 

In-In 3.4(6) 3.39(4) 

17 In-O 3.5(5) 3(3) 2.16(3) 0.059 
In-In 3(1) 3.37(2) 

18 In-O 3.4(4) 4(3) 2.17(2) 0.047 
In-In 3.3(8) 3.37(2) 

19 In-O 3.3(4) 5(3) 2.18(2) 0.060 
In-In 3.2(9) 3.39(4) 

20 In-O 3.3(4) 4(3) 2.17(3) 0.047 
In-In 3.1(8) 3.37(2) 

21 In-O 2.9(3) 6(2) 2.196(5) 0.024 
In-In 3.2(5) 3.38(3) 

22 In-O 3.0(3) 6(2) 2.88(3) 0.030 
In-In 2.8(6) 3.38(3) 

23 In-O 3.1(3) 7(2) 2.20(1) 0.038 
In-In 3.1(7) 3.40(5) 

24 In-O 3.3(4) 5(2) 2.18(1) 0.038 
In-In 3.2(7) 3.37(2) 

25 In-O 3.3(3) 5(2) 2.17(3) 0.035 
In-In 3.0(7) 3.37(2) 

26 In-O 3.3(4) 5(3) 2.17(2) 0.039 
In-In 3.0(7) 3.37(2) 
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27 In-O 3.1(4) 4(3) 2.17(3) 0.051 
In-In 2.6(8) 3.38(2) 

28 In-O 3.0(4) 4(3) 2.16(3) 0.052 
In-In 2.5(8) 3.36(2) 

29 In-O 3.1(3) 5(2) 2.184(7) 0.038 
In-In 3.8(7) 3.39(4) 

30 In-O 3.0(3) 6(2) 2.190(1) 0.035 
In-In 2.7(6) 3.39(4) 

31 In-O 2.8(3) 7(2) 2.195(3) 0.031 
In-In 2.4(6) 3.39(4) 

32 In-O 2.9(6) 6(2) 2.200(8) 0.0249 
In-In 2.6(5) 3.38(3) 

33 In-O 2.7(4) 7(3) 2.20(1) 0.061 
In-In 2.6(8) 3.40(5) 

34 In-O 3.0(3) 4(3) 2.17(2) 0.044 
In-In 2.6(7) 3.37(3) 

35 In-O 2.9(3) 6(3) 2.190(3) 0.045 
In-In 3.0(7) 3.39(4) 

36 In-O 2.9(2) 5(3) 2.190(6) 0.045 
In-In 2.6(5) 3.39(4) 

37 In-O 2.9(3) 5(3) 2.190(6) 0.049 
In-In 3.0(7) 3.39(4) 

38 In-O 2.9(4) 4(3) 2.17(3) 0.049 
In-In 2.8(7) 3.36(1) 

39 In-O 2.8(3) 6(2) 2.185(7) 0.032 
In-In 3.2(6) 3.38(3) 

40 In-O 2.9(3) 5(2) 2.185(6) 0.029 
In-In 2.8(6) 3.39(4) 

 

Table S3.9. EXAFS fitting results of In K-edge of In2O3/am-ZrO2 during the operando CO2 hydrogenation 

experiment. 

Measurement Shell 

shell 

N 

 

�û�(�����H�9�� 

 

R, (Å) 

 

R-factor 

1 In-O 3.9(4) 8(3) 2.17(2) 0.035 
In-In 3.7(4) 3.37(2) 

2 In-O 2.4(4) 4(4) 2.13(6) 0.076 
In-In 2.0(7) 3.31(3) 

3 
In-O 4.4(4) 

7(2) 
2.198(7) 

0.022 
In-In 4.1(7) 3.39(5) 
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Figure S3.24. Fitted second shell In-In/In-Zr coordination numbers for In2O3/m-ZrO2, In2O3/t-ZrO2 and In2O3/am-

ZrO2 during the operando CO2 hydrogenation experiment as a function of TOS.  

 Although both In-In and In-Zr paths are present in In2O3/m-ZrO2, here we use the In-In path to 

evaluate the changes during the operando experiment and to limit the number of free variables. Further 

analysis of the type of neighbour was performed on the data collected at 50 °C (vide infra).  

 

Figure S3.25. The Fourier-transform of the k2-weighted operando EXAFS (not corrected for the phase shift) of 

In2O3/m-ZrO2, In2O3/t-ZrO2 and In2O3/am-ZrO2 after a) ca. 3 min and b) ca. 139 min TOS during the operando 

CO2 hydrogenation.  

The spectra of m-Zr0.95In0.05O1.975 measured at 50 °C as well as of pure In2O3 NPs and metallic In at 300 °C under 

N2 and 5 vol. % H2 in He, respectively, are shown for comparison. 
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Figure S3.26. Selected k2-weighted EXAFS functions of a) In2O3/m-ZrO2, (b) In2O3/t-ZrO2 and (c) In2O3/am-ZrO2 

during the operando CO2 hydrogenation. 

The EXAFS functions of pure In2O3 NPs and metallic In measured at 300 °C under N2 and 5 vol. % H2 in He, 

respectively, are shown for comparison.  

For In2O3/m-ZrO2�����W�K�H���(�;�$�)�6���I�X�Q�F�W�L�R�Q�����$���N�������L�V���G�L�I�I�H�U�H�Q�W���I�U�R�P���W�K�D�W���R�I���E�F�F-In2O3 and similar to 

m-Zr0.95In0.05O1.975 (Figure S3.11c) already after ca. 3 min TOS and, apart from a minor amplitude 

reduction, no other significant changes are observed as the reaction proceeds (Figure S3.26a). Starting 

from TOS = �����P�L�Q�����W�K�H���$���N�����R�I���,�Q2O3/t-ZrO2 has the characteristic features of In in bcc-In2O3, which   
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however, become less apparent with TOS, due to the partial reduction of the catalyst (Figure S3.26b). 

Comparison of the EXAFS functions collected with TOS for In2O3/am-ZrO2 to the data of molten In0 

reveals that changes in EXAFS can be associated with molten In0 (Figure S3.26c).12 

 

Figure S3.27. Synchrotron �;�5�'���S�U�R�I�L�O�H�V��������� ������������ Å) of a) In2O3/ m-ZrO2, b) In2O3/ t-ZrO2 and c) In2O3/ am-

ZrO2 calcined and during the operando CO2 hydrogenation. 
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The similarity of the Zr K-edge XANES and EXAFS spectra of the three supports and the 

respective used catalysts confirms that the oxidation state and the local structure of Zr in the supports was 

not altered during calcination and in used conditions of CO2 hydrogenation (Figures S3.28-S3.30). 

 

Figure S3.28. a) Zr K-edge XANES and b) the Fourier-transform of k3-weighted EXAFS of the m-ZrO2 support 

and the used In2O3/m-ZrO2 catalyst collected at room temperature. 

 

Figure S3.29. a) Zr K-edge XANES and b) the Fourier-transform of k3-weighted EXAFS of the t-ZrO2 support 

and the used In2O3/t-ZrO2 catalyst collected at room temperature. 
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Figure S3.30. a) Zr K-edge XANES and b) the Fourier-transform of k3-weighted EXAFS of the am-ZrO2 support 

and the used In2O3/am-ZrO2 catalyst collected at room temperature 
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3.5.8. Combined operando XAS-XRD experiment: probing the catalyst re-oxidation 

 

Figure S3.31. a) In K-edge XANES, b) k2-weighted EXAFS and c) their corresponding Fourier-transform of re-

oxidized and calcined In2O3/m-ZrO2 catalyst measured at 50 °C.  

The XANES spectra of the catalyst after ca. 139 min TOS and under CO2 at 300 °C are shown for comparison. 
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Figure S3.32. a) In K-edge XANES, b) k2-weighted EXAFS and c) their corresponding Fourier-transform of re-

oxidized and calcined In2O3/t-ZrO2 catalyst measured at 50 °C.  

The XANES spectra of the catalyst after ca. 139 min TOS and under CO2 at 300 °C are shown for comparison. 
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Figure S3.33. a) In K-edge XANES, b) k2-weighted EXAFS and c) their corresponding Fourier-transform of re-

oxidized and calcined In2O3/am-ZrO2 catalyst measured at 50 °C.  

The XANES spectra of the catalyst after ca. 139 min TOS and under CO2 at 300 °C are shown for comparison. 

Passing CO2 (300 °C, 20 bar, 10 mL min�±1, 30 min) through the bed with In2O3/ZrO2 catalysts 

after 140 min TOS shifts the white line and the edge positions to higher energies, i.e. E0 shifts by 0.8, 0.3 
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and 0.7 eV for In2O3/m-ZrO2, In2O3/t-ZrO2 and In2O3/am-ZrO2, respectively (Figures S3.31-S3.33). This 

indicates a partial re-oxidation of used catalysts by CO2. Replacing CO2 by air (300 °C, 1 bar, 10 mL min�±

1, 30 min) and recording spectra at 50 °C further increases the edge energy of the calcined samples 

(E0=27940.6 eV) (Figures S3.31a-S3.33a). Therefore, In2O3/ZrO2 catalysts can be fully re-oxidized in air 

to the mean In3+ oxidation state, in contrast to unsupported deactivated In2O3.12  

 After the air treatment the EXAFS analysis showed (spectra recorded at 50 °C), the CNIn-O 

increased to 6.0(3), 6.9(5) and 6.1(4) for In2O3/m-ZrO2, In2O3/t-ZrO2 and In2O3/am-ZrO2, which is 

comparable to the respective CNIn-O values of fresh materials of 5.6(3), 6.7(5) and 6.4(5).  
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Figure S3.34. �;�5�'���S�U�R�I�L�O�H�V��������� ������������ Å) of used a) In2O3/m-ZrO2, b) In2O3/ t-ZrO2 and c) In2O3/am-ZrO2 during 

re-oxidation under CO2 and then air compared to the catalyst at the calcined state. 

3.5.9. Probing the local structure of the re-oxidized In2O3/m-ZrO 2 catalyst 

In order to probe the type of atom in the second sphere in the In2O3/m-ZrO2 catalyst we performed 

the fittings of the EXAFS in real space.  

 Similar to the model used for m-Zr0.95In0.05O1.975, the In-Zr path is generated by replacing one In 

atom by Zr in the In-In path of the bcc-In2O3 structure or with the In-In path of the bcc-In2O3 structure. 
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The k3-weighted EXAFS FT were fitted, which increases the sensitivity to heavier neighbour atoms (Zr 

or In) in comparison to the lighter element (O).  

 

Figure S3.35. a) k3-weighted EXAFS and b) the corresponding Fourier-transform of the In-O, the In-In and the 

In-Zr paths at R ca 1.8 Å, R ca. 3.4 Å and at R ca. 3.5 Å respectively. 

In-O and In-In paths are generated from the bcc-In2O3 structure and the In-Zr path is generated by replacing one In 

atom by Zr in the In-In path of the bcc-In2O3 structure. 

 

Figure S3.36. Fitting of k3-weighted EXAFS data of re-oxidized In2O3/m-ZrO2 with a) the solid solution and b) 

the bcc-In2O3 model. 
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Table S3.10. k3-weighted EXAFS fitting results of In K-edge of re-oxidized In2O3/m-ZrO2. 

Model Coordination shell N �12, (Å2) �û�(�������H�9�� R, (Å) R-

factor 

Solid 

solution 

In-O 

 

6.1(8) 0.010(2) 8(1) 2.16(3)  

 

0.008 In-Zr 

 

4(1)  3.5(1) 

 

bcc-In2O3 In-O 

 

6.1(9) 0.011(2) 7(2) 2.15(4)  

 

 

0.009 

In-In 

 

4(1)  3.44(9) 

 

 

Figure S3.37. Fitting of In K-edge k2-weighted EXAFS functions of re-oxidized In2O3/m-ZrO2 with In2O3 and 

m-Zr0.95In0.05O1.975 references measured at 50 °C.  
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3.5.10. Characterization of used catalysts 

 

Figure S3.38. XPS In 3d core spectra of calcined and used a) In2O3/m-ZrO2, b) In2O3/t-ZrO2 and c) In2O3/am-

ZrO2 catalysts after 210 min TOS. 
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Figure S3.39. In/Zr atomic ratio decrease in used catalysts (TOS = 210 min) relative to calcined catalysts calculated 

from the areas of the In 3d and Zr 3p peaks. 

The core-level O 1s XPS spectra of the calcined and used catalysts are shown in Figure S3.40. 

The oxygen 1s peak is deconvoluted into three peaks at ca. 529.5, 531.5 and 532 eV. The lower binding 

energy component corresponds to lattice oxygen (Olattice), the binding energy at ca. 531.5 corresponds to 

oxygen deficient regions (Odefect) while the peak at ca. 532 eV has been attributed to surface OH groups 

(OH).33, 47-49 Upon reaction, the area of the Olattice peak is decreased more significantly for In2O3/m-ZrO2 

and In2O3/am-ZrO2 (Table S3.11), while the Odefect relative fraction for the used catalyst increased by 41 

and 34% for In2O3/m-ZrO2 and In2O3/am-ZrO2. This is explained by generation of oxygen vacancies due 

to the dissolution of In2O3 into the m-ZrO2 lattice for In2O3/m-ZrO2
34 and an overreduction of In2O3 

without the formation of solid solution for In2O3/am-ZrO2. In2O3/t-ZrO2 shows a small decrease of the 

Olattice area after the reaction giving rise to the OH rather than the Odefect percentage.  
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Figure S3.40. Deconvolution of the XPS O 1s core spectra of calcined and used a) In2O3/m-ZrO2, b) In2O3/t-ZrO2 

and c) In2O3/am-ZrO2 catalysts after 210 min TOS. 
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Table S3.11. XPS fitting parameters for the O 1s core spectra of calcined and used In2O3/m-ZrO2, In2O3/t-ZrO2 

and In2O3/am-ZrO2. 

