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Summary

The increasing concentration of atmospheric CO, represents a major environmental challenge, directly linked
to climate change and ocean acidification. To address this issue, CO, valorization through hydrogenation
emerges as a promising option, enabling its conversion into chemicals and fuels. This strategy not only
reduces greenhouse gas emissions but also promotes the adoption of sustainable energy sources,
contributing to a transition towards a low-impact environmental society.

This doctoral thesis investigates the thermo-photocatalytic conversion of CO, to methane through
hydrogenation, employing rhodium nanoparticles supported on cerium-titanium mixed oxides (Rh/Ce-TiOy).
Motivated by the critical need for scalable CO, mitigation technologies, this work pioneers the integration of
plasmonic excitation and thermal activation to overcome kinetic limitations in catalytic CO, reduction. The
Ce-TiOy support was selected for its good thermal stability, dynamic redox properties (Ce®**/Ce** and Ti3*/Ti**
cycling), and synergistic interactions with Rh nanoparticles, which collectively enhance charge transfer and
intermediate stabilization. An important aspect of this research is the role of Surface Plasmon Resonance
(SPR) in promoting the CO, conversion over these heterogeneous catalysts.

Surface Plasmon Resonance (SPR) is a phenomenon in which free electrons in a metallic material oscillate in
response to incident light. This effect, characteristic of metallic nanoparticles, is particularly relevant in
catalysis as it enhances various physicochemical phenomena.

In the field of plasmonic catalysis, SPR increases light absorption and the generation of hot electrons,
facilitating charge transfer and the activation of reactive molecules on the catalyst surface. This mechanism
has been reported effective also for CO, reduction reactions, where hot electrons can facilitate CO, molecule
cleavage and hydrogenation, lowering energy barriers and improving selectivity toward desired products such
as methane or carbon monoxide.

The effectiveness of SPR is strongly dependent on the nature of the material used. Noble metals such as gold,
silver, and rhodium exhibit well-defined plasmonic resonances in the visible and near-infrared spectrum,
making them optimal for catalytic applications under solar illumination. However, less expensive materials
such as copper and metal alloys have also shown a significant SPR effect, broadening the design possibilities
for efficient new catalysts.

The ability of plasmonic catalysis to combine photonic and thermal effects enables local heating and hot
electron transfer, both critical to enhancing reactivity. This dual effect is especially valuable for metal oxide-
supported systems like Rh-functionalized Ce0,-TiO,, where interactions between support and active metal
improve dispersion and catalyst longevity.

Building on these theoretical insights, a dedicated experimental setup was designed incorporating a multi-
channel gas feed line, a quartz reaction chamber a quartz reaction chamber optimized for light absorption, a
300W Xenon light source simulating solar irradiation, and a mass spectrometer for real-time gas analysis..
This setup enabled systematic evaluation of catalyst performance under controlled thermo-photocatalytic
conditions.

The catalysts synthesis was carried out using methodologies aimed at maximizing their efficiency and stability
under reaction conditions. Mixed cerium and titanium oxides were synthesized via sol-gel, a method that
yields materials with high surface area and good dispersion of active elements, a key factor in enhancing
reactivity and long-term stability. This technique also allows control over material morphology and porosity,
fundamental aspects for ensuring strong interaction between the support and the active catalytic phase.



Rhodium, known for its high activity in CO, methanation and its plasmonic effect facilitating hot electron
transfer and activation of reactive species, was subsequently deposited using two different techniques: wet
impregnation and ball milling, to compare the effects of deposition methodology on metal dispersion and its
interaction with the support. Wet impregnation allows for controlled metal distribution, minimizing aggregate
formation and optimizing the ratio between exposed surface and available metal for the reaction. Ball milling,
on the other hand, facilitates deeper integration between metal and support, positively impacting thermal
stability and sintering resistance.

Catalysts characterization was performed using various analytical techniques to determine their structure,
porosity, and redox properties. N, Physisorption analyses (Brunauer-Emmett-Teller, BET method) assessed the
specific surface area and porosity distribution, essential properties for correlating catalysts behaviour under
reaction conditions. X-ray diffraction (XRD) was employed to identify present crystalline phases, highlighting
any structural modifications induced by synthesis and subsequent thermal treatments. Transmission electron
microscopy (TEM) provided detailed information on morphology and Rh nanoparticle dispersion, revealing
significant differences between catalysts obtained through the two deposition techniques. Finally,
temperature-programmed reduction (TPR) was used to study the system’s redox properties, offering insights
into the reducibility of active species and their interaction with the support.

A catalytic campaign of tests was systematically conducted to comprehensively evaluate the influence of
both operational conditions and catalyst composition on catalytic performance. Specifically, the study aimed
to determine the individual and combined effects of the support material, rhodium loading, and illumination
on CO, methanation reactivity. By varying these parameters across controlled experiments, it was possible to
identify their role in modulating catalytic activity, selectivity, and stability under thermo-photocatalytic
conditions.

Results showed that the photocatalytic contribution is evident under specific operating conditions.
Comparative experiments under dark and light conditions revealed up to a 35% increase in CO, conversion
under illumination, indicating the role of the plasmonic effect in improving process efficiency. The conversion
enhancement was correlated to the generation of hot electrons and charge transfer facilitated by the support.

The comparison of catalysts supported on CeO,, TiO,, and mixed cerium-titanium oxides revealed that the
Ce:Ti(80:20) system offers the best performance, with higher stability and superior efficiency in methanation
reaction. This result was confirmed by diffuse reflectance spectroscopy (DRS) and temperature-programmed
reduction (TPR) data, which demonstrated an optimal interaction between rhodium and the support in this
specific composition.

Surface catalytic investigations via FT-IR DRIFT enabled the identification of adsorbed intermediate species
and clarification of the reaction mechanism under light and dark conditions. The results highlighted the
formation of carbonyl and formate species on the catalyst surface, with altered reaction kinetics under
illumination.

Finally, metal-support interface analysis revealed that charge transfer between rhodium and the support
directly influences reaction selectivity. The presence of oxygen vacancies in mixed supports played a crucial
role in facilitating hydrogen transfer and improving catalyst stability over time.

In conclusion, this study confirms the synergistic benefits of thermo-photocatalysis for CO, methanation,
with enhanced conversion and selectivity achieved through the integration of light-driven and thermal
activation mechanisms. The Ce:Ti (80:20) support emerged as the optimal composition, combining
favorable redox properties with strong metal-support interaction to achieve high catalytic performance.

The key achievements include:



e Confirmation of the role of illumination in enhancing catalytic activity through the plasmonic effect.
e Demonstration of the influence of support composition on catalyst stability and selectivity.

e |dentification of electron transfer between metal and support mechanisms facilitating CO, reduction.

However, some limitations remain. Long-term catalyst stability and an in-depth understanding of charge
transfer mechanisms require further studies. Additionally, optimizing catalyst synthesis could lead to further
performance improvements.

Future research developments will focus on:
e Optimizing catalyst stability to ensure efficiency on an industrial scale.
e Developing new synthesis methodologies to improve metal-support interaction.

e Applying thermo-photocatalysis to other energy conversion processes, such as methanol or synthetic
fuel production.

Through a multi-analytic approach, this dissertation provides new mechanistic insights into thermo-
photocatalytic CO, methanation, representing a valuable step toward the development of practical and
sustainable CO, valorization solutions for the energy transition.



Contents

T INEFOAUCTION ...ttt sttt et e bt e bt e s bt e sate s abe s bt e abe e bt e saeesaeeeneeenteenbeans 13
1.1 CO;z environmental challen@e ... 13
1.2 COz HYdrogenation ............cccociiiiiieiiinieieieetene ettt ettt st sr e et b s e e sneenesreeseene s 15

1.2.1 Catalytic Methanation .............cooiiiiniiiiie e e 16
1.2.2 Photo-catalytic Methanation ...............cccooiriiiiiiiiinieeee e e 18
1.3 Thermo-Photo CatalySis ...........ccccoiiiiiiiiiiiicecceeesee ettt st s e e sne e snteeaeeenens 19

2 Surface Plasmon RESONAIICE..............cocoiiiiiiiiiiiiiieeiete sttt ettt sttt bt b e et e st sbeete e 20
2.1 SPRAPPICATIONS ..ottt e e sttt e e te e s be e ste e sraesstesateenteenseesseesnes 21
2.2 LSPR in Photo-Thermo Catalytic (PTC) CO2 methanation................ccocoociiiniiiiniinienieeee, 25
2.3 Factors Photo-Thermo-CO; methanation optimization ..............c.cceccevinveiinieninnicneeeee, 29

3 ReaCtioN teSTDENCK..........cooiii et bbb naes 32
BUL PLOJECE ... ettt e r e st st e r e n e e nnees 33
B2PIant DUIIAING. .......coooiiiii ettt st 34

3.2 1 HATAWATE.......oeiiiiieieeieeiee sttt ettt ettt s e st st e e bt e b e e bt e s bt e satesat e et e enbeesbeesaeesatesabesnbeenbeeseesanes 34
3L2.2 SOFEWATE ...ttt ettt et et s a et e st e e h e et e e bt en e e e bt et e st e eateteshe et e besaeeeene 40
3.2.3 MASS SPECIIOIMICLET ......c.oeiiiiiiiiiie ettt ettt e e s sttt e e s sbte e e s sbteeessabaeeessntaeessantaaessans 48

4 Materials and MethOdS ...........c.cooiiiiiiiiii ettt s st st be e sbe e sae e satesate e 49

4.1 CatalySt PreParation...........coco ittt sttt s st s aee e 49
4.1.1 Cerium-Titanium mixXed OXIde .............ccoeiiiiiiiiiiiiee e e 49
4.1.2 Rhodium metal Functionalization...............cccocoiieiiiiiiinineeeeee e 49

4.2 Experimental reaction CONAItionS .............c.ccoociiiiiiiiniiniiini e e 51
4.2.1 Methanation Chemistry and Thermodynamics ...............ccocoeiiiiiiiniiniinieeneeeenee e 51
4.2.2 Temperature PAraIMELeT ............ccocciiiiiiiiie et sb e e e s e sre e e sareeenes 53
4.2.3 GAS flOW PATAIMELET ......c..ooviiiiiiieeieeee ettt ettt s st e esteeteesbeesbaesaeesasesnne 54

4.3 Thermo-photo catalytic aCtiVItY TeSt...........ccocviiiiiiiiiiieiic e 55
4.3.1 Light-off experiment evaluation .................cocoiiiiiiiiiiiii e 56
4.3.2 Isothermal steps experiment evaluation..............ccccoociiiiiiiiiininee e 58
4.3.3 Light contribution evaluation ... e 60
4.3.4 Metal 10ading iMPACE...........cccooiiiiiiiiiee ettt sttt sttt b saee b 64

A4 FT-IR DRIFT ...ttt ettt s h et bbb s bt et e e bt et e st e sue et e she e st e besaeenbene 66
4.4.1 Experimental EQUEPIMENT ..ot s 66
4.4.2 FT-IR DRIFT INVeStIGAtION..........cooiiiiiii e e e 66

5 Material CharacteriZation................coooiiiiiiiiiii ettt st be s 69



5.1 SUPPOrt characteriZations..............ccooviiiiiiiicicc e s st ere e eee s 70

5.2 Rhodium supported catalytic materials characterizations.............c..ccccoceininiinninienennne 80

6 Experimental CampPaigil ..........ccccoiiiiiiiiiinie e e 93
6.1 Experimental Data COll@CHION ...........c.ccociiiiiiiiiic et s 93
6.2 Experimental Data diSCUSSION .............ccciiiiiiiiiieee e e 95
6.3 Investigation on metal/support interface characteristics................ccocooceiininiiniiiinnne, 98
6.4 Experimental HyPOothesis ..ottt 100
6.4.1 EXPerimental SETUP ...........ccoooiiiiiiiiiicce ettt s e st be e e et e ereere e 102
6.4.2 EXperimental Data............coocoiiiiiiiiieeeeee et e 105

7 COMCIUSIONS ..ottt ettt ettt e b e e s bt e sat e s ate s be e bt e bt e saeesaeesateeabeebeesbeesaeesasesatesane 118
Key Achievements and INSights ............c.cocoiiiiiiiiiiiiee e 119
Limitations and LeSSOnS Learned..............cccocooiiiiiiniiniiniinieeeeseeste ettt 121
Perspectives for Future ReSearch ...t 121
CloSING REflECHIONS .........coouiiiiiiii ettt ettt et sae et s be e neas 122
BIDIIOGIAPIY ...ttt sttt bbbt nre e ere 123



Fig. 1.1 Overview of the possible reaction pathways of CO2RR for C1, C2+ products, reproduced from ref. [1]
Copyright (2021), with permission from American Chemical SOCIEtY. .......cccvvieivciiieiciiiee e, 15
Fig 3. 1 Reaction test bench schematic representation: 5 gas feed lines, Xenon Lamp 300W solar simulator,
Reactor heating resistance, reactor chamber, Temperature measure of the Chamber and the sample, Mass

Spectrometer, moisture unit, a gas spectrometer, a PC station for bench control, a six-way valve for double

oY o =Te= I (o Ta T Iy g Voo [T PR 34
Fig. 3. 2 Reactor project scratCh With QUOLES .......ciiiiiiiice e s 35
Fig. 3. 3 Final product of the reactor body, window assembly ..........cocceeriiiiiiiiniii e 36
Fig. 3. 4 300W Xenon Lamp Solar light simulator full spectrum Quantum Design®..........ccccceeeereeveereereenene. 37
Fig. 3. 5 Reactor hoUSING @SSEMBIY......uiiiiiiiiiciiee et e s s e e s s e e e sabee e e sabeeesennres 39
Fig. 3. 6 The complete reaction system Setup assemMbBIY ......ccoociiiiiiiiiiiiiee e 39

Fig 3. 7 Main Controls panel: a) Software communication initialization, b) Global software Stop and reset, c-
d) serial communication port and status, e) Acquire data (Graph and Charts start), f) Save Data (saving path
(=g I 1V o) 00 b= Y ol =T U 1T o PR 43
Fig 3. 8 Heating control Panel: a)Heater manual control section, b)Chamber, Sample, Resistance temperature
indicators, c)Safety alarms led (Critical alarm-software abort), d)PID Controlled variable selector, e)PID
parameters monitor, f) Arduino TC module configuration file path..........ccccoeeiiiicii e, 44
Fig 3. 9 Gas Flow Panel: a)Gas feed, single line electrovalves, b)Main electrovalve gas mix, c)Gas parameter
manual control switch, d)Gas parameter setting controls: MFC full scale, flowrate SP, MFC gas calibration
L= Lot Lo Tl SO i [0 XY = (= 1 0L Y oY 45
Fig 3. 10Experiment profile set panel: a) Exp. Start button, b)Exp. Pause button, c)Counter re-initialization
button, d)Raw progress counter, e)Gas Set-point profile enable, f) Step time, Temperature set-point, Heating
slope selector, g)Gas feed flowrates, mix composition (common time reference for each step).................. 46
Fig 3. 11Graph&Charts Panel: a) Temperature reading Chart, b)Gas feed flowrates chart .........ccccccevvveenenne 47
Fig. 4.1: CO; Conversion X% , CH, Yield Y% and CO Yield Y% Vs 100-800 °C Temperature range, for pure
reactants and products system (solid line) and 80% He diluted system (dash line) ........ccccceevveecrerecieerneenne, 52
Fig. 4.2:Concentration of CH4 produced in the total gas mix outcoming the reaction chamber and Tchamber as a
function of time: the controlled variable is @) Tsample AN D) Tchamber «eevveeerrererrrerriirerieerrre e e eee e e ereeeneeeas 54

Fig. 4.3 CH4 and CO; concentration in the exhausts, showing three consecutive experiments in temperature

ramp 15°C/min, 100-400°C, 61%H/11%C05/28%He 35MI/MiN....ccceiiiriiiiiiieieeeeee et 57
Fig. 4.4: Typical structure of an Isothermal steps eXPeriMment.........cccveeeiiiiieeciiiee e e 58
Fig. 4.5: Gas mix concentration plot Vs Time; Typical experimental design ......cccccoeecviiieeieiiicccciiiieeee e 59
Fig. 4.6: CHa. Yield% Vs CO, Conversion% graph type eXample ......ccccueeeiiiieiiniiiee s esieee e sieee s ssreee s 59

Fig. 4.7: Temperature profile measured by Tsmple thermocouple on the alumina bed in presence or absence

of catalyst, respectively black and red lines, in inert atmMoSPhere.......ccccevccieei e 61

9



Fig. 4.8 Rate enhancement Factor due to light contribution as a function of increasing light Intensity for
different catalysts — Tchamber =250°C, 61% H2/11% C0O2/28% He, d=35mI/min......cccccccourreuririeeenerernnenns 62
Fig. 4.9 Rate enhancement Factor due to Photothermal and Hot-electron Injection contribution as a function

of increasing light Intensity for different catalysts — Tchamber =250°C, 61% H,/11% CO,/28% He, $=35ml/min

Fig. 4.10 CO2 conversion % Vs CH4 yield % compared at the same reaction conditions: Tchamber =250°C, 61%
H2/11% C02/28% He, d=35ml/min in Dark/Light CONItioN .........ccveeeeiiiiiiieieceree e 65

Fig. 4.11 Graphical representation of typical vibration modes of molecules as a consequence of IR absorption

Table 5. 1 Catalysts characterizations resuming table. ........coooiiiiiiiiii e 69
Fig. 5. 1 Adsorption and Desorption (solid and dashed lines respectively) Isotherms for all support materials,

pure oxides and compositions of mixed oxides. a) CeO3, b)CeosTio.202, c) CeosTios02, d) Ceo2Tios02, €) TiO,.

Fig. 5. 2 Pore Volumes as a function of the pore width, distribution of the pores size. .......ccccecvvreecrirrennnen. 71
Fig. 5. 3 XRD spectra of a) pure Ceria, b) CeosTio.202, ¢) CeosTios0z, d) Ceo2Tios02, €) pure Titania; with blue

solid and empty diamonds are reported the diffraction peaks of Rutile and Anatase Titania phases

respectively, with purple circles are reported the diffraction peaks of Ceria cubic fluorite structure........... 72
Table 5. 2 Crystalline Structure, Lattice Parameter, and Crystallite Size of TiO,-CeO; Mixed Oxides. ........... 72
Fig. 5. 4 Synthetized CeO, TEM image reporting measures of the crystallites .........ccccceeeeieeiiicen e, 75
Fig. 5. 5 Synthetized TiO, TEM image reporting measures of the crystallites.........cccooveeeiiieeieciee e, 75
Fig. 5. 6 Synthetized Ce0,-TiO, (80:20) TEM image reporting measures of the crystallites...........ccceeeuveenee. 76

Fig. 5. 7 H,-TPR profile of synthetized support oxides; a) CeO; , b)CeosTio.202, ¢) CeosTios02, d) Ceo2TiosO2, €)

Table 5. 3 Ceria - Titania MO reduced ratio calculated on the hydrogen consumption measured during the
H2-TPR EXPEIIMENT .eeiiiiiieeeee ettt e sttt et e e s e sttt et e e e s s s s sabbt b e eeeessssssssbesaaaeesssassssstsaaaeesssnnsssrsseeeesssnnssns 77
Fig. 5. 8 Water and CO; as product of reduction (left axes) and weight loss % (right axes) as a function of
L] 0 Y 0 1=1 1= A0 < 78
Fig. 5. 9 Tauc plot of the absorbance Kubelka-Munk function F(R) for Ceria and Titania Oxides — Calculated
=10 a1 [ele] o e (U Tor o gl oF- T == o I =P PSSR 79
Fig. 5. 10 Tauc plot of the absorbance Kubelka-Munk function F(R) for Ceria-Titania Mixed Oxides — Calculated
=T gl oleTqTe [ Tot do ]l o - Ya Vo =2 e 1N PP UPPOTPPPRN 79
Table 5. 4 Band gap energy in eV calculated with Tauc Method ..., 79
Fig. 5. 11 Adsorption and Desorption (solid and dashed lines respectively) Isotherms for all loaded support
materials, pure oxides and compositions of mixed oxides. a) Rh/Ce0O- , b) Rh/CeqsTio202, ¢) Rh/CeosTios0,,

d) Rh/CEo,zTio,gOz, E) Rh/TIOz ........................................................................................................................... 81



Fig. 5. 12 XRD Spectra comparison between CeO, and TiO; supported catalyst (A and B respectively) : a) pure
support, b) Rhodium supported catalysts synthetized alternatively by Ball Milling, c) ) Rhodium supported
catalysts synthetized alternatively by Incipient Wet impregnation.........cccccueeiivciiiiicciee e 81
Fig. 5. 13 XRD Spectra comparison between CeO; -TiO, mixed oxides, Ce:Ti(80:20) and Ce:Ti(50:50)
respectively A and B: a) pure support, b) Rhodium supported catalysts synthetized by Ball Milling (BM), c)
Rhodium supported catalysts synthetized by Incipient Wet impregnation (IW) ........ccccoeeieeeiicericcciee e, 82
Table 5. 5 Crystalline Structure, Lattice Parameter, and Crystallite Size of TiO,-CeO, Mixed Oxides supported
Rhodium with different tEChNIGUES. .....ooceiiiieeee e s e e s sree e s e ee e e ennres 82
Fig. 5. 14 TPR profile of BM (solid line) and IW (dash line) rhodium supported catalyst on Ceria-Titania pure
and mixed oxides (dot-dash line); a) Rh/CeO,, b) Rh/Ce0,-TiO, (80:20), c) Rh/Ce0,-TiO; (50:50), d) Rh/CeO,-
Ti02(20:80),€)RN/TIO .ot eee e s e e s s s e e ssesseeseseeesessesseseseeeseeseseeeseseassesseesessessesseessseseeneenae 86
Table 5. 6 Reduction temperature of differently supported IW and BM rhodium samples, for different
reducing species at different temperature intervals - H, Spillover percentage on different Incipient Wet
Taa] oY=t ={a T 1H=Te IEY: 0 4T o] [=Y SRR 86
Fig. 5. 15 TEM images of Rh/TiO, a) Ball Milled, b) Incipient Wet impregnation............cccceeevveeecreeeeveecreeenne. 88
Fig. 5. 16 DRS derived Absorbance of Ceria and Titania pure and mixed oxide supports as a function of the
wavelenght. a) CeO,, b)CeosTio202, c) CeosTiosO02, d) Ceo2Tins02, €) TiO2 cevcuviiieeiiieeeeciiee et 89
Fig. 5. 17 DRS derived Absorbance of Ceria and Titania pure and mixed oxide supported Rhodium catalysts as

a function of the wavelenght. a) Rh/CeO, , b) Rh/CeoTin202, c) Rh/CeosTins02, d) Rh/Ceo2Tios02, €) Rh/TiO,

Fig. 5. 18 DRS derived Absorbance of Ceria and Titania pure and mixed oxide supported Rhodium catalysts as
a function of the wavelength (solid line), comparison with pure support DRS profiles (dash line). .............. 91
Fig. 6.1 Comparison in Dark(solid) and Light (empty) condition, : Tchamber =300°C, 61% H2/11% C02/28%

He, $=35ml/min, for different supports metal loaded by Incipient Wet impregnation (IW) and Ball Milling