State B.E. (eV) FWHM (eV) Peak shape Amount (%) 

In2O3/ m-ZrO2 calcined 

Olattice 529.2 2.15 GL[a] 88.2 

Odefect 531.0 2 GL[a] 9.8 

OH 532.0 2 GL[a] 2.0 

In2O3/ m-ZrO2 used 

Olattice 529.0 2.3 GL[a] 76.9 

Odefect 531.4 2.01 GL[a] 17.8 

OH 532.2 2 GL[a] 5.3 

In2O3/ t-ZrO2 calcined 

Olattice 529.7 2.1 GL[a] 78.3 

Odefect 531.5 2.11 GL[a] 18.4 

OH 532.5 2 GL[a] 3.3 

In2O3/t-ZrO2 used 

Olattice 529.7 2.11 GL[a] 74.6 

Odefect 531.5 2 GL[a] 14.8 

OH 532.3 2 GL[a] 10.6 

In2O3/am-ZrO2 calcined 

Olattice 529.7 2.27 GL# 83.1 

Odefect 531.4 2 GL# 14.0 

OH 532.6 2 GL# 2.9 

In2O3/am-ZrO2 used 

Olattice 529.5 2.2 GL# 67.3 

Odefect 531.0 2.33 GL# 22.6 

OH 532.4 2.01 GL# 10.1 

 [#] GL- Gaussian/Lorentzian line shape. 
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Figure S3.41. HR-TEM micrograph of a) In2O3/m-ZrO2, b) In2O3/am-ZrO2 and c) In2O3/t-ZrO2 after 210 min TOS. 

 

 

Figure S3.42. EDX-STEM maps of a) In2O3/m-ZrO2, b) In2O3/t-ZrO2 and c) In2O3/am-ZrO2 after 210 min TOS. 



123 
 

 

Figure S3.43. XRD profiles (�� = 1.5406 Å) of the three used catalysts after 210 min TOS. 

 

Figure S3.44. XRD profiles (�� = 1.5406 Å) of the calcined In2O3 NPs, the m-ZrO2 support and the In2O3/m-ZrO2 

catalyst before and after 210 min TOS in the fixed bed reactor.  

Table S3.12. Unit cell parameters determined by full profile analysis (Le Bail) of the XRD data (�� = 1.5406 Å). 

Material Space 

group 

Vol 

(Å3) 

Rw
 

m-ZrO2 P 1 21/c 1 140.86(3) 9.63 

In2O3/m-ZrO2 

used (TOS = 210 min) 

P 1 21/c 1 140.67(6) 8.98 
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Similar to what has been observed for the reference m-Zr0.95In0.05O1.975, the incorporation of 

indium cations in the (nanocrystalline) m-ZrO2 lattice is not resulting in a noticeable change in the unit 

cell volume as the ionic radii of In3+ (VI fold coordinated) and Zr4+ (VII fold coordinated) are very similar, 

equal to 0.80 Å and 0.78 Å, respectively.35  

3.5.11. Catalytic performance and XAS analysis of the In2O3 (nit)/m-ZrO 2 catalyst 

 

Figure S3.45. a) In K-edge XANES, b) k2-weighted EXAFS and c) their corresponding Fourier-transform of 

calcined In2O3/m-ZrO2, In2O3(nit)/m-ZrO2 and In2O3 reference measured at 50 °C. 
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Figure S3.46. a) The methanol STY and b) selectivity with TOS measured in a fixed bed reactor for In2O3/m-ZrO2 

and In2O3(nit)/m-ZrO2. 

Reaction conditions P = 25 bar, T = 300 °C H2 :  CO2 : N2 = 3 : 1 : 1 vol. %, and SV = 45000 L kg�±1 h�±1. 

3.5.12. Stability Tests 

 

Figure S3.47. a) The methanol STY and b) selectivity with TOS measured in a fixed bed reactor for 100 h for 

In2O3/m-ZrO2 and In2O3(nit)/m-ZrO2. 

Reaction conditions P = 25 bar, T = 300 °C H2 :  CO2 : N2 = 3 : 1 : 1 vol. %, and SV = 45000 L kg�±1 h�±1 tested for 

97 h. 
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Chapter 4 

 

Hydrogen Dissociation Sites on Indium-Based ZrO2-Supported Catalysts 

for Hydrogenation of CO2 to Methanol  
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4. 1. Abstract 

The formation and nature of surface indium species in zirconia-supported catalysts for the 

hydrogenation of CO2 to methanol has been investigated by infrared (IR) spectroscopy. We studied the 

dissociation of hydrogen on In2O3/m-ZrO2, In2O3/t-ZrO2, In2O3/am-ZrO2 and m-ZrO2:In catalysts (m-, t- 

and am- refers to monoclinic, tetragonal and amorphous, respectively and m-ZrO2:In is a solid solution 

material), with and without a redox pretreatment. Indium hydride species and hydroxyl groups form at 

room temperature on the surface of all redox-treated catalysts upon their exposure to hydrogen. The 

activity and concentration of surface indium sites capable of heterolytic activation of H2 is the highest in 

In2O3/m-ZrO2(redox). �Lhe sites for the dissociation of hydrogen also exist, although in lower concentration, 

on the surface of calcined In2O3/m-ZrO2 and m-ZrO2:In catalysts (evacuated at 400���qC), i.e. the catalysts 

featuring the highest activity in the hydrogenation of CO2 to methanol. Noteworthy, the room temperature 

reaction between CO2 and In�±H species of redox-treated catalysts gave surface formate species, i.e. 

intermediates of the methanol synthesis pathway, only for In2O3/m-ZrO2(redox) and m-ZrO2:In(redox), 

highlighting more favorable reactivity of In�±H species and carbonates on the m-ZrO2 support. In situ X-

ray absorption spectroscopy (XAS) at the In K-edge demonstrates the transformation of In2O3/m-ZrO2, 

during reduction in H2 at 400���qC, into highly dispersed In sites with an average oxidation state between 

In2+ and In0. Subsequent oxidation recovers the In3+ oxidation state (in the in situ XAS experiment) and 

forms a m-ZrO2:In solid solution. Thus, H2 dissociation in the most active m-ZrO2:In catalyst proceeds 

on In3+�±O�±Zr4+ sites dispersed in m-ZrO2, forming In�±H and Zr�±OH sites 

4. 2. Introduction 

�,�Q���2�����E�D�V�H�G���F�D�W�D�O�\�V�W�V���K�D�Y�H���H�P�H�U�J�H�G���U�H�F�H�Q�W�O�\���D�V���R�Q�H���R�I���W�K�H���P�R�V�W���S�U�R�P�L�V�L�Q�J���P�D�W�H�U�L�D�O�V���I�R�U���W�K�H���G�L�U�H�F�W��

�F�R�Q�Y�H�U�V�L�R�Q���R�I���W�K�H���J�U�H�H�Q�K�R�X�V�H���J�D�V���&�2�����L�Q�W�R���P�H�W�K�D�Q�R�O�����H�T�����������������D���Y�D�O�X�D�E�O�H���H�Q�H�U�J�\���F�D�U�U�L�H�U���D�Q�G���D���S�U�H�F�X�U�V�R�U��

�W�R���S�O�D�W�I�R�U�P���F�K�H�P�L�F�D�O�V���V�X�F�K���D�V���R�O�H�I�L�Q�V������������ 

�&�2�����������+�������o ���&�+���2�+�������+���2�������û�+������ �. ��� ���±�����������N�F�D�O �P�R�O�±�� �����H�T������������ 

�7�K�H���D�F�W�L�Y�L�W�\���R�I���,�Q���2�����E�D�V�H�G���&�2�����K�\�G�U�R�J�H�Q�D�W�L�R�Q���F�D�W�D�O�\�V�W�V���L�V���D�V�V�R�F�L�D�W�H�G���Z�L�W�K���R�[�\�J�H�Q���Y�D�F�D�Q�F�L�H�V�����L���H����

�,�Q�í�9�R�í�,�Q���V�L�W�H�V�����I�R�U�P�H�G���R�Q���W�K�H���L�Q�G�L�D���V�X�U�I�D�F�H���X�Q�G�H�U���U�H�D�F�W�L�R�Q���F�R�Q�G�L�W�L�R�Q�V���������������<�H�W���W�K�H���P�D�M�R�U���G�U�D�Z�E�D�F�N���R�I���V�X�F�K��

�V�L�W�H�V�� �L�V�� �W�K�H�L�U�� �G�H�D�F�W�L�Y�D�W�L�R�Q�� �E�\�� �R�Y�H�U���U�H�G�X�F�W�L�R�Q�� �Z�L�W�K�� �W�L�P�H�� �R�Q�� �V�W�U�H�D�P�� ���7�2�6������ �O�H�D�G�L�Q�J�� �X�O�W�L�P�D�W�H�O�\�� �W�R�� �P�H�W�D�O�O�L�F��

�L�Q�G�L�X�P���L�Q���W�K�H���G�H�D�F�W�L�Y�D�W�H�G���F�D�W�D�O�\�V�W�����D�F�F�R�U�G�L�Q�J���W�R���D���F�R�P�E�L�Q�H�G���R�S�H�U�D�Q�G�R���; ���U�D�\���D�E�V�R�U�S�W�L�R�Q���V�S�H�F�W�U�R�V�F�R�S�\������

�; ���U�D�\���S�R�Z�G�H�U���G�L�I�I�U�D�F�W�L�R�Q�����;�$�6���;�5�'�����V�W�X�G�\���R�Q���X�Q�V�X�S�S�R�U�W�H�G���,�Q���2�����Q�D�Q�R�F�U�\�V�W�D�O�V���D�W�����������q�&���������'�L�V�S�H�U�V�L�Q�J��

�,�Q���2�����R�Q���D���=�U�2�����V�X�S�S�R�U�W���L�Q�F�U�H�D�V�H�V���W�K�H���D�F�W�L�Y�L�W�\���D�Q�G���V�W�D�E�L�O�L�W�\���R�I���L�Q�G�L�D���E�D�V�H�G���F�D�W�D�O�\�V�W�V�����������������������,�Q���S�D�U�W�L�F�X�O�D�U�����L�W�� 
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�Z�D�V���D�U�J�X�H�G���W�K�D�W���]�L�U�F�R�Q�L�D���S�U�R�P�R�W�H�V���W�K�H���I�R�U�P�D�W�L�R�Q���R�I���D�F�W�L�Y�H���,�Q�í�9�R�í�,�Q���V�L�W�H�V���L�Q���,�Q���2���í�[�������7�K�L�V���Z�D�V���V�X�S�S�R�U�W�H�G��

�E�\���'�)�7���F�D�O�F�X�O�D�W�L�R�Q�V���Z�K�L�F�K���V�K�R�Z�H�G���W�K�D�W���D���=�U�2�����V�X�S�S�R�U�W���P�R�G�X�O�D�W�H�V���W�K�H���U�H�G�X�F�L�E�L�O�L�W�\�� �R�I���L�Q�G�L�D���� �H�Q�K�D�Q�F�L�Q�J��

�V�L�P�X�O�W�D�Q�H�R�X�V�O�\���W�K�H���D�G�V�R�U�S�W�L�R�Q���R�I���&�2�����D�Q�G���V�W�D�E�L�O�L�]�L�Q�J���L�Q�W�H�U�P�H�G�L�D�W�H�V���R�I���W�K�H���P�H�W�K�D�Q�R�O���S�D�W�K�Z�D�\�������� 

�,�P�S�R�U�W�D�Q�W�O�\�����W�K�H���V�W�U�X�F�W�X�U�H���R�I���W�K�H���=�U�2�����V�X�S�S�R�U�W���L�P�S�D�F�W�V���V�W�U�R�Q�J�O�\���W�K�H���F�D�W�D�O�\�W�L�F���S�H�U�I�R�U�P�D�Q�F�H���R�I���,�Q��

�E�D�V�H�G���F�D�W�D�O�\�V�W�V�����I�R�U���L�Q�V�W�D�Q�F�H���,�Q���2�����P���=�U�2�����S�U�R�Y�L�G�H�V���D���F�D�����R�Q�H���R�U�G�H�U���R�I���P�D�J�Q�L�W�X�G�H���K�L�J�K�H�U���P�H�W�K�D�Q�R�O���V�S�D�F�H��

�W�L�P�H���\�L�H�O�G�����6�7�<�����W�K�D�Q���,�Q���2�����W���=�U�2�������P�����D�Q�G���W�����U�H�I�H�U�V���W�R���P�R�Q�R�F�O�L�Q�L�F���D�Q�G���W�H�W�U�D�J�R�Q�D�O�����U�H�V�S�H�F�W�L�Y�H�O�\�������������������7�K�H��

�F�U�\�V�W�D�O���O�D�W�W�L�F�H���P�L�V�P�D�W�F�K���E�H�W�Z�H�H�Q���E�F�F���,�Q���2�������E�R�G�\���F�H�Q�W�U�H�G���F�X�E�L�F���E�L�[�E�\�L�W�H���,�Q���2�������D�Q�G���P���=�U�2�����O�D�W�W�L�F�H�V���Z�D�V��

�V�X�J�J�H�V�W�H�G���W�R���L�Q�G�X�F�H���W�H�Q�V�L�O�H���I�R�U�F�H�V���W�K�D�W���O�H�D�G���W�R���W�K�H���L�Q�F�U�H�D�V�H���R�I�� �W�K�H���G�H�Q�V�L�W�\���R�I�� �D�F�W�L�Y�H���,�Q�í�9�R�í�,�Q���V�L�W�H�V���D�Q�G��

�F�R�Q�V�H�T�X�H�Q�W�O�\�� �W�R�� �K�L�J�K�H�U�� �6�7�<�� �R�I�� �,�Q���2�����P���=�U�2�����������$�Q�� �D�O�W�H�U�Q�D�W�L�Y�H�� �H�[�S�O�D�Q�D�W�L�R�Q���� �S�U�R�Y�L�G�H�G�� �E�\�� �D�Q���R�S�H�U�D�Q�G�R��

�;�$�6���;�5�'�� �V�W�X�G�\�� �R�I�� �,�Q���2�����Q�D�Q�R�F�U�\�V�W�D�O�V�� �V�X�S�S�R�U�W�H�G�� �R�Q�� �P������ �W�����D�Q�G�� �D�P�R�U�S�K�R�X�V�� ���D�P�������=�U�2������ �D�V�F�U�L�E�H�V�� �W�K�H��

�V�X�S�H�U�L�R�U�� �F�D�W�D�O�\�W�L�F�� �D�F�W�L�Y�L�W�\�� �R�I�� �,�Q���2�����P���=�U�2�����W�R�� �W�K�H�� �G�L�V�V�R�O�X�W�L�R�Q�� �R�I�� �,�Q���2�����L�Q�W�R�� �W�K�H�� �O�D�W�W�L�F�H�� �R�I�� �P�R�Q�R�F�O�L�Q�L�F��

�]�L�U�F�R�Q�L�D���������0�R�U�H�� �V�S�H�F�L�I�L�F�D�O�O�\���� �W�K�H�� �F�D�W�D�O�\�W�L�F�� �D�F�W�L�Y�L�W�\�� �F�R�U�U�H�O�D�W�H�V�� �G�L�U�H�F�W�O�\�� �W�R�� �W�K�H�� �H�[�W�H�Q�W���R�I�� �U�H�G�X�F�W�L�R�Q�� �R�I�� �,�Q������

�F�D�W�L�R�Q�V���D�Q�G���W�K�H�L�U���O�R�F�D�O���V�W�U�X�F�W�X�U�H���G�X�U�L�Q�J���W�K�H���&�2�����K�\�G�U�R�J�H�Q�D�W�L�R�Q���U�H�D�F�W�L�R�Q�����Z�L�W�K���E�R�W�K���I�D�F�W�R�U�V���E�H�L�Q�J���D�I�I�H�F�W�H�G��

�V�W�U�R�Q�J�O�\���E�\���W�K�H���S�K�D�V�H���R�I���W�K�H���=�U�2�����V�X�S�S�R�U�W�����:�L�W�K���7�2�6�����W�K�H���D�P���=�U�2�����V�X�S�S�R�U�W���D�F�F�H�O�H�U�D�W�H�V���W�K�H���R�Y�H�U���U�H�G�X�F�W�L�R�Q��

�R�I���,�Q���2�����W�R���P�H�W�D�O�O�L�F���,�Q�����U�H�V�X�O�W�L�Q�J���L�Q���D�Q���D�O�P�R�V�W���L�Q�D�F�W�L�Y�H���D�P�R�U�S�K�R�X�V���F�D�W�D�O�\�V�W���������7�K�H���W���=�U�2�����V�X�S�S�R�U�W���S�U�H�Y�H�Q�W�V��

�W�K�H���R�Y�H�U���U�H�G�X�F�W�L�R�Q���R�I���,�Q���2�����R�Q�O�\���S�D�U�W�L�D�O�O�\�����D�Y�H�U�D�J�H���R�[�L�G�D�W�L�R�Q���V�W�D�W�H���R�I���,�Q���L�V���E�H�O�R�Z���,�Q�����������O�H�D�G�L�Q�J���W�R���D���S�R�R�U��

�F�D�W�D�O�\�W�L�F�� �D�F�W�L�Y�L�W�\���� �5�H�P�D�U�N�D�E�O�\���� �W�K�H�� �K�L�J�K�� �V�X�U�I�D�F�H�� �D�U�H�D���� �Q�D�Q�R�F�U�\�V�W�D�O�O�L�Q�H�� �P���=�U�2�����V�X�S�S�R�U�W���G�L�V�V�R�O�Y�H�V�� �W�K�H��

�G�H�S�R�V�L�W�H�G���,�Q���2�����Q�D�Q�R�S�D�U�W�L�F�O�H�V���S�D�U�W�L�D�O�O�\���D�O�U�H�D�G�\���G�X�U�L�Q�J���F�D�O�F�L�Q�D�W�L�R�Q�����I�R�U�P�D�W�L�R�Q���R�I���F�D�������������R�I���V�R�O�L�G���V�R�O�X�W�L�R�Q��

�P���=�U�2�����,�Q�������D�Q�G���H�Q�W�L�U�H�O�\���Z�L�W�K���7�2�6���X�Q�G�H�U���&�2�����K�\�G�U�R�J�H�Q�D�W�L�R�Q���F�R�Q�G�L�W�L�R�Q�V�����H�Y�R�O�Y�L�Q�J���W�K�H�U�H�E�\���L�Q�W�R���,�Q�������,�Q������

�V�L�W�H�V���W�K�D�W���D�U�H���D�W�R�P�L�F�D�O�O�\���G�L�V�S�H�U�V�H�G���L�Q���W�K�H���O�D�W�W�L�F�H���R�I���P���=�U�2�����������7�K�L�V���P���=�U�2�����,�Q���V�R�O�L�G���V�R�O�X�W�L�R�Q���I�H�D�W�X�U�H�V���D�F�W�L�Y�H��

�,�Q�±�9�R�±�=�U���V�L�W�H�V���W�K�D�W���D�U�H���V�W�D�E�L�O�L�]�H�G���E�\���W�K�H���P���=�U�2�����O�D�W�W�L�F�H���D�J�D�L�Q�V�W���G�H�D�F�W�L�Y�D�W�L�R�Q���E�\���R�Y�H�U���U�H�G�X�F�W�L�R�Q�����L���H�������E�H�O�R�Z��

�W�K�H�� �,�Q�������R�[�L�G�D�W�L�R�Q�� �V�W�D�W�H������ �Z�K�L�F�K���G�L�I�I�H�U�H�Q�W�L�D�W�H�V���W�K�H�� �,�Q�±�9�R�±�=�U���V�L�W�H�V�� �L�Q�� �P���=�U�2�����,�Q�� �I�U�R�P�� �,�Q�±�9�R�±�,�Q�� �V�L�W�H�V�� �L�Q��

�X�Q�V�X�S�S�R�U�W�H�G���,�Q���2���í�[���R�U���L�Q���,�Q���2�����W���=�U�2�������6�F�K�H�P�H���������D�������������������������+�R�Z�H�Y�H�U�����W�K�H���L�Q�I�O�X�H�Q�F�H���R�I���R�W�K�H�U���S�D�U�D�P�H�W�H�U�V��

�R�Q���W�K�H���F�D�W�D�O�\�W�L�F���D�F�W�L�Y�L�W�\�����I�R�U���L�Q�V�W�D�Q�F�H���W�K�H���Q�D�W�X�U�H���D�Q�G���D�E�X�Q�G�D�Q�F�H���R�I���V�L�W�H�V���I�R�U���W�K�H���G�L�V�V�R�F�L�D�W�L�R�Q���R�I���+�����R�Q���Y�D�U�L�R�X�V��

�,�Q���2�����P���=�U�2�����F�D�W�D�O�\�V�W�V�� �R�U�� �W�K�H�� �D�F�W�L�Y�D�W�L�R�Q�� �R�I�� �&�2�������L�Q�� �W�K�H�� �I�R�U�P�� �R�I�� �V�X�U�I�D�F�H�� �F�D�U�E�R�Q�D�W�H�V������ �V�W�L�O�O�� �U�H�P�D�L�Q�V��

�X�Q�G�H�U�V�W�X�G�L�H�G������ 
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��
Scheme 4.1. a) Active sites proposed for In-based catalysts for CO2 hydrogenation to methanol (�,�Q�í�9o�í�,�Q���D�Q�G���,�Q�±

Vo�±Zr sites for supported In2O3 phase and m-ZrO2:In solid solution, respectively, where Vo is the surface vacancy 

site and t- and m- refers to tetragonal and monoclinic). b) Suggested transformations of alumina-supported In2O3 

phase during redox treatment yielding low-dimensional In�±O�±In sites capable of dissociative adsorption of 

hydrogen at room temperature.16 

�$�O�W�K�R�X�J�K���W�K�H���P�H�Q�W�L�R�Q�H�G���R�S�H�U�D�Q�G�R���;�$�6���;�5�'���V�W�X�G�L�H�V���S�U�R�Y�L�G�H�G���Y�D�O�X�D�E�O�H���L�Q�W�H�J�U�D�O���L�Q�V�L�J�K�W�V���L�Q�W�R���W�K�H��

�O�R�F�D�O���D�Q�G���F�U�\�V�W�D�O�O�L�Q�H���V�W�U�X�F�W�X�U�H���D�Q�G���W�K�H���R�[�L�G�D�W�L�R�Q���V�W�D�W�H���R�I���,�Q���V�L�W�H�V�����V�W�L�O�O���O�L�W�W�O�H���L�V���N�Q�R�Z�Q���D�E�R�X�W���W�K�H���V�X�U�I�D�F�H���V�L�W�H�V��
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4. 4. Results and discussion 
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Figure 4.1. FTIR spectra of a) In2O3/m-ZrO2, b) In2O3/am-ZrO2, c) In2O3/t-ZrO2 and d) m-ZrO2:In catalysts after 

evacuation (calcined), subsequent treatment in H2 (reduced), subsequent treatment in O2 (redox), all at 400 °C, and 

after exposure to H2 at room temperature, e) In�±H surface species formed via the dissociative adsorption of 

hydrogen on the four catalysts subjected to redox treatment and f) In�±H surface species formed on calcined and 

evacuated at 400 °C In2O3/m-ZrO2 and m-ZrO2:In catalysts compared to In�±H species on these catalysts after the 

redox treatment. All IR spectra were measured at room temperature. 
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Figure 4.2. FTIR spectra of a) In2O3/m-ZrO2, b) m-ZrO2:In, c) In2O3/t-ZrO2 and d) In2O3/am-ZrO2 catalysts after 

evacuation, subsequent treatment in H2, subsequent treatment in O2, all at 400 °C, exposure to H2 at room 

temperature, evacuation and admission of 5 Torr CO2 at room temperature. The inset in b) compares the bands of 

intermediates of CO2 hydrogenation formed at room temperature and at 150 °C (traces labelled i) and ii), 

respectively). 
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4.4.3. In situ XAS study of In2O3/m-ZrO 2 under the redox treatment 
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Figure 4.3. In K-edge XANES spectra of a) In2O3/m-ZrO2 during the reduction pre-treatment (heating from 30 °C 

to 400 °C with a ramp of 10 ���qC min�í�� and 10 mL min�í�� flow rate of pure H2 at 1 bar), b) FT of the k2-weighted 

EXAFS functions of reduced and re-oxidized In2O3/m-ZrO2 measured at 400���qC, c) In K-edge XANES spectra of 

calcined, reduced (red) and re-oxidized (redox) In2O3/m-ZrO2 along with the In2O3 reference and d) FT of the 

k2-weighted EXAFS of In2O3/m-ZrO2 and In2O3/m-ZrO2(redox) at 50 °C. 
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Table 4.1. Methanol space time yield (STY, normalized per weight of In2O3) and selectivity after 600 min TOS in 

a fixed bed reactor for m-ZrO2:In(redox), In2O3/m-ZrO2(redox), In2O3/t-ZrO2(redox) and In2O3/am-ZrO2(redox). Reaction 

conditions were P = 25 bar, T = 300 °C, H2 :  CO2 : N2 = 3 : 1 : 1 vol. %, and SV = 48000 L kg�±1 h�±1. 

Entry Catalyst 
STYMeOH  

(gMeOH gIn2O3
�í1 h�í1) 

SMeOH (%) 

1 m-ZrO2:In(redox) 2.20 47 

2 In2O3/m-ZrO2(redox) 2.20 33 

3 In2O3/t-ZrO2(redox) 0.49 31 

4 In2O3/am-ZrO2(redox) 0.37 29 
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�P���=�U�2�����,�Q���U�H�O�D�W�L�Y�H���W�R���,�Q���2�����W���=�U�2�����D�Q�G���,�Q���2�����D�P���=�U�2�����L�V���F�R�Q�V�L�V�W�H�Q�W���Z�L�W�K���W�K�H���I�D�F�W���W�K�D�W���R�Q�O�\���W�K�H���I�L�U�V�W���W�Z�R��
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�P�D�W�H�U�L�D�O�V���F�R�Q�W�D�L�Q���V�L�W�H�V���I�R�U���W�K�H���G�L�V�V�R�F�L�D�W�L�Y�H���D�G�V�R�U�S�W�L�R�Q���R�I���K�\�G�U�R�J�H�Q�����D�W���O�H�D�V�W���D�W���U�R�R�P���W�H�P�S�H�U�D�W�X�U�H�����)�L�J�X�U�H��

�������I�������+�R�Z�H�Y�H�U�����V�X�F�K���V�L�W�H�V���D�U�H���S�U�H�V�H�Q�W���R�Q���,�Q���2�����W���=�U�2�����U�H�G�R�[�����D�Q�G���,�Q���2�����D�P���=�U�2�����U�H�G�R�[�������J�L�Y�L�Q�J���,�Q�±�+���E�D�Q�G�V��

�W�K�D�W�� �D�U�H�� �P�R�U�H�� �L�Q�W�H�Q�V�L�Y�H�� �U�H�O�D�W�L�Y�H�� �W�R�� �W�K�H�� �K�L�J�K�O�\�� �D�F�W�L�Y�H�� �P���=�U�2�����,�Q���U�H�G�R�[�����R�U�� �P���=�U�2�����,�Q�� �P�D�W�H�U�L�D�O�V���� �\�H�W�� �W�K�H��

�F�D�W�D�O�\�W�L�F���D�F�W�L�Y�L�W�\���R�I���,�Q���2�����W���=�U�2�����U�H�G�R�[�����D�Q�G���,�Q���2�����D�P���=�U�2�����U�H�G�R�[�����L�V���O�R�Z�����7�D�E�O�H���������������7�K�H�V�H���U�H�V�X�O�W�V���V�X�J�J�H�V�W��

�W�K�D�W���W�K�H���G�L�V�V�R�F�L�D�W�L�R�Q���R�I���+�����L�V���Q�R�W���O�L�N�H�O�\���W�R���O�L�P�L�W���W�K�H���F�D�W�D�O�\�W�L�F���W�X�U�Q�R�Y�H�U���L�Q���,�Q���E�D�V�H�G���=�U�2�����V�X�S�S�R�U�W�H�G���F�D�W�D�O�\�V�W�V�� 

4. 5. Conclusions 

We reported that the phase of the ZrO2 support (m-, t- and am-) influences the nature and the 

relative abundance of indium species active in the dissociation of H2 on In2O3/ZrO2 catalysts for the 

hydrogenation of CO2 to methanol, as assessed by FTIR spectroscopy. While hydrogen dissociates 

heterolytically, i.e. with the formation of indium hydride and hydroxyl groups, already on calcined 

In2O3/m-ZrO2 and m-ZrO2:In, a redox pretreatment is required to create such sites on In2O3/am-ZrO2 and 

In2O3/t-ZrO2 catalysts. The presence and abundance (evaluated by the intensity of the In�±H bands) of 

sites for hydrogen dissociation (at room temperature) does not correlate with the catalytic activity of the 

materials (at 300���qC), as In2O3/m-ZrO2 and m-ZrO2:In outperform significantly In2O3/am-ZrO2 and 

In2O3/t-ZrO2 catalysts, either calcined or redox treated, which is explained by the over-reduction of In 

sites on am-ZrO2 and t-ZrO2 supports in the reaction conditions. Yet over-reduction at 300���qC does not 

account for the distinct room temperature reactivity of the In�±H species with CO2, which shows that 

surface carbonates (in particular hydrocarbonates) on In2O3/t-ZrO2(redox) and In2O3/am-ZrO2(redox) are less 

abundant and less reactive relative to the catalysts based on m-ZrO2, in line with the higher catalytic 

activity of In2O3/m-ZrO2(redox) and m-ZrO2:In(redox). This is confirmed by the detection of minor but 

discernable bands of bidentate formate species after the interaction of In�±H species in In2O3/m-ZrO2(redox) 

and m-ZrO2:In(redox) with CO2 at room temperature and at 150���qC. In situ XAS results on In2O3/m-ZrO2 

showed that the redox treatment transforms supported In2O3 nanoparticles to isolated In3+ sites 

incorporated into the lattice of m-ZrO2, i.e. it forms a m-ZrO2:In solid solution with atomically dispersed 

In3+ sites. This is the key structural feature associated with highly active and stable In-based catalysts. 