Fig. 6.2: Comparison in Dark(solid) and Light (empty) condition, : Tchamber =300°C, 61% H2/11% C02/28%
He, $=35ml/min, for different Ceria-Titania mixed oxide composition supporting Ball Milling (BM) loaded
AYWE RROGIUM. 1.ttt ettt e b e s bt e sae e s at e et e e bt e bt e ebeesheesateeate e beenbeesbeesatesanenane 97
Fig. 6.3: Metal-to-Support Spillover% VS Yield% comparison in both Light and Dark experimental conditions
(empty and solid symbols respectively), for a set of catalyst metal loaded at 4%wt by Ball Milling, orange and
purple solid lines represent the trend of light and dark experiments respectively........ccccoceeeecieeieccieeeennee. 99
Fig. 6.4 Graphical representation of the whole FT-IR DRIFT in Dark/Light (Lamp ON/OFF)conditions
experiment structure. The inert gas is Argon and the total flow is constant 100ml/min, controlled by Mass

Flow Controls and valves. A shutter is used to switch on/off the light.......c.cccoevvieviiniiciiccececeeeeeee, 103

11



Table 6. 2 Reference table of carbonaceous species typically adsorbate in a CO; reduction reaction and their
FT-IR DRIFT stretching bands. Cabonates: Monodentate (m-), Bidentate (b-), Bidentate bridged (b-br-);

Bicarbonates; Formate; Carbonyl species on Rh metal: Linear (mono, geminal or tri-carbonyl), Bridged,

Fig. 6.5 illustrates DRIFT spectra of all catalyst samples collected in a 100ml/min 3% CO, .in Ar gas flow after
15 minutes of exposition at 50°C. Peaks of main species retrieved are reported, m-C: monodentate carbonate,
bi-C:bidentate carbonate, bi-br-C: bidentate bridged carbonate, HC: hydrogen carbonate, F: formate..... 106
Fig. 6.6 Displays the Kubelka-Munk function of the DRIFT spectra collected for all sample at 50°C, with a flow
rate of 100 ml/min comprising 12% H,, 3% CO,, and 85% Ar in the reaction atmosphere (MIX), with the lamp
SWILCREA OFf. ettt st e e b e e st e s be e e s ateesabeeesabeesabeesasteesabeeennneas 108
Fig. 6.7a Displays CeO»-Rh Kubelka-Munk function of the DRIFT spectra, in the interval 2300-1000 cm*
collected at 150-200-225-250°C on BG-MIX, with a flow rate of 100 ml/min comprising 12% H,, 3% CO,, and
85% Ar in the reaction atmosphere (MIX), with the lamp switched off (blue solid line) and
on(yellow(dash)/purple(SOlid) lINE) . ....ccueecuir ettt et et e e eetee e sare e ebeeeetbeesabeeeeaneas 111
Fig. 6.7b Displays Ce0,:TiO,(80:20)-Rh Kubelka-Munk function of the DRIFT spectra, in the interval 2300-1000
cm? collected at 150-200-225-250°C on BG-MIX, with a flow rate of 100 ml/min comprising 12% H2, 3% CO2,
and 85% Ar in the reaction atmosphere (MIX), with the lamp switched off (blue solid line) and

on(yellow(dash)/purple(SOlid) lINE) . ....ccueecuie ettt et et e e eete e e eabe e eteeeetbeesabeeenaneas 112

12



1 Introduction

1.1 COz environmental challenge

The concentration of atmospheric CO; is intricately linked to climate change and ocean acidification [1],
primarily due to the physicochemical properties associated with the carbon dioxide molecule. As urbanization
and deforestation continue to escalate, there has been a sharp increase in the atmospheric CO; levels over

the years.

In recent years, carbon dioxide valorization has emerged as a pivotal technology, offering profound
implications for both the global economy and the pursuit of a carbon-neutral society. This innovative process
involves the conversion of CO,, a major contributor to climate change, into valuable products with hydrogen.
The multifaceted impacts of CO; valorization can be understood through its environmental imperative,
economic opportunities, role in the energy transition, and potential as a resource for achieving carbon

neutrality.

At its core, CO; hydrogenation addresses a critical environmental concern by providing a means to capture
and repurpose CO; emissions. By leveraging hydrogen, a clean and abundant energy carrier, this technology
transforms CO; into useful compounds, aligning with global efforts to combat climate change and transition

towards sustainable practices.

The economic dimension of this research sector is significant, as it opens new opportunities for industry and
growth. The creation of a sector focused on converting CO; into valuable products, such as synthetic fuels
and chemicals, can stimulate innovation, economic development, and job creation. Countries investing in

these technologies stand to benefit from the emergence of a green economy.

Furthermore, CO, hydrogenation plays a vital role in the ongoing global shift towards renewable energy
sources. Utilizing hydrogen produced from clean energy, such as wind or solar power, in the conversion
process contributes to the decarbonization of sectors like transportation and industry. This not only

accelerates the energy transition but also enhances energy security by reducing reliance on fossil fuels.

As societies strive for carbon neutrality, CO, hydrogenation emerges as a versatile resource. The transformed
CO; can serve as a feedstock for various industries, reducing dependence on fossil fuels and supporting the
development of a circular carbon economy. This has the potential to revolutionize traditional production

methods and pave the way for a sustainable and carbon-neutral society.
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In response to this environmental challenge, significant research efforts have been devoted to mitigating CO;

through its sequestration from flue gas mixtures, employing various porous adsorbents[3, 4].

Various materials have been explored for their potential in physically adsorbing CO2 on their surfaces. These
include metal-organic frameworks (MOFs)[5, 6] , zeolitic imidazole frameworks (ZIFs)[7, 8], porous organic
polymers (POPs) [9, 10], porous carbons[11, 12], surface-functionalized mesoporous silicas [13, 14], covalent
triazine frameworks (CTFs)[15], covalent organic frameworks (COFs)[16, 17], and more. The goal of these
studies is to develop efficient strategies for reducing the concentration of this greenhouse gas and addressing

the global challenge of climate change.

Major sources of CO, emissions to the environment include various industrial processes, with additional
emissions of gases such as nitrogen, water vapor, CO, nitrogen oxides, and sulphur oxides [18]. Despite efforts
to sequester CO, and store it in underground reserves, this method has limitations, and the potential for

underground leaking poses challenges.

To address these issues, researchers have turned their attention to utilizing CO; as a C1 source for converting
reactive organic molecules into fuels and valuable fine chemicals [19, 20, 21]. This approach offers an
alternative to traditional CO, sequestration processes [22], potentially providing greater mitigation of CO;
levels, proceeding toward a carbon neutral industrial architecture. However, the diversity of organic
transformations using CO; as a reagent presents challenges, especially considering the presence of other
gases and water vapor in the processes, which may deactivate catalytic sites and reduce CO, utilization

efficiency over time.

As seen in the fixation of CO, with reactive epoxides or reaction with Grignard reagents, the use of a suitable
catalyst or very high pressure is often essential [23]. Unlike CO, fixation to a reactive molecule, which
enhances the carbon chain length [24, 25], the chemical reduction of CO, lowers the formal oxidation state

of carbon present in CO; and leads to the formation of new C—H and C—C bonds.

In photosynthesis, sunlight provides the necessary energy to overcome the thermodynamic stability of CO,
and its reduction processes mimic this photosynthetic route, utilizing energy in the form of chemical energy.
Both homogeneous and heterogeneous catalysts are extensively studied for CO; reduction purposes [26, 27].
Heterogeneous catalysts offer advantages such as recyclability and sustainability, allowing their use in fixed-

bed reactors for long-term operation under various reaction conditions.

Currently, CO, conversion into fine chemicals accounts for only 4% of total CO, emissions, while CO,
conversion to fuel could potentially reduce about 30%, and notably, it has the potential to almost completely
eliminate CO, emissions from power plants [28]. This emphasizes the importance of reducing CO; into fuels

and chemicals for both environmental and economic reasons
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Fig. 1.1 Overview of the possible reaction pathways of CO2RR for C1, C2+ products, reproduced from ref. [2] Copyright (2021),
with permission from American Chemical Society.

The resulting CO, conversion products include high-value chemicals (Fig.1.1), fuels, petrochemicals, or
precursors for more complex chemical production. Utilizing CO; as a cost-effective and abundant chemical
feedstock is a subject of significant research interest, driven by environmental considerations and economic

factors.[29]

Nature maintains a balance in the carbon cycle through simultaneous CO, emission and fixation reactions.
However, activating CO; is challenging due to its highest oxidation state and thermodynamic stability.
Overcoming this thermodynamic barrier often requires high-energy substrates and extreme reaction

conditions.

1.2 COz Hydrogenation

At atmospheric pressure, complete reduction of CO, primarily yields CH, via CO; methanation and/or CO
through a reverse water-gas shift (RWGS) reaction. RWGS produces CO with AH,ss ¢ being 41.2 k) mol™ and
can serve as a feedstock for the Fischer—Tropsch synthesis [29, 30]. Several bioenzymes under physiological

conditions show CO; conversion to CO [31].

Different mechanisms have been proposed for CO; reduction. Wang et al. suggested, through generalized
gradient approximation (GGA) functional calculations, that CO, dissociates to CO and O in the rate-
determining step before hydrogenation [32]. Another proposed mechanism is the Eley—Rideal (ER)
mechanism, where CO; is initially hydrogenated to COOH* as an intermediate [33]. CO, hydrogenation on
supported oxides proceeds through the COOH* intermediate, and the surface hydroxyl groups lower the

energy barrier for the RWGS reaction.
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For catalytic CO, reduction with supported catalysts, the support activates CO, while the metal activates H,
[34]. The functionalities of the support and metal determine the dominant pathway, with CO desorption
determining the RWGS pathway. Generally, Cu, Pd, and Pt-containing supported catalysts are active for RWGS,
while Ni, Rh, and Ru are applicable for methanation. The activity of the metal particle is influenced by the

support, oxidation state, particle size, and structure of the supported metal [35].

Previous studies have documented the effectiveness of supported Ru catalysts in the ability to dissociate
hydrogen and bind with CO [36]. In the context of reducible supports such as CeO, and TiO,, the metal—
support interface plays a crucial role in the reaction, and it has been found to be more favourable compared

to alumina. [37]

The phenomenon of strong metal-support interaction (SMSI) was investigated on CeO;-, TiO,-, and Nb,Os-
supported Rh catalysts using CO, hydrogenation as a test reaction [38]. Tauster et al. [39] identified SMSI as
the result of high-temperature hydrogen treatment of reducible oxides supporting Pt—metals. This treatment
caused the reduction of the oxide and induced the migration of sub-stoichiometric oxide onto the metal

particles, leading to a decrease in hydrogen adsorption capacity and catalyst activity.

In the case of Rh/TiO,, a small positive effect was observed under steady-state conditions after high-
temperature reduction, while Rh/Nb,Os showed a significant decrease in activity. On Rh/CeO,, a ~50%
reduction in activity was recorded. However, when the reaction was studied using a pulse technique under
unsteady-state conditions, a different behaviour was observed. The initial activity of Rh/TiO, and Rh/Nb,Os
was completely suppressed after reduction at 773 K, whereas an enhancement was observed on Rh/CeO..
The increase in activity on Rh/Ce0O, was explained by the formation of bulk vacancies in CeO,. In contrast,
Rh/TiO, and Rh/Nb,Os lost their activity due to encapsulation by reduced oxides. However, the water and

oxygen formed in the CO, dissociation process re-oxidized the oxide [38].

The size of metal nanoparticles also affects product formation from CO,. Smaller Ru clusters exhibit high
selectivity for the RWGS pathway, while larger Ru particles show methane selectivity. The pre-treatment
effect on the structure of supported Ru catalysts can be used to tune their catalytic selectivity. Low-
temperature pre-treatment induces structural changes in Ru catalysts, affecting their dispersibility and CO,

reduction selectivity [35].

1.2.1 Catalytic Methanation

The CO, methanation, first discovered by Sabatier and Senderens in 1902 [40], has been a subject of extensive
investigation and development for over a century. Various metals have been explored as catalysts for the
hydrogenation of CO,, leading to a wealth of literature reviews on the subject [41, 22, 42, 43, 44, 45]. Different
research groups have reported varied activity orders based on the activities and selectivity of metal catalysts,

resulting in the following general order for various metals in CO, methanation [46]:
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Ru>Rh>Ni>Fe>Co>0s>Pt>IrMo>Pd>Ag

Among these catalysts, Ru, Rh, and Ni have consistently exhibited the highest activity and selectivity. Metal-
promoted mesostructured silica nanoparticles have been a focus of investigation for CO, methanation, with
Rh-containing samples showing the highest rate of methane formation. However, on an area basis, Ni

emerged as the most active catalyst [47].

On alumina-supported noble metal catalysts, the activity order was observed as Ru > Rh > Pt > Ir > Pd [48]. In
another study, the turnover frequency of CO; conversion on Rh supported on TiO; [49] exceeded that on Ru
samples, but others found that Rh/Al,O3 activity surpassed that of Pt only at higher temperatures [50]. The
highest CO, conversion was achieved with supported Rh, compared with Pd and Ni catalysts supported on
various oxides (SiO,, Al,0s, and CeO;) and zeolites (ZSM-5 and MCM-41) under the same experimental

conditions [51].

The selectivity for methane formation was found to depend strongly on the metal, with Rh and Ru exhibiting
significantly higher selectivity than Pt and Pd. Rh/Al,O3 and Rh/CeO; showed the highest methane selectivity,
followed by Ni/CeO,. Additionally, 2% Rh/PSAC (palm shell-activated carbon) demonstrated higher activity in
CO; methanation than 2% Ni/PSAC [52].

The products formed during CO; hydrogenation on different metals supported on zirconia were observed to
depend strongly on the nature of the metal. Cu and Ag were identified as suitable for methanol production,
while Ni, Rh, and Ru predominantly yielded methane. Pd, Re, Pt, and Au produced CH4, CH30H, and CO, with

Rh, Pd, Au, and Pt considered less reactive metals [53].

CeO;-supported noble metals were compared for steady-state activity, dividing the catalysts into two groups:
Ru and Rh, which predominantly produced CH4, and Pt, Pd, and Ir, which mainly produced CO, with CH,4
selectivity below 10% [36].

High-throughput screening methods revealed that Ru, Rh, and Ni promoted methanation, while Pt tended to
catalyze the reverse water gas shift reaction. Rh and Ru exhibited the most active methanization, with

methanation activity influenced by acidic and redox dopants [54].

In summary, many works consistently highlight Rh as one of the best catalysts for CO, hydrogenation,
emphasizing its superior catalytic properties at low temperatures, despite the associated high costs. Rhodium
remains indispensable for understanding the intricate interactions between the metal and the support,
examining surface compounds formed during the reaction, and elucidating the elementary steps of the

reaction.
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1.2.2 Photo-catalytic Methanation

Titania (TiO3) stands out as a well-known and extensively studied semiconductor oxide, primarily valued for
its chemical and physical properties [55]. As a photocatalyst, TiO, generates hydroxyl radicals, making it a
potent oxidant capable of oxidizing various organic compounds containing one or multiple double bonds [56].
However, its application on a large scale is limited by the fact that it can only be activated under UV irradiation
with a wavelength lower than 387 nm, owing to its large band gap (3.0-3.2 eV). Since less than 5% of solar

energy is emitted as UV irradiation, this limitation hampers the widespread use of TiO; [55].

The major drawback of TiO; in photocatalytic applications is the fast recombination of photo-generated
electron/hole pairs (e7/h*), leading to reduced photonic efficiency [57, 58]. In recent developments, there has
been a growing interest in extending the absorption wavelength range of TiO; into the visible light region.
This has been achieved through the doping of TiO, with various species, such as metals, metal oxides, and
nitrogen [59, 60, 61, 62, 63]. Research by Fan [64] highlighted that cerium (Ce)-doped TiO,, a mixture of
anatase and rutile, effectively retards the grain size development of TiO,, decreases its crystallite size, thereby
increasing the specific surface area and improving photocatalytic activity. The redox pair of Ce (Ce3*/Ce*) acts

as an electron scavenger, trapping bulk electrons into TiO; and enhancing the photocatalytic activity [65].

Several attempts to photo-reduce CO; using semiconducting oxides with different dopants have been made.
leffrey C. S. Wu et al. conducted a study using a steady-state optical-fiber photo reactor with Cu/TiO,-coated
fibers, reporting increased methanol yield with higher UV irradiative intensity and Cu loadings [66]. Teng-feng
Xie et al. [67] investigated hydrogen evolution and CO; fixation using a Pd/RuQ,/TiO, photocatalyst, observing
formate as a product. Reza Nematollahi et al. [68] explored the activity of Ni-Bi co-doped TiO; in CO,
methanation under visible light irradiation. The co-doped material showed significantly higher methane yield

compared to pure TiO; and single-doped samples.

The role of dopants in influencing the characteristics of photocatalysts is evident in various studies. For
instance, stabilizing Cu doping in CeO, for CO; photo-reduction, as reported by M. Wang et al. [69], involves
introducing O vacancies into the lattice, altering intrinsic electronic properties, enhancing visible light
absorption, and promoting the separation/transfer of photo-generated charge carriers. Transition metals like
Co, Fe, Cr, Cu, and Mn are commonly used dopants, theoretically improving light-absorbing properties by
introducing extra energy levels into the band gap of TiO, [69, 70, 71, 72, 73]. The existence of metal oxide
clusters, forming heterojunctions, accelerates the separation efficiency of photo-induced electron-hole pairs,

facilitating electron transfer and enhancing photocatalytic activity [74].

Plasmonic Rh nanoparticles exhibit photocatalytic properties, concurrently lowering activation energies and
demonstrating strong product photo-selectivity, as demonstrated in the CO, hydrogenation reaction. The CO;

hydrogenation on transition metals at atmospheric pressure involves two competing pathways: CO,

18



methanation (CO; + 4H, - CH,4 + 2H,0) and reverse water gas shift (RWGS, CO; + H, - CO + H,0) [75]. It is
observed that mild illumination of Rh nanoparticles not only reduces activation energies for CO;
hydrogenation by approximately 35% below thermal activation energies but also induces a strong selectivity
towards CH,4 over CO. Specifically, when subjected to low-intensity (~W cm-2), continuous wave blue or
ultraviolet light-emitting diodes (LEDs), the photocatalytic reactions on unheated Rh nanoparticles yield CH,4
with selectivity exceeding 86% or 98%, respectively. The reaction rate is twice that of the thermocatalytic
reaction rate at 623 K (350 °C). Interestingly, this high selectivity towards CH, disappears when the Rh
nanoparticles are not illuminated. This is in stark contrast to plasmonic gold (Au) nanoparticles that catalyze
CO production whether illuminated or not. Density functional theory (DFT) calculations suggest that the
photo-selectivity of the Rh photocatalyst can be attributed to the alignment of the hot electron distribution
with the anti-bonding orbital of the critical reaction intermediate, CHO, thereby activating the CO;

methanation pathway.[76]

1.3 Thermo-Photo Catalysis

Thermo-photo catalysis is an innovative and interdisciplinary field at the intersection of thermodynamics,
photonics, and catalysis, aimed at harnessing light and thermal energy to drive chemical reactions. This
emerging technology holds great promise for addressing environmental challenges and advancing
sustainable energy solutions. By integrating principles from thermodynamics and photo catalysis, thermo-
photo catalysis leverages the synergy between light-absorbing materials and catalysts to enhance the

efficiency of chemical transformations.

At its core, thermo-photo catalysis relies on the absorption of photons and the subsequent conversion of this
energy into thermal energy, which can drive chemical reactions that may otherwise be energetically
unfavorable. This unique approach offers a pathway to overcome traditional limitations in catalytic

processes, enabling the activation of specific reactions under milder conditions and with increased selectivity.

The potential applications of thermo-photo catalysis span a wide range, including environmental
remediation, sustainable energy production, and the synthesis of valuable chemicals. As researchers delve
deeper into the fundamental principles governing this field, the development of novel materials and the
optimization of catalytic processes continue to unlock new possibilities for efficient and environmentally

friendly chemical transformations.

In this dynamic and evolving field, the exploration of novel materials, the design of efficient catalytic systems,
and the understanding of underlying mechanisms are central to unlocking the full potential of thermo-photo

catalysis.
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2 Surface Plasmon

Resonance

Surface plasmons (SPs) refer to coherent and collective oscillations of electrons at the interface between two
materials with positive and negative real parts of dielectric functions, such as a metal—dielectric interface.
SPs can be categorized into two main types: localized (LSPR) on metal nanoparticles (NP) and propagating
surface plasmon polaritons (SPPs) typical of thin films or 2D materials. The interaction between photons and
materials is significantly enhanced by the greatly intensified local electric field generated by SPs. This
enhancement has led to rapid developments in various fields, including plasmon-enhanced fluorescence,
Raman spectroscopy, heat generation, photo-acoustics, photocatalysis, nonlinear optics, and solar energy

conversion [77].

SPs originate from coupling between photons and free electrons. Conventionally, SPs are investigated inside
metals, such as noble metal gold and silver, with an abundant number of free electrons and resonance
wavelength located in the visible and near-infrared regions. This resonance is induced when the frequency
of an incident electromagnetic field aligns with the natural frequency of surface electrons oscillating within
the potential energy space of positively charged nuclei. The result of SPR is the generation of large scattering
cross and absorption sections, along with a substantial enhancement of the electromagnetic field near the

surface of metallic nanoparticles.

Metals are commonly regarded as excellent candidates for plasmonic applications, with silver (Ag) being
considered the best material due to its low optical loss in the visible and near-infrared (NIR) spectral ranges.
However, Ag is prone to oxidation and can experience significant losses due to surface roughness. Gold (Au)
is another popular plasmonic material, exhibiting excellent performance in the visible and NIR spectral

ranges, along with superior chemical stability under ambient conditions.

While Ag and Au are highly effective, their cost can be a limiting factor, prompting exploration of alternative
materials such as copper (Cu) and aluminum (Al). However, both Cu and Al suffer from chemical instabilities
under atmospheric conditions, restricting their broader applications. Alkali metals are theoretically ideal for
plasmonic applications, but their extreme reactivity to air and water necessitates storage in a vacuum or inert

gas, limiting their practical use.

Palladium (Pd) and platinum (Pt) have garnered attention due to their applications in catalytic activities,

despite being strongly absorptive in the visible wavelength, making them less ideal for plasmonic purposes.
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In addition to pure metals, alloyed metals are extensively considered for plasmonic applications. Alloying
different noble metals allows for tuning the surface plasmon resonance (SPR) wavelength. For instance, alloy
nanoparticles like AuxAgu- exhibit SPR over a broad UV-visible spectra range, and the SPR wavelength
experiences a red shift with increasing particle size. These alloy nanoparticles, with varying mole fractions,
typically display a single plasmon absorption band with a plasmonic strength comparable to composite gold

and silver. The plasmon band shows a linear blue shift with increasing mole fractions of silver. [78, 79]

Harnessing the geometric morphologies of metallic nanoparticles and nanostructures is another crucial
aspect that is widely explored to shape and manipulate plasmonic properties. Diverse shapes and structures
allow researchers to tailor and optimize the plasmonic characteristics of metallic nanoparticles for specific

applications.[80]
2.1 SPR Applications

Plasmon-enhanced Fluorescence

It has been extensively studied through experimental investigations and has emerged as a crucial surface-
enhanced spectroscopy technique. The fluorescence emitted by a fluorophore is typically characterized by
factors such as quantum yield and lifetime. Plasmon resonance can enhance either the excitation or emission
of the light emitter. Achieving maximum excitation-emission efficiency involves manipulating the surface
plasmon (SP) frequency between the peak excitation and emission wavelengths of the fluorophore.[81] When
plasmon resonance is close to the peak excitation wavelength, excitation light can be effectively confined,
resulting in the highest excitation efficiency. Conversely, when plasmon resonance is close to the peak
emission wavelength, the highest emission efficiency can be achieved by optimizing the distance between
the fluorophore and the plasmonic structure. Since the peak excitation wavelength generally differs from the
peak emission wavelength, a compromise must be made between optimum excitation and emission

efficiencies.