However, the surface sites in In2O3/m-ZrO2(redox) and m-ZrO2:In(redox) that are active in hydrogen 

dissociation are different, as evidenced by different positions and intensities of the In�±H bands, as well 

as the different methanol selectivities of those catalysts. Overall, our results confirm the evolution of 

In2O3-based catalysts on monoclinic, nanocrystalline ZrO2 to isolated In sites via dissolution into the 

support (Scheme S4.1), making it one critical factor to obtain a high catalytic activity for the 

hydrogenation of CO2 to methanol, while efficient activation of CO2 is another factor responsible for the 

increased activity of In-based catalysts supported on m-ZrO2. 
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4.6. Supplementary information 

4.6.1. Synthesis of Materials  

The synthesis and structural characterization of the materials used in this work have been reported 

elsewhere.12, 14 Below, we reproduce the synthetic protocols for convenience.  

Monodisperse (ca. 7 nm) nanocrystalline In2O3 nanoparticles (NPs) were prepared from 

indium(III) acetylacetonate (acac) using a literature procedure.51 A slurry of In(acac)3 (0.75 g, 2.1 mmol) 

in 30 mL oleylamine (1:43 molar ratio) was kept at 250 °C for 7 h under an N2 flow in a Schlenk flask 

equipped with a condenser. Cooling of the reaction mixture to room temperature gave a brown viscous 

oil. The addition of dichloromethane (35 mL) to this oil gave a precipitate that was collected by 

centrifugation, washed with ethanol (2 �u 80 mL) and re-dispersed in toluene. 

Monoclinic, tetragonal and amorphous zirconia (m-ZrO2, t-ZrO2 and am-ZrO2) supports were 

synthesized following the literature procedure,25 and have been characterized by us previously.14 In brief, 

m-ZrO2 was prepared by refluxing a 0.5 M aqueous solution of zirconyl chloride (ZrOCl2·8H2O, Sigma-

Aldrich, 98%) at 100 ºC for 240 h, while maintaining the pH at 1.5 (NaOH), while am-ZrO2 and t-ZrO2 

were prepared by maintaining the pH at 9 (NaOH). The product formed was recovered by vacuum 

filtration, redispersed in deionized water, washed (5 �u 100 mL) and dried at 100 ºC in a vacuum oven (50 

mbar, 24 h). The dried samples were calcined at 300 or 400 ºC (5 ºC min�í1) for 4 h to obtain (XRD)-

amorphous or monoclinic ZrO2, respectively. Calcination of as prepared am-ZrO2 at 800 ºC (5 ºC min�í1) 

for 4 h gave t-ZrO2.  

Colloidal In2O3 nanoparticles (NPs) were dispersed on the ZrO2 supports by incipient wetness 

impregnation followed by drying at 100 °C for 5 h and calcination at 400 °C (3 °C min�í1) for 3 h in order 

to remove the capping ligand (oleylamine) from the surface of In2O3 NPs. 12, 52  

m-ZrO2:In (in our previous publication,14 this material was denoted In2O3(nit)/m-ZrO2) was 

prepared by the wet impregnation of the m-ZrO2 support with an aqueous solution of In(NO3)3 (3.1% In 

loading according to ICP-OES analysis). The obtained material was dried at 100 °C for 5 h and then 

calcined at 400 °C (3 °C min�±1) for 3 h. In our previous work, we showed that according to XAS, a 

m-ZrO2:In solid solution was formed in this In(NO3)3-derived material already after the calcination, i.e. 

indium sites were uniformly and atomically dispersed in the m-ZrO2 support (hence here we refer to this 

material as m-ZrO2:In).14  
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4.6.2. Ex situ characterization  

Inductively coupled plasma optical emission spectroscopy (ICP-OES) was performed on an 

Agilent 5100 VDV instrument. The multi-element standard 5 (Sigma Aldrich) was used for calibration. 

Specimen were prepared by digesting ~3 mg of the material in 5 mL of aqua regia (3:1 HCl:HNO3) in a 

microwave digestion system (Multiwave GO, Anton Paar) at 175 °C for 30 min. The resulting solutions 

were diluted with de-ionized (DI) water to 25 mL. To avoid any contamination, trace-grade acids and 

HNO3-treated Teflon vessels were used. 

Laboratory-based X-ray diffraction (XRD) data were collected on a PANalytical Empyrean X-ray 

Powder Diffractometer under standard operation (45 kV and 40 �P�$�����X�V�L�Q�J���&�X���.�.���;-ray radiation. The 

�G�L�I�I�U�D�F�W�R�P�H�W�H�U���Z�D�V���H�T�X�L�S�S�H�G���Z�L�W�K���D�Q���;�¶�&�H�O�H�U�D�W�R�U���6�F�Lentific ultrafast line detector and a Bragg�±Brentano 

�+�'�� �L�Q�F�L�G�H�Q�W�� �E�H�D�P�� �R�S�W�L�F�V���� �7�K�H�� �V�F�D�Q�V�� �Z�H�U�H�� �F�R�O�O�H�F�W�H�G�� �L�Q�� �W�K�H�� ������ �U�D�Q�J�H�� �R�I�� ���ƒ�±100° (step size: 0.1° in a 

continuous scan mode and total acquisition of 3 h).  

Scanning electron microscopy and energy dispersive X-ray mapping (STEM-EDX) were acquired 

using a TEM (FEI Talos F200X) equipped with a high-brightness field-emission gun, a high-angle 

annular dark field (HAADF) detector, and a large collection-angle EDX detector. The operation voltage 

of the instrument was set to 200 kV in the scanning transmission electron microscopic (STEM) mode. 

The microstructure of the samples was also investigated by analytical electron microscopy using 

a double Cs corrected (TEM&STEM) JEOL JEM-ARM300F Grand ARM scanning transmission electron 

microscope that was operated at 300 kV. The microscope is equipped with the Dual EDS system (two 

large area SDD EDX detectors with 100 mm2 active area; total solid angle: 1.6 sr). For electron 

microscopy, samples were prepared by drop deposition of In2O3/ZrO2 dispersed in chloroform onto a 

copper grid with a holey carbon support film. ADF STEM images were recorded with a semi-convergence 

angle of 18 mrad and 55-177 mrad collection semi-angles.  
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Figure S4.1. HRTEM images of In2O3/am-ZrO2. In2O3 NPs are visible in a) and arrows in b) indicate small 

crystalline domains of ZrO2 on the surface of In2O3/am-ZrO2. 
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Figure S4.2. a) EDX-STEM map, b) HRTEM and c) HRTEM with inverse Fast Fourier Transform (FFT) pattern 

image of reference m-Zr0.95In0.05O1.975.  

Figure S4.2b shows a solid solution particle oriented along the [001]-zone axis. FFT patterns taken 

from the particle surface contain additional single crystalline spots (satellites) close to the (100) and (010) 
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reflections corresponding to larger d-spacing. It indicates indium cations incorporated into zirconia lattice 

and a formation of the solid solution in the surface region of the m-ZrO2-based particle. Synthesis and 

characterization of reference m-Zr0.95In0.05O1.975 was reported.14 

 

 

Figure S4.3. a) EDX-STEM map and b) HRTEM image of calcined m-ZrO2:In, c) EDX-STEM map and d) 

HRTEM image of m-ZrO2:In(redox). 

 

Figure S4.4. a) EDX-STEM map and b) HAADF-STEM image focusing on the In2O3 NPs of calcined In2O3/m-

ZrO2. 
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Figure S4.5. a) EDX-STEM map and b) HAADF-STEM image focusing on a In2O3 nanoparticle of calcined 

In2O3/t-ZrO2. 

 

 

Figure S4.6. a) EDX-STEM map and b) HRTEM image of used In2O3/t-ZrO2(redox). 

 



153 
 

 
Figure S4.7. FTIR spectra of CO (20 Torr) adsorbed at room temperature on calcined m-ZrO2:In, In2O3/m-ZrO2, 

In2O3/t-ZrO2 and In2O3/am-ZrO2. 

 

Figure S4.8. FTIR spectra of a) H2 and b) D2 adsorbed dissociatively at room temperature on In2O3/m-ZrO2(redox). 
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4.6.3. In situ XAS and XRD on In2O3/m-ZrO 2 during the reduction and re-oxidation pretreatment 

The XAS data analysis protocol is similar to the one used in our previous work14 and is reproduced 

here for clarity. Extended X-ray absorption fine structure (EXAFS) data were analyzed using Athena and 

Artemis software based on Feff and Ifeffit.53 The data were fitted using two structural models: 1) the solid 

solution model, based on one In�±O and one In�±Zr paths and 2) bcc-In2O3 model, based on one In�±O and 

one In�±In paths. The two paths used for the In�±O and In�±Zr shells were generated from the bcc-In2O3 

structure with the In�±Zr path obtained by replacing one In atom by Zr in the In-In path of the bcc-In2O3 

structure. The amplitude reduction factor, S0
2, was determined first and then used to reduce the number 

of the refined parameters. The Debye-�:�D�O�O�H�U���I�D�F�W�R�U�����12) of the In�±Zr path was fixed to 0.015 Å2, while 

�W�K�H�� �F�R�R�U�G�L�Q�D�W�L�R�Q�� �Q�X�P�E�H�U�� ���&�1���� �D�Q�G�� �L�Q�W�H�U�D�W�R�P�L�F�� �G�L�V�W�D�Q�F�H�V�� ���5������ �H�Q�H�U�J�\�� �V�K�L�I�W�� �D�Q�G�� �12 of the In�±O were 

variables during the fitting. The fitting was performed in k2-weighted (k = 3 - 9 Å�í1) 1.2-3.47 Å R range. 

XRD data were collected in the same setup using a channel-cut monochromator set at a 

�Z�D�Y�H�O�H�Q�J�W�K���R�I������� ������������ Å and a 2D DEXELA detector as previously described.12, 14 

 

Figure S4.9. a) k2-weighted EXAFS and b) the corresponding Fourier-transform for In2O3/m-ZrO2 and 

In2O3/m-ZrO2(redox) as well as references of m-Zr0.95In0.05O1.975 and the In2O3 nanoparticles measured at 50 °C. 

Table S4.1. k2-weighted In K-edge EXAFS fitting results using the solid solution model. 

Material Coordination 

shell 

CN �12, (Å2) �û�(�������H�9�� R, (Å) R-factor 

In2O3/m-ZrO2(redox) In-O 

 

6(1) 0.012(3)  

4(2) 

2.13(6)  

0.024 

In-Zr 6(2)  3.42(7) 
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Figure S4.10. Linear combination fitting of In K-edge k2-weighted EXAFS of In2O3/m-ZrO2(redox) with In2O3 and 

m-Zr0.95In0.05O1.975 references measured at 50 °C. 

 

Figure S4.11. �;�5�'�� �S�D�W�W�H�U�Q�V�� ������ � �� ���������� Å) of calcined, reduced (H2, 400 °C) and re-oxidized In2O3/m-ZrO2 

recorded during the in situ XAS redox experiment. 
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4.6.4. CO2 Hydrogenation Tests in a Fixed Bed Reactor 

 

Figure S4.12. a) STY of methanol and b) selectivity to methanol with time on stream for m-ZrO2:In(redox), 

In2O3/m-ZrO2(redox), In2O3/t-ZrO2(redox) and In2O3/am-ZrO2(redox). 

 

 

Figure S4.13. a) STY of methanol and b) selectivity to methanol with time on stream for m-ZrO2:In(redox) and 

m-ZrO2:In. 
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Figure S4.14. a) STY of methanol and b) selectivity to methanol with time on stream for In2O3/m-ZrO2(redox) and 

In2O3/m-ZrO2. 