Plasmon-enhanced Raman Spectroscopy

Raman scattering represents a well-established class of nonlinear light—matter interaction processes, wherein
photons engage with intermolecular vibrational and rotational motions. [82, 83] Consequently, Raman
spectroscopy furnishes versatile tools for exploring molecular vibrations, serving as a distinctive fingerprint
for precise chemical analyses and molecular identifications. Despite its versatility, the cross-section of Raman
scattering is exceedingly small when compared to the fluorescence process, typically being 15 orders of
magnitude smaller. To advance Raman spectroscopy and render it practically applicable, there exists a strong

aspiration to develop enhanced Raman spectroscopy with ultrahigh sensitivity, extending down to the single-

21



molecule level. Such capabilities hold significant appeal for both fundamental research and diverse industrial

applications.

Surface plasmons (SP) emerge as an ideal mechanism for augmenting Raman scattering processes. As
elucidated earlier, the energy of light can be concentrated at the hot spots on the surface of metallic
nanostructures, thereby remarkably intensifying the interaction strength between light and molecules during
Raman scattering. Specifically, plasmon-enhanced Raman scattering is under thorough investigation within
two distinct categories: surface-enhanced Raman scattering (SERS) and tip-enhanced Raman scattering

(TERS). [84, 85, 86, 87, 88, 89]

Plasmon-induced Heat Generation

The excitation of hot electrons through plasmon-enhanced photon absorption is a well-established
phenomenon. This process results in the efficient generation of heat due to electron—phonon interactions,
giving rise to a burgeoning field known as thermo-plasmonics. [90, 91, 92] Metallic nanostructures,
thoughtfully designed, offer control over local or global temperatures under light illuminations, establishing
surface plasmons (SP) as potent sources of heat. This capability has paved the way for diverse applications in

nanotechnology.

SP, acting as ideal heat sources, has facilitated numerous potential applications, including but not limited to
photothermal melting of nanomaterials [93, 94, 95], nanofluidics [96, 97], photoacoustic imaging [98, 99],
photothermal imaging [100, 101], cancer therapy [101, 102, 103, 104], drug delivery [105], nanotherapeutics
[106], and steam generation. [107]

Upon the excitation of Localized Surface Plasmon Resonance (LSPR) on plasmonic nanostructures, the
coherent oscillation of electrons undergoes non-radiative decay, resulting in the generation of hot electron-
hole pairs. This process occurs through various mechanisms such as phonon absorption, interband
absorption, electron-electron scattering absorption, or the Landau damping process [108, 92, 109]. The hot
carriers initially exhibit a non-thermal distribution but rapidly thermalize to a Fermi-Dirac distribution within
100 fs — 1 ps through electron-electron and electron-phonon scattering events, leading to local heating and
an increase in lattice temperature. These hot carriers typically possess an energy of about +1 eV relative to
the Fermi level, corresponding to an electronic temperature of thousands of K, which cannot be achieved

through heat energy transfer [92].

The development of a Rh/Al nanoantenna catalyst for wide-spectrum photothermal CO, methanation has
been reported [110], demonstrating an unprecedented CH, yield rate and nearly 100% selectivity. This
innovative catalyst combines Rh and closely packed Al nanostructures to construct the Rh/Al nanoantenna

photocatalyst. In this configuration, Rh contributes abundant active sites for CO, methanation, while the
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strong Localized Surface Plasmon Resonance (LSPR) effect of the Al nanostructure converts solar energy into
hot electrons. This process generates a high surface temperature and strong localized electric fields,
effectively activating the absorbed reactants. The synergistic effect of Rh and Al in this nanoantenna catalyst

enhances the efficiency of photo-thermal CO; methanation across a broad spectrum.

Plasmon-enhanced Photocatalysis

When the electron-accepting orbitals of a nearby adsorbate or semiconductor are accessible, and their
energy matches the energy of the hot carriers (i.e., hot electrons or holes), electrons can be injected from the
plasmonic nanoparticles into these species [111]. There are two pathways for interfacial electron transfer:
the conventional indirect transfer and the recently proposed direct transfer [108, 112]. In the case of indirect
electron transfer, electrons are injected to the adsorbate or semiconductor after hot carrier generation,
competing with electron-electron and electron-phonon scattering events. The charge transfer mainly occurs
toward adsorbate states near the Fermi level due to the energy distribution of hot carriers. In the presence
of strongly adsorbed molecules on NP surfaces or adjacent semiconducting material, an additional dephasing
channel known as chemical interface damping (CID) becomes possible. CID triggers the direct generation of
hot electrons in the electron-accepting orbitals of the adsorbate or semiconductor [108, 109, 112]. CID is
induced by the coupling between hybridized unoccupied NP-adsorbate states and excited surface plasmons,
accelerating the overall plasmon dephasing process. In contrast to indirect electron transfer, which occurs
after hot electron generation, direct electron transfer is completed during plasmon dephasing, on a
femtosecond timescale [108]. The direct-electron-transfer process is characterized by higher electron transfer
efficiency and lower energy loss compared to indirect electron transfer, which suffers from significant energy

loss due to electron-electron scattering [108, 113].

The thermal effect significantly influences photo-catalysis, as an increase in temperature typically accelerates
chemical reaction rates following the empirical Arrhenius law. As established earlier, plasmons can be
considered a type of heat source characterized by localized spatial distribution and controllable temporal
behaviour. Consequently, plasmon-induced thermal effects are anticipated to efficiently assist chemical
reactions at the local level. For instance, rhodium (Rh) nanoparticles have already proven effective as thermal

catalysts due to plasmon-induced heat generation. [114, 115]

To decipher the microscopic mechanisms of plasmon-induced photo-catalysis, the CO, methanation reaction
was meticulously designed to discern contributions from thermal factors (including photo-thermal heating or
thermal gradients) and non-thermal factors (including hot-carrier-driven reactions, photo modification of the
catalyst, or enhanced near-field effects).[116] Experimental results revealed that both thermal and non-
thermal mechanisms play a crucial role in significant photo-catalysis effects.[116] Moreover, an ultrafast

surface-enhanced Raman thermometry technique was employed to comprehend the dynamics of photo-

23



catalysis on an ultrafast timescale.[108] Surprisingly, it was concluded that plasmonic photo-catalysis was not
primarily attributable to thermal contributions, as ultrafast measurements disclosed rapid energy dissipation
from the adsorbates into the surroundings in less than 5 ps.[108] This insight suggests that a better
understanding of the underlying mechanisms will be crucial for the future design of highly efficient plasmon-

enhanced photocatalysis techniques.

Efficient utilization of hot carriers in plasmonic photochemistry faces challenges arising from the competition
between thermalization, back-charge transfer, and charge transfer processes occurring at comparable
timescales. Hybrid plasmonic-semiconductor photocatalysts have been developed to partially overcome
these limitations, extending the lifetime of hot carriers and reducing electron-phonon scattering effects [117,

118].

Critical aspects and future prospective

In conclusion, in the realm of applied technology, thermo-photo catalysis stands out for its significant aspects
and potential prospects. This innovative approach can offer efficient energy utilization and enhanced
catalytic activity. The precision it allows in controlling reaction conditions makes it particularly valuable for

applications requiring selectivity and specificity, such as fine chemical synthesis.

However, critical aspects need careful consideration for the widespread adoption of thermo-photo catalysis.
Material stability and durability are paramount, as the components must withstand high temperatures,
intense light, and corrosive environments. Addressing cost and scalability challenges, especially in the
manufacturing of advanced materials like plasmonic nanoparticles, is crucial for economic viability.
Integration and engineering present additional challenges, requiring seamless coupling between light sources
and catalytic materials, as well as efficient heat transfer. Overcoming these hurdles is vital for practical

implementation in diverse industries.

Looking forward, prospects hinge on advancements in nanomaterial design, particularly in tailoring
structures at the nanoscale for specific catalytic reactions. Interdisciplinary research collaborations will play
a pivotal role, bringing together experts in materials science, chemistry, physics, and engineering to unravel

the complexities of thermo-photo catalytic systems.

The goal is to translate these advancements into real-world applications. Thermo-photo catalysis holds
promise for diverse applications, including sustainable energy production, environmental remediation, and
advanced manufacturing processes. As the technology matures, it is poised to offer innovative and

sustainable solutions for future energy and chemical transformations.
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2.2 LSPR in Photo-Thermo Catalytic (PTC) COz methanation

PTC-CO, methanation has garnered special attention since the ground-breaking work by Gratzel and co-
workers in 1987 [119]. They discovered that PTC-methanation on titania (TiO,)-supported Ru/RuOx catalysts
can proceed four to five times faster than methanation in the dark (without illumination) at room
temperature [119]. In a comparative study on Ru/TiO, in 1988, Melsheimer et al. attributed the enhancement
in PTC-CO; methanation to a thermal effect rather than an intrinsic photochemical process [120].
Subsequently, numerous articles have presented arguments for both sides, debating whether the function of

light relies on the ability to generate heat or its synergistic effects with photochemical activation [121, 122].

For instance, Ghoussoub et al. found that the interaction of hot carriers and thermal effects can increase the
overall reaction rate in PTC [123]. The significance of each mechanism may depend on the operating
environment. Therefore, it is crucial to comprehend the fundamentals of both photochemical and
photothermal mechanisms. This understanding can aid in the rational design of catalytic systems for efficient

PTC-CO, methanation.

Photochemical effect (non-thermal effect)

Most of the PTC-CO, hydrogenation catalysts involve transition metal nanostructures with a high free charge
density, an unfilled d-band for suitable CO, adsorption, excellent hydrogenation capability, and relatively good
stability at high temperatures. These features enable transition metal-based PTC materials to strongly absorb
light, efficiently generate hot charge carriers, release heat energy, and serve as active catalytic centers for H;
or CO; activation [124]. Therefore, the discussion on the mechanism will primarily focus on transition metal-

based catalysts for PTC-CO, methanation.

It is also important to note that the physical process of a photochemical effect results from the injection of
energetic carriers into surface-adsorbed intermediates or semiconductors through an indirect or direct
charge transfer pathway. Moreover, the indirect (or direct) charge injection depends on whether there is a

moderate (or strong) interaction of the metal with adsorbed molecules or semiconductors.

Indirect electron Transfer (non-thermal effect)

As previously introduced, when the incident light wavelength is much longer than the size of the plasmonic
NPs, the excited plasmon can be confined to the particle surfaces, referring to the Localized Surface Plasmon
Resonance (LSPR) phenomenon. LSPR materials can serve as light antennas, creating a high electric field on
the particle surface to enhance light absorption and hot charge generation. The reported LSPR particles for
CO; methanation include some metal NPs, such as noble metals (Au, Ag, Ru) [124, 125, 126, 127, 128, 129],
non-noble metals (Cu, Al) [130, 131], and metal-like titanium nitrides (TiN) [132], as well as certain heavily

vacancies-doped semiconductors (such as WOs.x and MoOs.) [133, 109].
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The photo-generated hot electrons can be injected from the metal NPs into the antibonding orbitals of
adsorbed *CO,, *H, *HCO, *HCOO, or other species [109, 134, 76, 135] on a timescale of picoseconds [117].
Then, these adsorbates can be chemically activated by coupling with hot electrons, forming transient negative
ion species [136, 137], which allows for weakening and even breaking the chemical bonds of critical
intermediates for CO, methanation [76]. There are some important discoveries on indirect hot electron
injection into key intermediates to promote CO; reduction [76, 135, 136, 137]. One of the key surface reaction
steps of CO, methanation is the H2 activation by the H, dissociation into H. The hot electrons generated in
metal NPs can enter a Feshbach resonance (1ov*) of H, molecules adsorbed on the metal surface, promoting
H, dissociation to generate hydrogen radical *H on the metal surface [137]. Halas et al. have demonstrated
that hot electrons generated on Au NPs can indirectly move into the antibonding orbital of molecular H,,
forming negatively charged H,® species [136]. Ultimately, H,® species return to their electronic ground state,

releasing enough accumulated vibrational energy for the H; dissociation.

Additionally, the selectivity of CH4 over CO during CO; methanation can be dictated by the easiness of the
hydrogenation of formyl species (*HCO) or the desorption of carbonyl (*CO) intermediate, which is the rate-
determining step (RDS) of Sabatier or RWGS reactions, respectively [138]. Liu et al. have discovered that the
hot electrons on the photoexcited Rh NPs can selectively activate the important intermediates of *HCO over
*CO, resulting in the cleavage of the C-O bond (i.e., favourable for *HCO hydrogenation) over Rh-C bond (i.e.,
favourable for *CO desorption) [76]. This selective activating *HCO capability enables photo-excited Rh NPs
to exhibit a much higher CH, selectivity and lower activation energy than the dark condition at the same
external temperature [76]. Moreover, with the assistance of time-resolved operando IR spectroscopy, Ma et
al. have revealed that the LSPR effect can cathodically polarize the Ag25 clusters by elevating the EF, which
can favor the hot electron injection into adsorbed CO, forming CO2* or *H,CO, species (RDS), followed by the

formation and deep hydrogenation of *H,CO species into CH4 [135].

In addition to the metal-based catalysts, some hybrid semiconductors have also manifested the effect of
electron transfer for boosting PTC-CO, hydrogenation [139, 140, 141, 142]. It is highly debated that light
irradiation can tune reaction pathways or intermediate consumption kinetics, which is essential to be
clarified. Zhang et al. have experimentally verified that light illumination can alter the reaction pathways of
CO; hydrogenation over Co-MnO nanosheet catalysts from formate mechanism under TC condition to RWGS
+ CO-hydro route under PTC condition [141]. In contrast, recent studies have affirmed that light irradiation
can facilitate the conversion of critical intermediate species [139, 140, 142]. For example, with the help of
isotope-assisted diffuse reflectance infrared Fourier transform spectroscopy (DRIFT-FTIR) studies, Scott et al.
have discovered both TC- and PTC- CO, methanation on NiO,/La;,0;@TiO, dominantly proceeds in the
formates pathway, wherein *HCOO species is the critical intermediate of the RDS [139]. Compared to the dark

condition, the visible light-illumination can enhance the amount of *HCOO, which is converted into *H3CO
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species for CH, formation [139]. Similarly, for the catalyst of molybdenum carbides, the photo-assisted
decomposition of *HCOO intermediates is the main reason for the enhanced CO, methanation activity [140].
Therefore, visible light enables overcoming the high-temperature requirement for the direct dissociation of

CO, under dark [140].

Besides the metal/adsorbates or semiconductor/adsorbates systems, semiconductors can also adopt hot
electrons through an indirect injection pathway in metal/semiconductor heterostructures. Hot electrons with
an energy higher than the Schottky barrier height (¢sg) (i.e., the difference between the EF of metal and
conduction band (CB) edges of semiconductors) can transfer from metal to CBs of adjacent semiconductors
[117, 143]. The Schottky barrier is formed by the energy band bending of semiconductors due to the charge
redistribution between metals and semiconductors for EF equilibria. Only hot electrons with energies above
the ¢sp threshold can inject into CBs of semiconductors for subsequent reactions at the semiconductor
surface. The lower ¢sg promotes more charge carriers to pass through the barrier for participating in chemical
reactions. However, it is also crucial that the CB band bending at the interface is strong enough to avoid
electrons from returning to the metal, thus ensuring the spatial separation, and extended average lifetime of

charge carriers [126]

Direct electron Transfer

Direct electron transfer based on chemical interface damping has been proposed [144], which might enable
hot electrons with low energy to tunnel into the adsorbates [145]. The reported near-field effect and direct
electron transfer originate from the same physical mechanisms [116]. The lowest unoccupied molecular
orbitals (LUMOs) are dominated by the adsorbed molecules' empty orbitals (i.e., the antibonding orbitals) for
a strongly molecular adsorption system. In contrast, the highest occupied molecular orbitals (HOMOs) in the
complex structure are mainly filled with metal electrons. In the direct transfer method, hot electrons are
directly transferred to the strongly hybridized states between the metal substrates and the adsorbed
molecules [146]. The in situ ultraviolet-visible (UV-vis) spectroscopy and theoretical studies have shown that
the molecular orbitals of CO; and the atomic orbitals of Ru or Rh metals can hybridize strongly, forming a CO»-
coordinated metal complex [147]. The apparent photo-enhancement in methanation only occurs for Ru and

Rh with strong CO; binding strength compared to other metals [147].

Like the metal/adsorbate systems, the prerequisite of the direct electron transfer for metal/semiconductor
heterostructures is the strong orbital hybridization between metal and semiconductors, as evidenced by the
appearance of an absorption peak in the UV-vis spectrum for Au/CdSe composites [144]. The
metal/semiconductor heterostructures with a direct electron injection are found for those systems where hot

electrons are generated from the non-radiative damping of surface plasmons in metals. Such a direct hot
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electron injection mechanism has been reported for plasmonic metal/semiconductor hybrid materials, such

as Au/CdSe nanorod composite [144, 148, 149, 150].

Photo-thermal effect

In competing with the hot electron injection into adsorbed molecules or semiconductors, the electron-lattice
collisions between low-energy electrons and phonon modes can release heat, raising the metal lattices' local
temperature throughout several picoseconds [76, 151]. Later, this heat can be dissipated from the metal
lattice to the environment by phonon-environment scattering on a time scale of 100 ps [140]. Consequently,
the hot electrons cool down as transferring energy to lattices and then the surrounding medium,
accumulating heat energy macroscopically as temperature rises. Most recent reports on metallic
nanostructures-based CO2 methanation have included the systems of Ni/Al,0s, Ru/Al,05 [152], Ru/TiN [132],
CoFe/Al,05 [153], Ni/TiO, [154], Ni@C [155], and Co/Al,Os [156]. The reaction temperature can be generally
elevated by around 150-300°C with a light intensity ranging from 100 mW cm™ to 620 mW c¢cm? [157, 152,
132, 153]. It should be emphasized that some oxide semiconductors, in addition to metals, can also serve as
the only active component for raising the system's temperature. Similar to mechanisms of those metallic

nano-heaters.

In general, he photochemical contributions and thermal heating effect are not mutually exclusive [158], and
instead, they can work synergistically to facilitate CO, methanation [76, 116, 159, 160]. This synergistic
relationship between photo-thermal and photo-chemical effects poses difficulty in decoupling their

contributions.

The relationship between light intensity and PTC-CH, yield has been studied to investigate the mechanisms
[147]. At a low light intensity below 35 mW/cm?, the temperature rise due to the photothermal effect might
be ignored compared to the photochemical contribution [147]. Besides, many studies have concluded
photothermal heating or photochemical-driven methanation from the exponential or linear relationship
between CH, production rates and light intensity [132, 147]. However, such a criterion may not be rigorous.
The multiple excitations of the vibrational mode of the adsorbed key intermediates due to hot electron
injection can also follow a super-linear dependence on the high light intensity, in contrast to a linear

correlation for single excitations of the vibrational mode [132, 76, 161].

Additionally, it is noted that the photochemical pathways can specifically activate the adsorbates and lower
the activation energy, which is different from photo-thermal heating [76]. The decrease in the activation

energy of methanation generally indicates the role of photochemical contribution. [76]

Some studies debating the photochemical or photo-thermal roles of PTC have been devoted to quantitative

analysis through theoretical computation, precise controls on variables, and single-particle- or single-
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molecule-level spectroscopy or microscopy characterization [116, 147, 162, 111]. For example, Liu and co-
workers have quantified the non-thermal and photo-thermal effects of CO, methanation by developing the
direct and indirect illumination catalytic systems of Rh/TiOx catalysts [159]. Besides, Willets et al. have
reported using scanning electrochemical microscopy to quantitatively probe the temperature rise at the
particle surfaces derived from the shift in the equilibrium potential with the assistance of a mass transfer
mold [163]. The development of advanced spectroscopy or microscopy analyses has fuelled the research
interest in probing the PTC mechanisms for various chemical transformations [164], which promises a future

demonstration of CO; methanation systems.

2.3 Factors Photo-Thermo-CO2 methanation optimization

The efficient catalysts for PTC-CO, methanation should exhibit a high light-harnessing ability, high charge
density, long lifetime of free charges, high photon-to-heat efficiency, and rich active sites for H, splitting and
CO; adsorption. Meeting all these requirements is challenging in single pristine component catalysts.
Strategies of constructing hybrid composites integrating with other components, forming metal/substrate
systems, or engineering defects in a single component are effective in improving the PTC efficiency. Hence,
those factors, such as the types, sizes, and shapes of metal or substrates, the metal-support interaction,
defect effect, and the operational conditions, are essential to be discussed for designing efficient PTC-CO;

methanation systems rationally.

Metal Effect

The selectivity and activity of PTC-CO; conversion into CH4 generally depend on the nature of metal catalysts,
which are believed to exhibit a similar mechanism to the TC process. The *HCO hydrogenation or *CO
desorption can affect the selectivity of CH4 or CO, respectively. The plasmonic Group IB metals (Ag, Cu, and
Au) usually exhibit much weaker adsorption capability of *CO; and *CO than the other Group VIII transition
metals (such as Ni, Co, Rh, and Ru), originating from their greater extent of d-band filling states [165] and
then poor CO, methanation ability [117, 166]. Besides, theoretical studies on a scaling relations analysis,
derived from examining the thermodynamic and kinetic parameters based on a microkinetic model, have
confirmed that the *O adsorption energy related to the *HCO dissociation barrier can be the descriptor
dictating the CH, selectivity for a series of metals [138]. Ru, Rh, and Ni metals with more exothermic

adsorption energy enable a higher CH,4 selectivity than Pt and Pd [138].

Kim and co-workers have studied the PTC-CO, methanation by the catalyst of Ru, Rh, Pt, Ni, and Cu NPs with
sizes in several nanometers supported by silica substrates [147]. Only Ru and Rh exhibit the photo-enhanced
CO2 methanation activity among the studied metals due to their strong CO, binding abilities for a direct hot

electron injection [147]. To modify the poor methanation ability of Au, the presence of Ru in RuAu alloys can
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increase the adsorption strength of CO, and *CO, which is favorable for the *CO deep hydrogenation into CHa.
[124]

Defect Effect

Most pristine metal oxide semiconductors exhibit a wide band gap with weak light-harvesting ability and a
lack of catalytic sites, resulting in inferior PTC-CO; methanation. One promising strategy is the introduction of
suitable amounts of oxygen vacancies (VO) in metal oxides. VO sites in metal oxides can serve multiple
functions for PTC-methanation. For example, VO can act as electron-trapping sites to promote electron-hole
separation [167], broaden the light absorption spectrum [168, 169, 170], increase the interaction of metal
NPs with the oxide support [171], increase metal dispersion [171, 167], and serve as CO, adsorption centers
with metal or metal oxide clusters. [157, 139, 156, 172, 173] However, an excess of VO amounts can
deteriorate PTC performance because they act as recombination centers for photo-generated charge carriers

[174]. Hence, an optimized VO amount should be attained to improve CO, methanation performance.