 

Figure S4.15. �;�5�'���S�U�R�I�L�O�H�V��������� �������������� Å) of calcined, redox-treated and used a) In2O3/m-ZrO2, b) m-ZrO2:In, c) 

In2O3/am-ZrO2 and d) In2O3/t-ZrO2 as well as the simulated data according to the corresponding crystal structures 

reported in the Inorganic Crystal Structure Database (ICSD). 
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Scheme S4.1. Schematic of the process of dissolution of a zirconia-supported In2O3 phase into the support during 

redox treatment yielding the m-ZrO2:In catalyst with lattice In sites. 
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Chapter 5 
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5. 1. Abstract 

The influence of the phase of the ZrO2 support (monoclinic, tetragonal and amorphous, referred 

to as m-, t- and am-, respectively) on the nature of the surface species involved in methanol synthesis and 

the rates of their formation on ZrO2-supported, In-based catalysts for CO2 hydrogenation has been 

investigated. In situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) at 300���qC and 

20 bar (H2 : CO2 : N2 = 3 : 1 : 1 volume ratio) on m-ZrO2:In, In2O3/t-ZrO2 and In2O3/am-ZrO2 catalysts 

(m-ZrO2:In is a solid solution) shows that formate species (HCOO*) appear prior to methoxy species 

(*OCH3) and both intermediates form faster on the more active m-ZrO2:In catalyst. Only formate bands 

are detected for In2O3/t-ZrO2 catalyst. For these materials, indium sites are essential for the formation of 

HCOO* and *OCH3 species as only carbonate species are observed on m-, t- and am-ZrO2 supports under 

CO2 hydrogenation conditions. The nature of the reaction intermediates is confirmed by ex situ solid-state 

NMR where both methoxy and formate species are detected in m-ZrO2:In and In2O3/am-ZrO2, but only a 

weak formate peak is observed for In2O3/t-ZrO2. The presence of a major methoxy peak and only a very 

minor formate signal in unsupported In2O3 indicates that an india-zirconia interface is required for the 

effective stabilization of formate species. Catalytic tests in a fixed bed reactor showed that both CO and 

MeOH are primary products of CO2 hydrogenation and the methanol selectivity and space time yield 

decrease in the following order: m-ZrO2:In > In2O3/t-ZrO2 > In2O3/am-ZrO2 for all of the contact times 

tested. 

5. 2. Introduction 

Despite intense research efforts to develop efficient catalysts, the direct hydrogenation of CO2 to 

methanol has not been implemented on an industrial scale.1 Recent studies have shown that In2O3-based 

CO2 hydrogenation catalysts display promising activity and selectivity to methanol.2, 3 However, a 

drawback of In2O3 nanoparticles is their over-reduction with time on stream (TOS) to an amorphous 

In0/In2O���í�[ material with inferior catalytic activity, according to combined operando X-ray absorption 

spectroscopy (XAS) and X-ray powder diffraction (XRD) experiments performed at 20 bar.4 One strategy 

to prevent the over-reduction of In2O3 nanoparticles (NPs) has been the use of an appropriate support, for 

instance, ZrO2. In this context, it is noteworthy that the phase of ZrO2 strongly affects the catalytic 

performance of In-based, ZrO2-supported materials,5, 6 i.e. In2O3/m-ZrO2 provides a ca. one order of 

magnitude higher methanol space time yield (STY) than In2O3/t-ZrO2 or In2O3/am-ZrO2 (m-, t- and 

am- stand for monoclinic, tetragonal and amorphous, respectively).5, 6 This striking difference has been 

associated with the dissolution of In2O3 nanoparticles into the high surface area nanocrystalline m-ZrO2 

phase.7 The dissolution takes place during calcination as well as under CO2 hydrogenation conditions and 
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yields In2+/In3+ sites atomically dispersed in the lattice of m-ZrO2. The active sites of the formed 

m-ZrO2:In solid solution were proposed to be In�±Vo�±Zr surface sites (Vo is an oxygen vacancy site) that 

are significantly more active and more stable towards over-reduction than In�±Vo�±In sites present in 

In2O3/t-ZrO2, In2O3/am-ZrO2 or unsupported bixbyite-type In2O3.4, 6 

Our recent infrared (IR) spectroscopy study showed that the phase of the ZrO2 support (m-, t- and 

am-) does not only effect the reducibility of In3+ sites with TOS, but also influences the nature and the 

relative abundance of In�±O surface sites for the dissociative adsorption of H2.8 While hydrogen dissociates 

at room temperature on the most active calcined In2O3/m-ZrO2 and m-ZrO2:In catalysts, a redox pre-

treatment is required to form the respective sites for hydrogen dissociation in the In2O3/t-ZrO2 and 

In2O3/am-ZrO2 catalysts (assessed by the formation of the respective In�±H and O�±H bands). In addition, 

the reaction between CO2 and In�±H species at room temperature or at 150���qC gives surface formate 

species, i.e. intermediates of the methanol synthesis pathway, only on the m-ZrO2-supported catalysts, 

indicating a more favorable reactivity of In�±H species and carbonates on the m-ZrO2 support compared 

to the t-ZrO2 and am-ZrO2 supports. Therefore, the nature of the carbonate species on ZrO2 may also play 

an important role for the performance of In-based CO2 hydrogenation catalysts. Indeed, studying the 

aforementioned In-based catalysts, we have found that hydrogen carbonate species (HCO3
�í) are more 

abundant on m-ZrO2 relative to am-ZrO2 and in particular to t-ZrO2, which feature more abundant 

monodentate carbonates (md-CO3
���í).8 This difference in the nature and abundance of carbonates has been 

proposed to explain the different catalytic activities exhibited by these materials. This observation in the 

In-based catalysts has similarities to Cu/ZrO2 systems, where the higher relative abundance of HCO3
�í 

species on Cu/m-ZrO2 relative to Cu/t-ZrO2 has been linked to a ca. four times higher catalytic activity 

of the former catalyst in CO2 hydrogenation.7, 9, 10 

A previous in situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) study on 

Cu/ZrO2 systems has shown that under 6.5 bar of H2, bicarbonate species on Cu/ZrO2 are converted to 

formate and subsequently to methoxy species.7, 9 The higher rate of methanol formation on Cu/m-ZrO2 

relative to Cu/t-ZrO2 has been attributed to its higher concentration of reactive intermediates (i.e., formate 

and methoxy species). However, the rate of formation of these species at 6.5 bar of H2 : CO2 (3 : 1 volume 

ratio) at 250 °C is comparable on both catalysts.11 The involvement of formate and methoxy intermediates 

in the reaction mechanism has been proposed by several in situ DRIFTS studies on Cu/ZrO2 catalysts.12-

14 In contrast, in situ DRIFTS studies of In2O3-based ZrO2-supported catalysts are still scarce. One report 

has shown that methanol synthesis over In2O3/m-ZrO2 (290 °C, 10 bar, CO2: H2 = 1:4) involves a stepwise 

hydrogenation of HCOO* to methoxy species, *OCH3,12 in agreement with density functional theory 
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(DFT) calculations performed on surface models of In2O3
15-17 and In2O3/ZrO2.18, 19 That being said, the 

effect of the ZrO2 phase on the type, concentration, and the rate of formation of surface intermediates of 

the methanol synthesis pathway in In-based ZrO2-supported catalysts has not been fully explored yet. 

Here, we aim to understand how the phase of the ZrO2 support (m-, t- and am-) influences the 

nature of the surface species formed under conditions of CO2 hydrogenation on a series of In2O3/ZrO2 

catalysts. In what follows, we discuss the structure of surface intermediates formed under conditions of 

CO2 hydrogenation based on insights obtained by DRIFTS at 300���qC and 20 bar (H2 : CO2 : N2 = 3 : 1 : 1 

volume ratio). The reaction intermediates formed are also investigated by ex situ solid-state NMR. 

Overall, our results indicate that methanol is a primary product formed by the hydrogenation of the 

formate intermediate. 

5. 3. Materials 

The preparation and detailed structural characterization of the catalysts studied here has been 

described elsewhere and is repeated briefly here for convenience.4, 6, 8 The m-ZrO2:In, In2O3/t-ZrO2 and 

In2O3/am-ZrO2 catalysts (respective In loadings were 3.1, 4.1 and 5.1 wt. %) were prepared via incipient 

wetness impregnation of colloidal In2O3 nanocrystals (ca. 7 nm) onto zirconia supports (120, 170 and 270 

m2 g�í1 for m-ZrO2, t-ZrO2 and am-ZrO2, respectively) followed by calcination (400���qC, 3 h). m-ZrO2:In 

(111 m2 g�í1) was prepared by the wet impregnation of the m-ZrO2 support with an aqueous solution of 

In(NO3)3 followed by calcination (400 °C, 3 °C min�í1, 3 h). Additional details are provided in the 

Supporting information section.  

5. 4. Methods 

In situ DRIFTS experiments were performed using a Nicolet 6700 FTIR spectrometer (mercury 

cadmium telluride detector, 100 scans, 4 cm�í1 �U�H�V�R�O�X�W�L�R�Q�����H�T�X�L�S�S�H�G���Z�L�W�K���D���+�D�U�U�L�F�N���3�U�D�\�L�Q�J���0�D�Q�W�L�V�Œ���K�L�J�K��

temperature reaction chamber. A back-pressure regulator (Bronkhorst®) was used for experiments at 

elevated pressures (up to 20 bar). In a typical experiment, approximately 10-15 mg of catalyst were placed 

in the high-pressure DRIFTS dome cell equipped with ZnSe windows. Each sample was pre-treated at 

400 ºC under 10�í3 mbar for 2 h (ramping rate was 10 ºC min�í1�������1�H�[�W�����W�K�H���V�D�P�S�O�H�V���Z�H�U�H���F�R�R�O�H�G���W�R�����������Û�&��

in vacuum, pressurized to 20 bar under N2 flow (25 mL min�í1) and then the flow was switched to 

H2 : CO2 : N2 = 3 : 1 : 1 volume ratio. DRIFT spectra were recorded every 5 min for 140 min. DRIFTS  

experiments under the conditions described here were also performed with the In-free ZrO2 supports. The 

DRIFT spectrum recorded for each catalyst under N2 flow (20 bar) at the given reaction temperature was 

used for the background subtraction. To estimate absorption in DRIFTS spectra, the log (1/R) scale has 

been used (where R is the relative reflectance).20-23 
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A typical procedure to prepare 13C-labelled surface intermediates includes a catalyst pretreatment 

step followed by the exposure of the pretreated material to a mixture of 13CO2/H2. A representative 

description of the procedure is given in the following for the m-ZrO2:In catalyst. First, m-ZrO2:In (ca. 

500 mg) was treated in a flow of synthetic air at 400 ���qC for 2 h under atmospheric pressure (ramping rate 

300 ���qC h�í1, 60 mL min�í1), before cooling to ca. 60 �qC and evacuating at 10�í5 mbar. The material was 

then transferred to an argon-filled glovebox and 200 mg of the pre-treated m-ZrO2:In was loaded into a 

thick-walled glass reactor (ca. 16 mL). The reactor was evacuated to 10�í3 mbar and 13CO2 was introduced 

until a pressure of ca. 1 bar was obtained, which was then condensed under liquid nitrogen cooling. 

Subsequently, 1 bar of H2 was introduced while maintaining cooling by liquid nitrogen. The reactor was 

then heated up to 230 �qC (300 ���qC h�í1) and kept at this temperature for 12 h. After this time, the reaction 

vessel was cooled under liquid nitrogen, evacuated to 10�í5 mbar and allowed to return to room 

temperature under dynamic vacuum. The resulting solid was transferred to an argon-filled glovebox prior 

to further analysis. All solid-state NMR spectra were acquired on a Bruker AVANCE III HD spectrometer 

operating at 700 MHz 1H frequency (16.4 T) and equipped with a narrow-bore (1.3 mm) double resonance 

MAS probe. The samples were tightly packed into 1.3-mm zirconia rotors in an argon-filled glovebox 

and spun at 50 kHz for all experiments. Proton-detected 1�+�í13C correlation experiments were acquired 

with the D-HMQC sequence, using a protocol similar to the one reported previously.12, 24-26 

The catalytic tests were carried out in an automated continuous flow tubular Hastelloy X high 

pressure reactor (304.8 mm total length, 9.1 mm internal diameter, Microactivity Effi, PID Eng&Tech). 

In a typical experiment, 120 mg of a fresh catalyst was first pretreated at 300 °C in 80 mL min�±1 of N2 (P 

= 5 bar, 60 min). Subsequently, the pressure was increased to 25 bar and the feed was introduced 

(H2 : CO2 : N2 = 3 :  1 :  1 volume ratio). The effluent was analyzed by gas chromatography (GC). The 

outlet of the reactor was heated above the boiling point of methanol. A PerkinElmer Clarus 580 gas 

chromatograph equipped with a thermal conductivity detector (TCD) and a flame ionization detector 

(FID) with a methanizer was used. In all experiments, the CH4 concentration in the outlet gas was 

negligible. The formation rates of and the selectivity to methanol were calculated using the following 

equations:  

Fout (mol h�í1) = 
�J�_�d��
H���G�J�. �á�_�d��

�G�J�. �á�e�k�j��
       (eq. 5.1) 

rMeOH (gMeOH h�í1 g In2O3
�í1)  = 

�J�e�k�j��
H���G�I�[�K�D �á�e�k�j����
H���Q�u�I�[�K�D ��

�u �E�d�.�K�/
        (eq. 5.2) 
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SMeOH = 
���J�I�[�K�D �á�e�k�j����

�J�I�[�K�D �á�e�k�j���>���J�?�K�á�e�k�j
 × 100                     (eq. 5.3) 

where Fin is the total inlet gas flow rate (mol h�í1), Fout is the total outlet gas flow rate (mol h�í1), CN2,in is 

the inlet gas fraction of N2 (internal standard), CMeOH,out is the outlet gas fraction of MeOH, rMeOH is the 

production rate of methanol (gMeOH h�í1 gIn2O3
�í1), MwMeOH is the molecular weight of methanol (32.04 g 

mol�í1) and wIn2O3 is the mass content of In2O3 in the catalytic bed as measured by ICP-OES. For the 

contact time study, the total volumetric flow rate Q through the catalysts bed was changed from 90 

mL min�í1 in steps of 20 mL min�í1 down to 30 mL min�í1, leading to the corresponding contact times 

(defined as mcat/Q) of 0.08, 0.10, 0.14 and 0.24 s g mL�í1and the respective space velocities (SV) of 45000, 

35000, 25000 and 15000 L kg�í1 h�í1. Each contact time was tested for ca. 3 hours. After ca. 14 h of catalytic 

testing, Q was set to the initial value (90 mL min�í1) to evaluate the stability of the catalyst. The formation 

rates and selectivities for a given contact time are calculated by averaging five GC points. The formation 

rates and selectivities were extrapolated to zero conversion in order to estimate the intrinsic selectivities 

and formation rates. 