Shape Effect

Control over unique geometries of metal or substrate nanoparticles (NPs), such as hollow structures, metallic
nanorods, core-shell shapes, and particle-in-tube configurations, has proven effective in tuning the activity of
PTC-CO, methanation [175, 176]. For example, TiO, microspheres with hierarchical hollow mesoporous
nanostructures exhibit a considerable acceleration in the kinetics of PTC-CO, methanation compared to
commercial Degussa P25 TiO; [175]. The enhanced CH4 production is attributed to the large mesoporous
pores serving as channels for rapid mass transfer and the hollow structure enabling multiple light reflections

to enhance light-harvesting capabilities [175].

It is known that small-sized Pt group metal NPs (such as Rh, Ru, and Pt) generally exhibit an LSPR peak in the
UV- or near-UV region. In contrast, increasing the particle sizes or changing the morphology, which can alter
the charge distribution and dielectric function, might red-shift the peak position to the visible range for driving
the reaction. Sastre and co-workers prepared control samples of spherical Ru (¥11 nm in diameter) and rod-
shaped Ru (~153 nm in length and ~14 nm in diameter) NPs [176]. The LSPR peak of spherical Ru/g-Al,03 is
located in the UV region, while the rod-shaped Ru counterpart exhibits strong and broad light absorption

across the UV-vis-NIR region, with LSPR peaks at around 400 nm and 650 nm [176].

Metal-support interaction

The interactions between support and metal NPs are essential for PTC since they can adjust the charge
redistribution, tune metal dispersion, or form a protective layer on metal surfaces [177, 178]. Different
morphologies (cube, rod, and polyhedron) of hydrothermally prepared CeO, substrates have been used as

the supports for loading an equal amount of Ru NPs through a photo-deposition method to investigate the
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effect of interfacial interactions [178]. The cube-like Ru/CeO; shows significant visible light-enhanced CO,
methanation activity, in contrast to the minimal enhancement for the other samples [178]. It is because the
strong interfacial interaction between Ru with cube-like CeO, as revealed by spectroscopic tests, can promote
the electron transfer from CeO; to Ru; Then, the electron-rich Ru promotes the H2 spillover to form abundant
vacancies in CeO; [178]. Similar observations on metal-support interaction-enhanced PTC-CO, methanation
have been reported [177, 157, 171]. In the case of Ni-TiO,, their strong metal-support interaction promotes
the formation of oxygen vacancies (VO) along with Ti3* species [157]. The strong interaction of Ni NPs with
BaTiOs supports leads to boosted charge transfer efficiency and higher PTC-CH,4 production rates than the
Ni/TiO, or Ni/Al,Os [177].

Besides the consequence of facilitated charge transfer between metal and supports, strengthening metal-
support interaction can benefit the dispersion of metal NPs. It has been reported that the strong interactions
between Ni and La in NiO,/La,0s@TiO,, related to the formation of NiLaO3 perovskite phase, enables a good
dispersion of NiOy particle on La;0s@TiO; [139]. Such Ni-La;0s interfacial interaction promotes the activation
of *HCOO on photo-excited NiO and allows the La atoms to reduce the valence state of Ni to zero for the H;
activation [139]. Additionally, the strong Ru-Mg(OH); interactions are attributed to the narrow variable range
of Ru sizes (2.3-2.8 nm) with good dispersion even though the loading amount is increased from 1.0 to 11.5
wt% [179]. Therefore, developing efficient strategies to obtain highly dispersed metal NPs is crucial for PTC-

methanation.
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3 Reaction test bench

To overcome the challenges inherent in our research goals, we undertook the task of establishing a dedicated
research bench tailored to the investigation of plasmonic materials in gas-phase CO; hydrogenation reactions
under atmospheric pressure conditions. Given that our research group had not previously explored this

specific area, the development of a novel research setup became essential.

A thorough review of the existing literature on similar systems was conducted to identify widely accepted
configurations that could serve as inspiration for designing the necessary hardware. Our focus was
particularly on gas-phase CO, hydrogenation reactions at atmospheric pressure, while also aiming to create

a versatile system for potential future investigations.

Fixed Bed (FB) or Packed Bed (PB) reactors are often a convenient choice in thermocatalytic applications such
as CO; hydrogenation, enclosed plug-flow tube reactors usually host this kind of Catalyst configuration, for
implications the temperature interval observed is 200-500°C range. [180, 35, 181, 182, 183, 184, 185, 186,
187, 188]

In theory, the most favourable operational range for CO, methanation is at low temperatures, where both
CO; conversion and CH, selectivity can approach 100%. Nevertheless, the reaction rate is elevated with
higher temperatures. Temperatures exceeding 500°C are conducive to the Reverse Water-Gas Shift (RWGS)
reaction, so investigations are typically limited to the range below 500-600 °C. Moreover, elevated

temperatures necessitate enhanced catalyst stability and may lead to carbon deposition [189].

In accordance with Le Chatelier's principle, CO, methanation is more favourable at higher pressures. Within
the common temperature range of 200-500 °C, raising the pressure proves effective up to a certain threshold,
beyond which further pressure increases become less impactful. A pressure range of 10 to 30 atm is regarded

as moderate in terms of catalyst stress, and it is not expected to induce sintering for the catalyst [190].

Furthermore, another important operative parameter to consider is the effect Gas Hourly Space Velocity
(GHSV) which is defined as the ratio of the volumetric flow rate of reactants under standard conditions (25
°C and 1 atm) to the total catalyst volume. If the quantities of catalyst and reactants share the same units,
GHSV is often expressed in h'! (inverse time). In some cases, GHSV is also denoted in SmL (g_cat.h)™. A higher
GHSV indicates a shorter time during which the reactants are in contact with the catalyst. The latter
parameter is crucial to optimize catalyst performance; to increase the contact time, fixed bed catalysts are

often packed, unavoidably lowering the exposed external surface in a quartz glass tube.
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On the other hand to maximise the exposed surface area, the catalyst needs to be spread as much as possible
on a plane as in case of thin film deposition of the photocatalyst[191, 192, 193], the solid/gas interaction
happens typically with tangential flow of reagents, high volume semi-batch photo-reactors can be a solution
to extend as much as possible the contact time between reagents and the irradiated catalyst. [194, 195, 196,

197, 198]

Designing an experimental setup for photo-thermal catalysis requires careful consideration, especially since
conventional systems used for gas-solid heterogeneous catalysis may not be well-suited for light-based
applications because of both geometrical (maximization of the catalyst surface exposed to light) and technical
limitations of this kind of configurations. Existing solar thermal reactors, exemplified by the design from
Palumbo et al., can be adapted for photo-thermal catalysis under concentrated solar irradiation [199]. In a
study by Meng et al. [200], a water splitting rig was retrofitted for tandem hydrogen generation and photo-
thermal CO, reduction using a xenon arc lamp (20 mW/cm;) as the illumination source. However, a notable
drawback of such designs is the absence of a secondary heating system to differentiate between

photothermal heating and photo-induced charge transfer effects.

To address this challenge, both Westrich et al. and Tan et al. utilized external heating elements to raise the
temperature of the catalyst bed from the base while exposing the top to continuous illumination [201, 202].
Alternatively, Upadhye et al. [203] adapted a commercially available reactor (Harrick Scientific, HVC-MRA-5),
initially designed for in-situ spectroscopy analyses, to investigate the impact of visible light illumination on
CO; reduction by oxide-supported Au catalysts. In these studies, secondary heating systems were employed
to achieve temperatures up to 400 — 600°C, enabling the examination of non-illuminated (i.e., dark) thermal
catalysis, while minimizing thermal heating from the irradiation sources using specific bandwidth sources

and/or filters.

3.1 Project

Based on the concepts discussed above, we opted for a reaction system which could take those points into
account with the principal aim of finding the best possible conditions in which experimentally validate
thermo-photo catalysis principles in a univocal way, effectively distinguishing between alternative

contribution of energy stimuli to the reaction dynamics.
A few points are the pillar on which the project of the system was founded:

**» The correct choice of materials to withstand the thermal stress of many reaction cycles up to the
maximum operative temperature of 600°C.
++» The optimization of the exposed catalyst surface, also granting a sufficient contact time for flexible

use is an objective.
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A sufficiently precise measure and control of temperature of both the catalyst bed and the reaction
chamber, a sufficient heating power for the heating element to reach the desired maximum
operative temperature.

+» The light source shouldn’t be affected by light distortion caused by erroneous choice of materials
present on the light path.

A multi-line gas feed for calibrations, pre-treatment and experimental operations was considered.

«+ Safety requirements for safe laboratory operation.

3.2 Plant building

Xenon Lamp

s
k] MFC

A% : x
]

..M

FC 3 s
L)
1 MFC St
Vv : i/ \q i |__iw
- Mre Ny v\ e i
[7 ’ Ty '-\ Heater

Mix to reactor
= N. I
Maisture .
umr,;nm L _{___.‘:I"(
wa N
- ¥
i . s Mix to delector
n— M. £ Specrometer g
InediOofAr COs Hy CHJCO . L I _l-=;‘--_-_"'
] ) v el V]
Inert gas Y v~
T.p, hamn |b—
' PC l
Out
WV MFC | e = =sd u

Fig 3. 1 Reaction test bench schematic representation: 5 gas feed lines, Xenon Lamp 300W solar simulator, Reactor heating
resistance, reactor chamber, Temperature measure of the Chamber and the sample, Mass Spectrometer, moisture unit, a gas
spectrometer, a PC station for bench control, a six-way valve for double operational mode.

3.2.1 Hardware

Gas Feed

In the scheme in Fig.3.1 the reaction system is represented. The gas feed lines are five, each isolated by mean
of electrovalves after the two-stage gas pressure regulator directly fixed on the gas cylinder and remote-
controlled Mass Flow Controller (MFC) it is also present a further manually controlled inert gas line. It's MFC

has 300ml/min maximum operational flowrate, it is the biggest and can be used for rapid flushes of the

reaction chamber.

The other four MFC nominal gas flows output are: 100/50/25/15 ml/min. This formats, have been choose

with completely different bottom scales to achieve the highest flexibility when composing the gas mix.
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The nominal operating relative pressure is about 2 atm. The gas flows are then mixed in a single line which
can be operated by mean of the six-way valve directly feeding the Mass Spectrometer, by-passing the
reaction chamber. This feature is very useful to check the gas mix stability and calibrations without affecting

the catalyst material. The output line is then discharged into the fume hood for safety reason.

Reaction Chamber

The reaction chamber has been projected and realized from scratch. As previously introduced, it has been
conceived to withstand temperature up to 600°C without damage. For this reason, the choice of the materials
for this element was crucial and a specific attention was given to this aspect. Moreover, its structure had to
be unique to fulfill the prefixed requirements. In fig 3.3 it is reported the scratch drawing of the reaction

vessel.
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Fig. 3. 1 Reactor project scratch with quotes
The body, screws and nuts of the reactor were custom realized of highly temperature resistant AlSI 316
stainless steel. This kind of material, if used within the project limits, is also resistant to hydrogen adsorption

induced fragility. The minimum thickness of the walls is 10mm, which can guarantee up to 30 atm pressure

in full safety conditions. The total volume of the reactor is about 232 ml.
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Moreover, the upper 46mm diameter window was realized in 12mm thick quartz crystal to guarantee the

highest transparency possible to the light beam.

3 input channels, 3mm diameter, are placed in a first ring, those can be used as the reactants feed or as the
thermocouple insertion channel into the chamber. Another channel is placed in the center at the very bottom
of the reactor, this is used as exhaust output, it is placed under a 54mm diameter lodging for a porous alumina
foam septum (Porosity 30-35%, Pore size 2.7 to 4.1 microns, Bubble Point 8 to 10 PSI) on which an alumina
mat supporting the catalyst bed is placed. This configuration was conceived to force the gas flow transversally

with respect to the light exposed catalyst bed plane and, ideally, prolong the contact time.