5. 5. Results and discussion  

5.5.1 CO2 hydrogenation in a fixed bed reactor 

Catalytic tests with a varied contact time were conducted in order to obtain insights into the 

reaction mechanism and to evaluate further the stability of the three catalysts, viz. m-ZrO2:In, In2O3/t-ZrO2 

and In2O3/am-ZrO2, that have been reported by us previously.6, 8 The catalysts were tested at 25 bar and 

300 °C in a fixed bed reactor (details in ESI). The effect of the contact time on the formation rates of 

methanol and CO was evaluated and for each catalyst the contact time was increased by decreasing the 

volumetric flow rate (Q) of the feed gas. Rates were extrapolated to zero contact time (i.e. zero 

conversion) to obtain the intrinsic formation rates and identify if CO and methanol are primary or 

secondary products (Figure S5.1). For all three catalysts, the intrinsic rate of formation of both CO and 

methanol is positive (Figure S5.2c), indicating that both are primary products of CO2 hydrogenation. 

Therefore, it is unlikely that CO is an intermediate in the formation of methanol through CO2 

hydrogenation. The intrinsic CH3OH selectivity (Figure S5.2c) is 60% for m-ZrO2:In and only 23 % and 

13% for In2O3/t-ZrO2 and In2O3/am-ZrO2, respectively. The formation rates of methanol and CO on 

m-ZrO2:In are more than an order of magnitude higher compared to those on In2O3/t-ZrO2 and 

In2O3/am-ZrO2 for all of the measured contact times (Figures S5.1, S5.2), with the methanol selectivity 

and STY decreasing in the following order: m-ZrO2:In >> In2O3/t-ZrO2 > In2O3/am-ZrO2. 



169 
 

The STY of methanol decreases for m-ZrO2:In from 1.46 to 1.10 gMeOH gIn2O3
�í1 h�í1 when the 

contact time is increased from 0.08 to 0.24 s g mL�í1 at 3.7% and 7.9% CO2 conversion, respectively 

(Figures S5.3 and S5.4). The respective decrease of the STY of methanol for In2O3/t-ZrO2 is from 0.15 

to 0.12 gMeOH gIn2O3
�í1 h�í1 and for In2O3/am-ZrO2 from 0.04 to 0.02 gMeOH gIn2O3

�í1 h�í1, respectively. A 

similar trend has been reported for Cu/ZrO2 catalysts,12, 25 where the decrease of the methanol production 

rate was attributed to product inhibition (H2O or CH3OH) of the active sites. In contrast, the CO formation 

rate for the m-ZrO2:In catalyst increases with increasing contact time from 1.50 to 1.90 gCO gIn2O3
�í1 h�í1, 

at the above specified CO2 conversions, yielding in turn a lower methanol selectivity at higher CO2 

conversions (Figures S5.2b and S5.3). The underlying reason behind these opposite selectivity trends for 

STY of CO and methanol is not clear and could be related to the decreased stability of the intermediate 

formate species at higher conversions of CO2.26 For In2O3/t-ZrO2 and In2O3/am-ZrO2, the effect of the 

contact time/conversion on the CO formation rate and methanol selectivity is much less obvious (CO 

formation rate is slightly decreasing with increasing contact time). 

The inhibition of methanol formation at long contact times as observed for m-ZrO2:In is 

reversible, i.e. when decreasing again the contact time (in the end of the contact time study), the methanol 

formation rate is not only restored but slightly enhanced (1.60 vs 1.46 gMeOH gIn2O3
�í1 h�í1). However, the 

CO formation rate increases as well (1.87 vs 1.50 gCO gIn2O3
�í1 h�í1) i.e. the methanol formation rate 

increases in this case at the expense of methanol selectivity (SMeOH drops from 48 to 44%) 

5.5.2. In situ DRIFTS study of CO2 hydrogenation 

To compare the nature of the surface intermediates and their formation rates on m-ZrO2:In, 

In2O3/t-ZrO2 and In2O3/am-ZrO2 catalysts, we used in situ DRIFTS at 300 �qC and 20 bar (H2:CO2:N2 = 

3:1:1). Bands attributed to formate and methoxy species (HCOO* and *OCH3) are identified on m-

ZrO2:In and In2O3/am-ZrO2 while only the formate band is detected for In2O3/t-ZrO2 (Figure 5.1a-c, see 

Table S5.1 for assignment details).9, 11, 12, 14, 27-29  For m-ZrO2:In and In2O3/am-ZrO2, the shoulder at ca. 

1500 cm�í1 is assigned to monodentate carbonate, md-CO3
���í �������&�2�� vibration).30, 31 In the case of In2O3/t-

ZrO2�����R�Q�O�\���E�D�Q�G�V���G�X�H���W�R����as���2�&�2�����D�Q�G����s(OCO) of the HCOO* species at, respectively, 1576 cm�í1 and 

1342 cm�í1 are well distinguishable while no bands in the C�±H stretching region (2700�±3100 cm�í1) are 

observed. Testing the respective zirconia supports under CO2 hydrogenation conditions, only 

monodentate, bidentate and a small amount of hydrogen carbonate species were observed (Figure S5.6). 

This suggests that the presence of indium sites is essential for the formation of the intermediate HCOO* 

and *OCH3 species. That being said, a previous report provided counterevidence and showed that HCOO* 

species could be formed on a monoclinic ZrO2 support.12 
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Figure 5.1. Evolution of the IR spectra with TOS of a) m-ZrO2:In, b) In2O3/t-ZrO2 and c) In2O3/am-ZrO2 (300 °C, 

20 bar under H2 : CO2 : N2 = 3 : 1 : 1 volume ratio). 

The temporal evolution of the formate and methoxy species on all three catalysts during CO2 

hydrogenation is presented in Figure 5.2a,b, respectively. Here, bands at ca. 1574-1576 and 2830 cm�í1 

are used to monitor the changes in the concentration of the HCOO* and *OCH3 species, respectively. 
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Formate species form faster on m-ZrO2:In relative to In2O3/am-ZrO2 and In2O3/t-ZrO2, i.e. HCOO* 

species appear after ca. 5 min TOS on m-ZrO2:In and the concentration of these species increases sharply 

until reaching a plateau after ca. 30 min. Formate species are also detected after ca. 5 min TOS on 

In2O3/am-ZrO2 and In2O3/t-ZrO2, yet these two catalysts require ca. 120 min TOS to reach a plateau. 

Methoxy species appear on m-ZrO2:In after ca. 15 min TOS and their intensity increase rapidly until ca. 

25 min TOS. This observation is consistent with the formation of *OCH3 intermediates by the 

hydrogenation of HCOO* species.15, 32 Methoxy species appear only after ca. 35 min on In2O3/am-ZrO2 

and are not detected on In2O3/t-ZrO2 (Figure 5.2b). 

Bands at ca. 1141 cm�í1 and 1040 cm�í1 are observed in m-ZrO2:In catalyst and are not observed in 

In2O3/t-ZrO2 (Figure 5.1a,b); the band at 1140 cm�í1 is present in In2O3/am-ZrO2 (Figure 5.1c). These two 

bands, and in particular the 1040 cm�í1 band, have been detected previously during in situ CO2 

hydrogenation experiments on other m-ZrO2 supported catalysts.12, 13, 27, 29 The band at ca. 1040 cm�í1 has 

been assigned by Lavalley and co-workers to the C-�2���V�W�U�H�W�F�K�L�Q�J���P�R�G�H���������&-O)) of a bridging methoxy 

species (�P2-*OCH3). This assignment is based on methanol adsorption experiments.33 More specifically, 

the adsorption of methanol on a mostly monoclinic ZrO2 was found to generate two strong bands (1160 

and 1054 cm�í1) owing to two types of methoxy species, formed due to dissociation of the OH bond of the 

methanol. Only the high frequency band is consumed by the reaction with CO2, leading to a methyl 

carbonate type species, while the low frequency band remains nearly unreacted. Therefore, the higher 

frequency band has been assigned to a more reactive terminal methoxy group while a more stable �P2-

*OCH3 species has been associated with the lower frequency band. Indeed, bridging methoxy species 

typically give lower frequency bands, relative to the terminal methoxy bands, on other oxides as well 

(ceria, titania, gallia).34-36 



172 
 

 

Figure 5.2. a) formate and b) methoxy peaks as function of TOS for the three catalysts tested. The intensity changes 

of the bands at 1574 cm�í1 (m-ZrO2:In) and 1576 cm�í1 (In2O3/t-ZrO2 and In2O3/am-ZrO2) are used to follow the 

concentration of formate species while the band at 2830 cm�í1 is used for methoxy species. The intensities are 

normalized to the respective values at 140 min TOS. 

5.5.3 Reaction intermediates by solid-state NMR spectroscopy  

In a second step, we investigated the nature of the reaction intermediates by ex situ solid state 

NMR. In particular, 1H, 13C CP-MAS, and 1�+�í13C heteronuclear correlation (HETCOR) spectra are 

recorded for m-ZrO2:In, In2O3/t-ZrO2, In2O3/am-ZrO2 and unsupported In2O3. In all cases, the catalysts 

were contacted with a H2 /13CO2 mixture (the ratio was approximately 4:1) at 230 °C for 12 h in a high-

pressure glass reactor at 7 bar. After cooling down to room temperature, the gas phase was evacuated and 

the solid was analyzed by NMR. The 1H-13C HETCOR spectra of the samples after exposure to a H2 

/13CO2 mixture at 230 °C are shown in Figure 5.3. We note that this reaction temperature was chosen to 

allow a comparison of our results to the previously published related NMR studies of surface 



173 
 

intermediates on Cu/ZrO2 and Cu/Zr@SiO2 catalysts,12, 25 and to avoid a possible over-reduction of 

unsupported In2O3 and In2O3/am-ZrO2, as observed previously at 300 °C.4, 6  

The correlation of the 13C NMR chemical shift at 51 ppm to the 1H NMR signal at 4.0 ppm 

observed in the 1�+�í13C HETCOR spectra of unsupported In2O3 NPs, m-ZrO2:In and In2O3/am-ZrO2 

indicates the presence of surface methoxy species, *OCH3 (Figure 5.3).12 An additional correlation is 

observed at ���G(13C) = 168 ppm and �G(1H) of ca. 8.4 ppm for m-ZrO2:In and In2O3/am-ZrO2, consistent 

with the presence of several formate species, i.e. HCOO*, in each of these two catalysts.12, 25, 26 However, 

the line broadening in the 1H dimension indicates the presence of formate species in different chemical 

environments (Figure S5.7). The 1�+�í13C HETCOR spectra are in agreement with the quantitative 13C 

direct excitation NMR spectra (Figure S5.7b), which shows two signals for m-ZrO2:In and In2O3/am-

ZrO2 at ca. 51 and 170 ppm, indicating two distinct carbon containing species assigned to methoxy and 

formate species, respectively. For unsupported In2O3 NPs, a major peak at 51 ppm, corresponding to 

methoxy, is detected, along with a noise-level formate signal (Figure S5.7).12, 25, 26 This is confirmed by 

the 1�+�í13C HETCOR experiment (Figure 5.3a). On In2O3/t-ZrO2, no signals due to surface intermediates 

could be obtained in either the 13C direct excitation or HETCOR experiments. For this catalyst, the 1H 

spectrum, shown in Figure S5.7a, confirms the lack of a methoxy peak and the presence of a small peak 

at ca. 8.5 ppm that can be ascribed to formate species. This is consistent with the observations from the 

in situ DRIFTS study described above, i.e. for In2O3/t-ZrO2 there are no detectable bands of methoxy 

species and weak bands of formate species (at 300 °C). The presence of only very minor formate signal 

in unsupported In2O3 NPs indicates that the india-zirconia interface (in In2O3/am-ZrO2 and In2O3/t-ZrO2) 

or the solid solution (as in m-ZrO2:In) stabilizes formate species relative to unsupported In2O3. 
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Figure 5.3. Ex situ MAS NMR 1H-13C HETCOR spectra of a) unsupported In2O3 NPs, b) m-ZrO2:In and c) 

In2O3/am-ZrO2 reacted with H2/13CO2 (4:1) at 230  °C for 12 h at ca. 7 bar. 2D 1H-detected solid state NMR spectra 

are recorded with D-HMQC in 2D 1�+�í13C correlation spectra. No cross-peaks are observed in the HETCOR 

spectrum of In2O3/t-ZrO2. 
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5. 6. Conclusions  

We report that the phase of the ZrO2 support (m-, t- and am-) impacts the nature and the formation 

rates of surface intermediates on ZrO2-supported, In-based catalysts for CO2 hydrogenation. Formate and 

methoxy species, i.e. suggested intermediates of the methanol synthesis pathway, are detected by in situ 

DRIFTS (300 °C, 20 bar) on the m-ZrO2:In and In2O3/am-ZrO2 catalysts. Bands of HCOO* appear prior 

to bands of the *OCH3 species. Both intermediates form faster on the more active m-ZrO2:In catalyst. 

Only formate bands are detected for In2O3/t-ZrO2 (poor catalyst). In the absence of In2O3, only carbonate 

species are observed on all three ZrO2 supports under CO2 hydrogenation conditions. Therefore, indium 

sites are essential for the formation of HCOO* and *OCH3 species. The assignment of reaction 

intermediates formed, as identified by DRIFTS, is confirmed by solid state NMR. Only a weak formate 

peak is observed in the 1H spectrum of In2O3/t-ZrO2 (exposed to reaction conditions), while both methoxy 

and formate species are detected in m-ZrO2:In and In2O3/am-ZrO2. Unsupported In2O3 shows a peak for 

*OCH3 species, while the peak due to HCOO* species is weak, which suggests that the formate 

intermediate is stabilized by the zirconia support (likely at the india-zirconia interface). The kinetic 

investigation in a fixed bed reactor showed that both CO and methanol are primary products of CO2 

hydrogenation and the methanol selectivity and STY decreases in the following order: m-ZrO2:In >> 

In2O3/t-ZrO2 > In2O3/am-ZrO2 for all the contact times tested. The poor activity of In2O3/am-ZrO2, despite 

the formation of formate and methoxy intermediates, may be due to an overstabilization of methoxy 

intermediates in combination with the fast overreduction of In2O3 with TOS.  

5. 7. Supplementary information 

5.7.1. Ex situ characterization  

Inductively coupled plasma optical emission spectroscopy (ICP-OES) was performed on an 

Agilent 5100 VDV instrument. The multi-element standard 5 (Sigma Aldrich) was used for calibration. 

Specimen were prepared by digesting ~3 mg of the material in 5 mL of aqua regia (3:1 HCl:HNO3) in a 

microwave digestion system (Multiwave GO, Anton Paar) at 175 °C for 30 min. The resulting solutions 

were diluted with de-ionized (DI) water to 25 mL. To avoid any contamination, trace-grade acids and 

HNO3-treated Teflon vessels were used. 
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5.7.2. CO2 Hydrogenation tests in a fixed bed reactor. Effect of the contact time 
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Figure S5.1. The products formation rates with TOS measured in a fixed bed reactor for a) m-ZrO2:In, b) In2O3/t-

ZrO2 and c) In2O3/am-ZrO2. Reaction conditions P = 25 bar (gauge), T = 300 °C H2 :  CO2 : N2 = 3 : 1 : 1 vol. %, 

and mcat = 120 mg. For each catalyst the contact time was increased by decreasing the volumetric flow rate (Q) of 

the feed gas from 90 to 30 mL min�í1. 

For the methanol and CO formation rates as a function of contact time plots, 5 GC points were 

averaged for each contact time/flow rate. Due to the induction period in m-ZrO2:In, no averaging was 

performed, but the value after 2.5 h TOS (1.5 gMeOH gIn2O3
�í1 h�í1) was used for the contact time at 0.08 s g 

mL�í1.  
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Figure S5.2. a) Methanol formation rate as a function of contact time for m-ZrO2:In, In2O3/t-ZrO2 and In2O3/am-

ZrO2 and b) CO formation rate as a function of contact time for m-ZrO2:In, In2O3/t-ZrO2 and In2O3/am-ZrO2. 

Reaction conditions: P = 25 bar, T = 300 °C H2: CO2: N2 = 3: 1: 1 vol. % and mcat = 120 mg. Each data point is an 

average of 5 GC points and unfilled symbols correspond to the activity when the first data point was repeated after 

ca. 11 h of TOS (see Figure S5.1), c) Initial formation rates for CO and MeOH for m-ZrO2:In, In2O3 /t-ZrO2 and 
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In2O3/am-ZrO2. Percentages indicate the selectivity to methanol. Linear extrapolation to zero conversion was used 

except for the extrapolation of CO formation rate on m-ZrO2:In, where polynomial fitting was used. 

 

Figure S5.3. Dependence of the STY of a) methanol, and b) CO on the contact time; dependence of the selectivity 

to c) methanol and d) CO on CO2 conversion (%) for the m-ZrO2:In catalyst. 

Reaction conditions: P = 25 bar (gauge), T = 300 °C H2: CO2: N2 = 3: 1: 1 vol. % and mcat = 120 mg. 

Each data point is an average of 5 GC measurements. 
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Figure S5.4. Dependence of the STY of a) methanol, and b) CO on the contact time; dependence of the selectivity 

to c) methanol and d) CO on CO2 conversion (%) for the In2O3/t-ZrO2 catalyst. 

Reaction conditions: P = 25 bar (gauge), T = 300 °C H2: CO2: N2 = 3: 1: 1 vol. % and mcat = 120 mg. Each data 

point is an average of 5 GC measurements. 
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Figure S5.5. Dependence of the STY of a) methanol, and b) CO on the contact time; dependence of the selectivity 

to c) methanol and d) CO on CO2 conversion (%) for the In2O3/am-ZrO2 catalyst.  

Reaction conditions: P = 25 bar (gauge), T = 300 °C H2: CO2: N2 = 3: 1: 1 vol. % and mcat = 120 mg. Each data 

point is an average of 5 GC measurements. 
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5.7.3. In situ CO2 hydrogenation DRIFTS 

 

Figure S5.6: In situ DRIFTS spectra of the ZrO2 supports and m-ZrO2:In, In2O3/t-ZrO2 and In2O3/am-ZrO2 

catalysts after exposure to CO2 hydrogenation conditions for 60 min. 

Table S5.1 IR band assignments of surface species during the CO2 hydrogenation over In2O3/ZrO2 at 300 °C and 

20 bar (15 mL min�í1 H2, 5 mL min�í1 CO2, 5 mL min�í1 N2). 9, 11, 12, 14, 27-29 

Surface species Assignment m-ZrO2:In In2O3/am-ZrO2 In2O3/t-ZrO2 

  cm�í1 

Bidentate formate �/���&�+����������as(OCO) 2960 2965  
 �����&�+�� 2875 2882  
 ��as(OCO) 1574 1576 1574 
 �/���&�+�� 1380 1384  
 ��s(OCO) 1362 1370 1342 

Methoxy ��as(CH3) 2933 2932  
 ��s(CH3)37 or 

���/s(CH3)34, 36 2830 2830  

 �����&�2�����R�I��t-CH3
 9, 33, 35 1141 1140  

 �����&�2�����R�I 
(�P2-OCH3)33, 35, 36  

1040   

Monodentate 
carbonate 

�����&�2�����R�I��md-CO3
���í��30, 

31 ~1500 ~1500  
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5.7.4. Solid-state NMR spectroscopy  

The ssNMR spectra recorded on a 700 MHz spectrometer using a 1.3 mm probe at 50 kHz MAS. 

 

Figure S5.7. a) Ex situ MAS NMR 1H spectrum of In2O3/t-ZrO2 In2O3/am-ZrO2 m-ZrO2:In and In2O3 NPs reacted 

in a mixture of 13CO2 and H2 at ca. 7 bar and 230 °C for 12 hours, b) Ex-situ MAS NMR 13C direct excitation 

spectra of In2O3/am-ZrO2 m-ZrO2:In and In2O3 NPs, after contacting with 13CO2/H2 (1:3) at ca. 7 bar at 230 ºC for 

12 h.  

Neither carbonate (expected at 180-210 ppm) nor CO2 (around 120 ppm) is observed.  

HETCOR spectrum collected for In2O3/t-ZrO2 contained no cross peaks. 
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Chapter 6 
 

 

Conclusions and future work 
 

6. 1. Conclusions 

The direct hydrogenation of CO2 to methanol is a key technology in the direction/framework of 

net-zero CO2 emissions enabling the valorization of CO2 and the storage of renewable energy. In2O3-

based catalysts show promising activity and selectivity with prospects for industrial deployment. In this 

dissertation In2O3-based catalysts were explored aiming to understand their structure at the atomic and 

nanoscale level at working conditions, identify their active sites, the nature and rate of formation of 

surface species under conditions of CO2 hydrogenation and their deactivation pathways. 

In the second chapter, we showed that the structural evolution of model nanocrystalline In2O3 NPs 

as probed by operando XAS-XRD is correlated to three distinct catalytic stages during CO2 

hydrogenation, viz. activation, stable performance and deactivation.  During the activation stage, the 

crystallinity of the bcc-In2O3 catalyst is not affected significantly, and the small decrease of the In-O 

coordination number is consistent with the formation of oxygen vacancy Vo sites, leading to the active 

In2O���í�[ phase. During the period of the highest methanol production rate the mean In oxidation state is 

between +3 and +2 and MCR-ALS analysis reveals that the catalyst contains a molar fraction of In2O3 in 

the range 50�±40%, while In2O���í�[ constitutes 50�±60 %. Catalyst deactivation with TOS is attributed to the 

over-reduction of In2O3 with TOS which leads to an amorphous In0/In2O���í�[ material of inferior catalytic 

activity.  

As an approach to prevent this deactivation, the In2O3 NPs were impregnated onto monoclinic, 

tetragonal and amorphous ZrO2 �V�X�S�S�R�U�W�V�� �D�Q�G�� �W�K�H�� �H�Y�R�O�X�W�L�R�Q�� �R�I�� �W�K�H�� �F�D�W�D�O�\�V�W�V�¶�� �V�W�U�X�F�W�X�U�H�� �D�Q�G�� �D�F�W�L�Y�L�W�\�� �Z�D�V��

followed by operando XAS-XRD. We found that the phase of ZrO2 significantly affects the local 

structure, reducibility, and the catalytic performance of ZrO2-supported, nanocrystalline In2O3 NPs for 

the hydrogenation of CO2 to methanol. The amorphous ZrO2 support promotes the rapid reduction of 

In2O3 to metallic In leading to an almost inactive amorphous catalyst. The tetragonal ZrO2 support avoids 

the complete transformation of In2O3 to In0, but the extent of reduction is substantial, characterized by an 

average oxidation state of In below +2, which is associated with poor catalytic activity. In contrast, In2O3 

nanoparticles interact with m-ZrO2 during calcination and CO2 hydrogenation by evolving into In2+/In3+ 

sites that are atomically dispersed into the lattice of m-ZrO2, which leads to the activation of the catalyst 
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with TOS. The formation of this solid solution increases the quantity of active In�±Vo�±Zr sites which are 

stabilized by the m-ZrO2 lattice against deactivation by over-reduction to In0. 

Turning to the role of the ZrO2 phase on the activation of the two reactants, H2 and CO2, as well 

as the reaction mechanism, IR spectroscopy was applied. In chapter 4 we report that the phase of the ZrO2 

support influences the nature and the relative abundance of indium species active in the dissociation of 

H2 on In2O3/ZrO2 catalysts for the hydrogenation of CO2 to methanol. While hydrogen dissociates 

heterolytically, i.e. with the formation of indium hydride and hydroxyl groups, already on calcined 

In2O3/m-ZrO2 and m-ZrO2:In, a redox pretreatment is required to create such sites on the less active 

In2O3/am-ZrO2 and In2O3/t-ZrO2 catalysts. The efficient activation of CO2 is another factor responsible 

for the increased activity of In-based catalysts supported on m-ZrO2. Furthermore, we observed that upon 

the reaction of In�±H species with CO2, bidentate formate species, which are intermediates of the methanol 

formation pathway, form only on In2O3/m-ZrO2(redox) and m-ZrO2:In(redox) catalysts. In chapter 5 we 

demonstrated that the phase of the ZrO2 support has also a significant impact on the nature and the 

formation rates of surface intermediates on ZrO2-supported, In-based catalysts for CO2 hydrogenation. 

Formate and methoxy species, i.e. the suggested intermediates of the methanol synthesis pathway, are 

detected by in situ DRIFTS (300 °C, 20 bar) on the m-ZrO2:In and In2O3/am-ZrO2 catalysts with HCOO* 

appearing prior to the *OCH3 species. Both intermediates form faster on the more active m-ZrO2:In 

catalyst and only formate bands are detected on In2O3/t-ZrO2 (poor catalyst). The assignment of the 

reaction intermediates formed is confirmed by ex situ ssNMR. The presence of a major methoxy peak 

and only a very minor formate signal in the 1H spectrum of unsupported In2O3 indicates that an india-

zirconia interface is required for the effective stabilization of formate species. Finally, indium sites are 

essential for the formation of HCOO* and *OCH3 species as in the absence of In2O3, only carbonate 

species are observed on all three ZrO2 supports under CO2 hydrogenation conditions.  

6. 2. Future work 

An interesting follow-up work would be the direct integration of CO2 conversion into CO2 capture 

by bi-functional materials, i.e. a CO2-sorbent �± catalyst that allows capturing CO2 (in a CO2 capture step) 

and directly converting it into methanol (in a single CO2 release and conversion step).  

As mentioned in the introduction of this thesis, a commonly proposed solution to reduce CO2 

emissions is CO2 capture and storage (CCS), where CO2 is captured from various point sources including 

power plants and industrial facilities and subsequently stored underground. Alkaline earth metal oxides 

solid CO2 sorbents have emerged as promising CO2 capture materials.1  Particularly, MgO-based sorbents 

have attracted attention owing to a number of favorable characteristics such as high theoretical CO2 uptake 
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of 1.09 gCO2·gMgO
�±1 and relatively low operating temperature (200�±450 °C)  as compared to other solid 

sorbents (e.g. CaO, Li4SiO4, and Li2ZrO3).2,3 MgO-based CO2 capture (and regeneration) follows the 

reversible carbonation reaction of MgO (and regeneration reaction of MgCO3), viz.  

  ���‰����
E������ �6���– �����‰�����7������������������������������       (eq. 6.1) 

Although bare MgO displays slow carbonation kinetics,4,5 the addition of alkali metal salts 

(NaNO3, KNO3, LiNO3, and their eutectic mixtures) which are molten at operating conditions allows to 

overcome the kinetic limitations of MgO.2, 6-12  Thus, MgO promoted with alkali metal salts are promising 

CO2-sorbents for operation at temperatures relevant for CO2 hydrogenation to methanol (200-300 °C).  

To tackle the challenge of the direct integration of CO2 conversion into CO2 capture the advantage 

of metal oxide-based CO2 hydrogenation catalysts such as In2O3-based catalysts is apparent, owing to 

their lower cost and their stability under the strongly oxidizing conditions during CO2 capture.13 This, in 

combination with the high CO2 uptake and release in a temperature range (200-450 °C) where CO2 

hydrogenation to methanol is favorable makes the combination of In2O3-based catalysts and alkali salts 

promoted MgO sorbents a promising candidate for the direct integration of CO2 conversion into CO2 

capture. 

In this direction, a series of bi-functional In2O3-MgO-(Na,K)NO3 materials with different 

compositions should be developed by the impregnation of colloidal In2O3 nanocrystals onto MgO-

(Na,K)NO3 sorbents. A thermogravimetric analysis of the materials at 20-50 bar should be performed to 

assess the effect of pressure, In2O3 presence and (Na,K)NO3 phase composition on the CO2 capture 

characteristics of the material. The CO2 capture capacity, the cyclic stability and the carbonation and 

regeneration temperature range and rate should be investigated. In addition to that, the CO2 hydrogenation 

performance of selected materials shall be evaluated in a continuous flow, high pressure reactor. The 

materials will be carbonated in the reactor prior to the catalytic test. 

After determining the composition of the bi-functional material that is the best compromise 

between CO2 capture and catalytic performance, the most challenging part of this work would be the 

optimization of the operating conditions in order to maximize methanol STY and selectivity without CO2 

co-feeding. For that, the rate and quantity of CO2 releases should be precisely determined by GC with a 

high time resolution e.g. a compact GC in a high pressure reactor. Subsequently, the flow of H2 co-fed 

should be adjusted with TOS such that the optimal molar ratio H2 :CO2  = 3:1  is maintained throughout 

the CO2 hydrogenation to methanol.  
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HAADF STEM images (with EDX analysis) of calcined, carbonated and used In2O3-MgO-

(Na,K)NO3 materials would show how In2O3 and the salt are distributed on MgO. In situ TEM studies 

would allow the visualization of the morphological changes that the materials undergo at each stage. This 

technique could show if and how the molten salt covers the active In2O3 phase under each gas environment 

and for which compositions this can be prevented. 

As discussed in chapter 2, unsupported In2O3 NPs deactivate with TOS by over-reduction, leading 

ultimately to the formation of metallic In. An operando XAS/XRD study, would reveal how MgO-

(Na,K)NO3 influences the extent of In2O3 reduction, the structural evolution and the changes in 

crystallinity/formation of secondary phases during CO2 capture, regeneration and CO2 hydrogenatiom 

stage. The effect of different MgO-(Na,K)NO3 compositions on the reducibility of In2O3 could also be 

evaluated by H2-TPR. IR spectroscopy will be applied in order to investigate the activation of CO2 and 

H2 as well as the nature and dynamics of formation of reaction intermediates involved in the CO2 

hydrogenation on bifunctional In2O3-MgO-(Na,K)NO3 materials.  

6. 3. References 

1. Duan, Y.; Sorescu, D. C., CO2 capture properties of alkaline earth metal oxides and hydroxides: 

A combined density functional theory and lattice phonon dynamics study. J. Chem. Phys. 2010, 133, 

074508. 

2. Zhao, X.; Ji, G.; Liu, W.; He, X.; Anthony, E. J.; Zhao, M., Mesoporous MgO promoted with 

NaNO3/NaNO2 for rapid and high-capacity CO2 capture at moderate temperatures. Chem. Eng. J. 2018, 

332, 216-226. 

3. Hassanzadeh, A.; Abbasian, J., Regenerable MgO-based sorbents for high-temperature CO2 

removal from syngas: 1. Sorbent development, evaluation, and reaction modeling. Fuel 2010, 89, 1287-

1297. 

4. Bhagiyalakshmi, M.; Lee, J. Y.; Jang, H. T., Synthesis of mesoporous magnesium oxide: its 

application to CO2 chemisorption. Int. J. Greenh. Gas Control 2010, 4, 51-56. 

5. Han, K. K.; Zhou, Y.; Lin, W. G.; Zhu, J. H., One-pot synthesis of foam-like magnesia and its 

performance in CO2 adsorption. Microporous Mesoporous Mater. 2013, 169, 112-119. 

6. Zhang, K.; Li, X. S.; Duan, Y.; King, D. L.; Singh, P.; Li, L., Roles of double salt formation and 

NaNO3 in Na2CO3-promoted MgO absorbent for intermediate temperature CO2 removal. Int. J. Greenh. 

Gas Control 2013, 12, 351-358. 



191 
 

7. Vu, A.-T.; Park, Y.; Jeon, P. R.; Lee, C.-H., Mesoporous MgO sorbent promoted with KNO3 for 

CO2 capture at intermediate temperatures. Chem. Eng. J. 2014, 258, 254-264. 

8. �=�K�D�Q�J�����.�������/�L�����;�����6�������/�L�����:�����=�������5�R�K�D�W�J�L�����$�������'�X�D�Q�����<�������6�L�Q�J�K�����3�������/�L�����/�������.�L�Q�J�����'�����/�������3�K�D�V�H���W�U�D�Q�V�I�H�U�(

catalyzed fast CO2 �D�E�V�R�U�S�W�L�R�Q�� �E�\�� �0�J�2�(�E�D�V�H�G�� �D�E�V�R�U�E�H�Q�W�V�� �Z�L�W�K�� �K�L�J�K�� �F�\�F�O�L�Q�J�� �F�D�S�D�F�L�W�\����Adv. Mater. 

Interfaces 2014, 1, 1400030. 

9. Harada, T.; Simeon, F.; Hamad, E. Z.; Hatton, T. A., Alkali metal nitrate-promoted high-capacity 

MgO adsorbents for regenerable CO2 capture at moderate temperatures. Chem. Mater. 2015, 27, 1943-

1949. 

10. Dal Pozzo, A.; Armutlulu, A.; Rekhtina, M.; Abdala, P. M.; Müller, C. R., CO2 Uptake and Cyclic 

Stability of MgO-Based CO2 Sorbents Promoted with Alkali Metal Nitrates and Their Eutectic Mixtures. 

ACS Appl. Energy Mater. 2019, 2, 1295-1307. 

11. Rekhtina, M.; Dal Pozzo, A.; Stoian, D.; Armutlulu, A.; Donat, F.; Blanco, M. V.; Wang, Z.-J.; 

Willinger, M.-G.; Fedorov, A.; Abdala, P. M., Effect of molten sodium nitrate on the decomposition 

pathways of hydrated magnesium hydroxycarbonate to magnesium oxide probed by in situ total 

scattering. Nanoscale 2020, 12, 16462-16473. 

12. Bork, A. H.; Rekhtina, M.; Willinger, E.; Castro-Fernández, P.; Drnec, J.; Abdala, P. M.; Müller, 

C., Peering into buried interfaces with X-rays and electrons to unveil MgCO3 formation during CO2 

capture in molten salt promoted MgO. PNAS 2021, 118. 

13. Daily Metal Prices Home Page. 

 https://www.dailymetalprice.com/ 

 

 

 



192 
 

Appendix 

Curriculum Vitae  
 

ATHANASIA TSOUKALOU  
P 230 LEE, Leonhardstrasse 21, Zürich 8092, Switzerland  
Email: atsoukal@student.ethz.ch 
 

 

 
EDUCATION  
4/2016-2/2022 
 

Swiss Federal Institute of Technology (ETHZ), Zürich, Switzerland  
PhD candidate, Mechanical and Process Engineering  

�x Advisor: Christoph R. Müller 
�x �7�K�H�V�L�V���� �³Development of In2O3-based catalysts for the hydrogenation of 

CO2 to methanol: elucidating the structure-performance relationship, 
active sites and reaction mechanism�  ́
 

9/2012-7/2015 
 

Swiss Federal Institute of Technology (ETHZ), Zürich, Switzerland 
Master of Science, Process Engineering 

�x Advisor: Christoph R. Müller 
�x �0�D�V�W�H�U���7�K�H�V�L�V�����³�'�H�Y�H�O�R�S�P�H�Q�W���R�I���1�L-based catalysts for the dry reforming 

�R�I���P�H�W�K�D�Q�H�´ 

9/2007-7/2012 University of Patras, Patras, Greece 
Diploma in Chemical Engineering  

�x Advisor: Spyros N. Pandis 
�x �'�L�S�O�R�P�D���7�K�H�V�L�V�����³�/�R�V�V�H�V���R�I���V�X�V�S�H�Q�G�H�G���Q�D�Q�R�S�D�U�W�L�F�O�H�V���L�Q���O�D�E�R�U�D�W�R�U�\���W�X�E�H�V�´�� 

 
PRACTICAL EXPERIENCE  
8/2015-1/2016 Laboratory of Energy Science and Engineering (ESE), ETHZ,  

Zürich, Switzerland:  Research Assistant 
�x �3�U�R�M�H�F�W���� �³�'�H�Y�H�O�R�S�P�H�Q�W�� �R�I�� �D�G�Y�D�Q�F�H�G�� �P�D�W�H�U�L�D�O�V�� �I�R�U��sustainable hydrogen 

generation and heterogeneous reaction engineering�  ́

8/2013-5/2014 Dow Europe GmbH, Horgen, Switzerland:  Industrial Intern 
�x �3�U�R�M�H�F�W���� �³�(�Y�D�O�X�D�W�L�R�Q�� �R�I�� �'�R�Z�� �V�H�D�O�D�Q�W�V�� �D�Q�G�� �I�L�O�P�� �V�W�U�X�F�W�X�U�H�V�� �R�Q�� �D��

th�H�U�P�R�I�R�U�P�L�Q�J���W�U�D�\���V�H�D�O�H�U�´ 
 

7/2009 - 9/2009 Ministry of Environment Energy & Climate Change, Athens, Greece: 
Summer Intern 

�x �2�S�H�U�D�W�L�R�Q�D�O���3�U�R�J�U�D�P�����³�(�Q�Y�L�U�R�Q�P�H�Q�W���D�Q�G���6�X�V�W�D�L�Q�D�E�O�H���'�H�Y�H�O�R�S�P�H�Q�W 

 

EXPERTISE 
Experimental 
Techniques 

Gas chromatography, N2 physisorption, chemisorption, temperature-programmed 
techniques (TPR, TPO and TPD), XRD, thermogravimetric analysis, spectroscopy 
(FTIR, Raman, XAS, XPS, UV-Vis), catalytic reaction test, wet chemistry, 
organic/inorganic synthesis, catalytic reaction test: batch (autoclave), continuous 
(fixed and fluidized beds), and high pressure reactions 



193 
 

 

 

 

Software MS Office, Origin, ChemOffice, FORTRAN, Hysys, ASPEN+, ANSYS CFX, 
ANSYS FLUENT, Demeter, FullProf 

  

 PUBLICATIONS  

�x Tsoukalou, A.; Bushkov, N. S.; Docherty, S. R.; Mance, D.; Serykh, A. I.; Abdala, P. M.; 
Copéret, C.; Fedorov, A.; Müller, C. R., Surface Intermediates in In-Based ZrO2-Supported 
Catalysts for Hydrogenation of CO2 to Methanol. J. Phys. Chem. C 2022, 126, ���������í��������. 

�x Tsoukalou, A.; Serykh, A. I.; Willinger, E.; Kierzkowska, A.; Abdala, P. M.; Fedorov, A.; 
Müller, C. R., Hydrogen dissociation sites on indium-based ZrO2-supported catalysts for 
hydrogenation of CO2 to methanol. Catal. Today 2022, 387, 38-46. 

�x Zhou, H.; Chen, Z.; López, A. V.; López, E. D.; Lam, E.; Tsoukalou, A.; Willinger, E. 
Kuznetsov, D. A.; Mance, D.; Kierzkowska, A.; Donat, F.; Abdala, P. M.; Comas-Vives, A.; 
Copéret, C.; Fedorov, A.; Müller, C. R., Engineering the Cu/Mo2CTx (MXene) interface to drive 
CO2 hydrogenation to methanol. Nat. Catal. 2021, 4, 860-871. 

�x Zhou, H.; Chen, Z.; Kountoupi, E.; Tsoukalou, A.; Abdala, P. M.; Florian, P.; Fedorov, A.; 
Müller, C. R., Two-dimensional molybdenum carbide 2D-Mo2C as a superior catalyst for CO2 

hydrogenation. Nat. Commun. 2021, 12, 5510. 
�x Kurlov, A.; Deeva, E. B.; Abdala, P. M.; Lebedev, D.; Tsoukalou, A.; Comas-Vives, A.; 

Fedorov, A.; Müller, C. R., Exploiting two-dimensional morphology of molybdenum 
oxycarbide to enable efficient catalytic dry reforming of methane. Nat. Commun. 2020, 11, 4920. 

�x Tsoukalou, A.; Abdala, P. M.; Armutlulu, A.; Willinger, E.; Fedorov, A.; Müller, C. R., 
Operando X-ray Absorption Spectroscopy Identifies a Monoclinic ZrO2:In Solid Solution as the 
Active Phase for the Hydrogenation of CO2 to Methanol. ACS Catal. 2020, 10, 10060-10067. 

�x Kuznetsov, D. A.; Chen, Z.; Kumar, P. V.; Tsoukalou, A.; Kierzkowska, A.; Abdala, P. M.; 
Safonova, O. V.; Fedorov, A.; Müller, C. R., Single Site Cobalt Substitution in 2D Molybdenum 
Carbide (MXene) Enhances Catalytic Activity in the Hydrogen Evolution Reaction. J. Am. 
Chem. Soc. 2019, 141, 17809-17816. 

�x Tsoukalou, A.; Abdala, P. M.; Stoian, D.; Huang, X.; Willinger, M. G.; Fedorov, A.; Muller, 
C. R., Structural Evolution and Dynamics of an In2O3 Catalyst for CO2 Hydrogenation to 
Methanol: An Operando XAS-XRD and In Situ TEM Study. J. Am. Chem. Soc. 2019, 141, 
13497-13505. 

�x Deeva, E. B.; Kurlov, A.; Abdala, P. M.; Lebedev, D.; Kim, S. M.; Gordon, C. P.; Tsoukalou, 
A.; Fedorov, A.; Müller, C. R., In Situ XANES/XRD Study of the Structural Stability of Two-
Dimensional Molybdenum Carbide Mo2CTx: Implications for the Catalytic Activity in the 
Water�±Gas Shift Reaction. Chem. Mater 2019, 31, 4505-4513. 

�x Tsoukalou, A.; Imtiaz, Q.; Kim, S. M.; Abdala, P. M.; Yoon, S.; Müller, C. R., Dry-reforming 
of methane over bimetallic Ni�±M/La2O3 (M=Co, Fe): The effect of the rate of La2O2CO3 
formation and phase stability on the catalytic activity and stability. J. Catal. 2016, 343, 208-214. 

 