In the figure below are reported picture of the resulting reactor after production:

Fig. 3. 2 Final product of the reactor body, window assembly

Gas sealing was provided with hand carved Grafoil gaskets. One placed between the upper plate and the
upper interception ring on the 72mm quartz window the other one between the window assembly and the

flange of the body.

Light Source

As far as the studies on thermo-photo catalysis are mainly focused on how to efficiently use renewable
energy sources in the field of catalysis, we decided to adopt as light source a 300W Xenon solar light simulator

produced by Quantum Design® with his own power supply and accessories.
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Fig. 3. 3 300W Xenon Lamp Solar light simulator full spectrum Quantum Design®

The illumination system has the following characteristics:

«» Lamp type: Xenon short arc, 300 W, ozone free, average life: 1000 h
%+ Irradiance: 1 sun (min.) @ 180 mm

%+ Spectral match: AM filters: IEC 904-9, class A

< Working Distance: 160mm (recommended)

+ lllumination field: 40 mm

«* Beam uniformity: +10%

< Temporal stability: 1% RMS; ASTM 927-91, IEC904-9, class A

+* Input: 90 — 250 VAC; 2.8 A; 48 - 63 Hz

Moreover, accessories were bought to change the configuration of the light beam when needed.
Optical Filters:

«* Air mass 1.5-global (direct and diffuse) through atmosphere, 48°.
% Heat reflecting filter, 50mm squared.

%+ Colored glass filter, GG395 type, 50mm squared, long pass filter.
% UVC blocking filter, 280-4400nm.

Light intensity measure:

@

< Handheld Optometer with built in touch screen display, carrying case and calibration.
% Attenuated 33 mm? silicon detector probe, QNDS2 Neutral Density Filter, W Diffuser, PIR(IPIR)
Irradiance Calibration.

Spectral range: 200-1100nm, Measurement Range: 6x107-10 W/cm?

The Xenon lamp light beam was positioned on the support structure and aligned with the window on the

reactor.
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Heating element

To ensure a sufficient heating power, starting from the dimensions of the reactor, the volume of material

and, consequently, the thermal capacity of the reactor was calculated for the whole body:
Crp=17822
K

Which means that ideally to guarantee a minimum heating ramp of 10 K/min, around 300W heating power
is needed. The power value was multiplied by 3 to ensure the fulfilling of project requirements with a
sufficient safety factor. Band heater, usually employed in extruders heating systems, was chose as heating
mantle for the reaction chamber, they can also provide a discrete distribution of temperature on the side
wall of the reaction chamber. Many types of these heaters are commercially available, our choice felt on
heating elements enclosed in stainless steel of the same type that the reactor body itself to ensure a coherent

thermal deformation.
Band heaters with mineral insulation characteristics:

++» sheath material Stainless steel max operating temperature 760°C

% Internal diameter 90 mm. (3.54")

++ overall width 63.5 mm. (2-1/2")

< power supply voltage 230 Vac 50/60Hz single phase.

% power 1200 W.

«* single piece construction, expandable.

Nickel stripes, covered with high temperature silicon insulation, were used to connect the power supply

terminals of the heating element to the external power source.

Insulating Casing

An insulating safety housing for the reactor was also projected and realized (Fig.3.5). Composed of a 2mm
thick stainless steel two pieces box, covered with 30mm thick fire bricks (Gasbeton) sized to fit the box walls.
The upper piece was also equipped with two handles and a hole in the center to guarantee the light beam
access to the reaction chamber, further holes were also made on the bottom side to fit the gas lines and

thermocouples to the reactor body.
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Fig. 3. 4 Reactor housing assembly

Fig. 3. 5 The complete reaction system setup assembly
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3.2.2 Software
The test bench previously described along the chapter needed a software interface to operate the complexity

of its components. For this aim more than 400h of work in LabView®© programming environment.

LabVIEW, short for Laboratory Virtual Instrument Engineering Workbench, is a graphical programming
environment developed by National Instruments. It is widely used for designing and implementing control,

measurement, and testing systems, particularly in scientific and engineering applications.

Here are some key features and aspects of the LabVIEW programming environment:

Graphical Programming Language:

LabVIEW uses a graphical programming language called G, where you create programs by connecting
graphical icons (nodes) with wires to define the flow of data. The graphical nature of LabVIEW makes it easy

to visualize and understand the flow of data and control in a program.

Virtual Instruments (VIs):

Programs in LabVIEW are called Virtual Instruments (VIs), and they can range from simple data acquisition
routines to complex control and analysis applications. Vls are created by dragging and dropping nodes onto

a block diagram and connecting them with wires.

Front Panel and Block Diagram:

LabVIEW has a dual-pane interface with a Front Panel and a Block Diagram:

@

«» The Front Panel is the user interface of the VI, where you can place controls (inputs) and indicators
(outputs).

% The Block Diagram is where you design the logic of the VI using graphical nodes.

Extensive Library of Functions:

LabVIEW comes with a rich library of functions and pre-built nodes for a wide range of applications, including

signal processing, data analysis, communication protocols, and more.

Hardware Integration:

LabVIEW is often used in conjunction with National Instruments hardware for data acquisition, instrument

control, and automation. It also supports a variety of hardware devices and communication protocols.

Data Flow Programming:

LabVIEW follows a data flow programming paradigm where the flow of data determines the execution order

of the program. When data is available at a node, that node executes.
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Modularity and Reusability:

LabVIEW promotes modularity and reusability with subVIs (subroutines), allowing to encapsulate

functionality into smaller, more manageable components.

Debugging and Profiling Tools:

LabVIEW provides tools for debugging and profiling applications, helping users identify and resolve issues in
their programs. It is a powerful tool for engineers and scientists who need to develop applications for
measurement, control, and automation. It's widely used in various industries, including academia, research,

and manufacturing.

1/0 Interface

The hardware/software interface consists of an Advantech ADAM-5000 system, specifically the ADAM-
5000/485 variant, which is directly controlled by the control PC using the RS-232 protocol through LabVIEW.
The ADAM-5000 system is utilized for the precise control and monitoring of various components in the

system:

Control of Mass Flow Controller (MFC):

The ADAM-5000 interfaces with the Mass Flow Controller using analog output signals in the range of 0-10V.
LabVIEW communicates with the ADAM-5000 using RS-232 to set and control the desired flow rates.

Electrovalves with Digital 1/0O:

Digital Input/Output (DI/DO) functionality of the ADAM-5000 is utilized for the control of electrovalves.
LabVIEW sends digital signals through RS-232 to the ADAM-5000, controlling the opening and closing of gas

feed and main electrovalves.

Temperature Control:

Specific Thermocouple reading module of the ADAM-5000 is employed to monitor chamber temperature (T.)
and sample temperature (Ts). LabVIEW communicates via RS-232 to retrieve the analogic input data, allowing

precise temperature control.

In addition to the ADAM-5000 system, an Arduino Mega has been incorporated into the system for expansion

and redundancy purposes:

Arduino Mega Integration:

The Arduino Mega serves to expand the system's capabilities with additional Analog Input (Al), Analog Output
(AO), Digital Input (DI), and Digital Output (DO) ports.
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LabVIEW communicates with the Arduino Mega through USB-adapted serial communication protocols,

facilitated by LINX LabVIEW modules, allowing for enhanced control and monitoring capabilities.

Redundant Control:

The Arduino Mega introduces redundancy to the system, providing backup control functionalities. This

redundancy ensures system reliability and continued operation in the event of a failure.

Expanded Ports:

The Arduino Mega's additional Al/AO/DI/DO ports expand the system's capacity, allowing for the integration

of more devices and sensors in possible future development.

Graphical User Interfaces (GUIs) and control applications

Beyond the hardware/software communication interface, that makes available all the information to be

elaborated, the whole system architecture needed to be simple and intuitive.

Flexibility in the use can be a key point while building an experimental setup, for this reason some
fundamental parameters can be operated in manual mode, but on the other hand can be also programmed
in time to automate the execution of the experiment and replicate it easily and continuously, increasing the
productivity and the confidence degree with the data. Moreover, safety alarms and automatic cut-off have
been adopted, to operate the system in the best expected conditions. A particularly cautious approach was
fundamental while developing the prototype, often the real system has been only simulated to build up the
backbone functions which were then integrated with the hardware, along it has been built. A big effort, in
fact, went into the realization on paper of the system in a first instance, because all assembled bench needed

one year of technical time to see the light.

Furthermore, COVID pandemic restriction inconveniences made even harder the process of development,
which needed later many hours of software test and debug of the communication and operation of the

system to fix some unavoidable bugs, due to the asynchronicity of the hardware and software development.

Main Reactor Control - MRC

The final executable version of the control software has been structured in 5 panels each dedicated to
different functions as follows:
% Main Controls
%+ Heating Control
#* Gas Flow Control
«* Experiment profile
«* Graph and Charts
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Fig 3. 7 Main Controls panel: a) Software communication initialization, b) Global software Stop and reset, c-d) serial
communication port and status, e) Acquire data (Graph and Charts start), f) Save Data (saving path (g) automatic request)
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Fig 3. 8 Heating control Panel: a)Heater manual control section, b)Chamber, Sample, Resistance temperature indicators, c)Safety
alarms led (Critical alarm-software abort), d)PID Controlled variable selector, e)PID parameters monitor, f) Arduino TC module
configuration file path

]
E R

"""""“I-.

=

i
: w b i

|
+

PR RO S S P
e

FEAEHEE

L.L...I...E....E...I....

44



Fig 3. 9 Gas Flow Panel: a)Gas feed, single line electrovalves, b)Main electrovalve gas mix, c)Gas parameter manual control
switch, d)Gas parameter setting controls: MFC full scale, flowrate SP, MFC gas calibration factor K, flowrate monitor

45



Fig 3. 10Experiment profile set panel: a) Exp. Start button, b)Exp. Pause button, c)Counter re-initialization button, d)Raw
progress counter, e)Gas Set-point profile enable, f) Step time, Temperature set-point, Heating slope selector, g)Gas feed
flowrates, mix composition (common time reference for each step)
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Fig 3. 11Graph&Charts Panel: a) Temperature reading Chart, b)Gas feed flowrates chart
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3.2.3 Mass Spectrometer

Catalyst activities were elaborated starting from continuous monitoring of reactants and products
concentration in the reactor exhaust mix. This measure was made by mean of a Pfeiffer Vacuum OmniStar
Quadrupole Mass Spectrometer (QMS-200). Equipped with a Faraday cup detector and a Channeltron

Secondary Electron Multiplier (C-SEM) detector.

In particular SEM mode was used for measurements, which designs can be categorized into two primary
groups based on their structure: (1) those employing discrete dynode systems, where electron flux
multiplication occurs on separate electrodes known as dynodes, with potentials increasing in a stepwise
manner, and (2) those with distributed (continuous) dynode systems, where electron flux multiplication
happens along surfaces with a continuous change in potential, such as channel electron multipliers or

microchannel plates.

Single-channel secondary electron multipliers (SEMs) serve as dependable and efficient detectors for both
positive and negative ions, as well as electrons and photons. These devices consist of a glass tube with an
inner diameter of approximately 1 mm and an outer diameter of 2, 3, or 6 mm, crafted from lead-silicate
glass with a specialized composition. When appropriately treated, this glass demonstrates electrical
conductivity and secondary emission properties. Importantly, these glass surfaces can endure multiple cycles
between vacuum and atmosphere without experiencing performance degradation, a characteristic not

shared by SEMs employing discrete copper-beryllium dynodes.
A secondary electron multiplier presents several advantages compared to a Faraday cup:

% It greatly enhances the sensitivity of the instrument, leading to sensitivity improvements of up to K
=10 A/hPa.

% It enables the scanning of lower partial pressures at shorter time intervals through the downstream
electrometer amplifier.

«» The signal-to-noise ratio experiences a substantial boost compared to an electrometer amplifier.

% This enhancement allows for a significant reduction in the detection limit by several orders of
magnitude.

The concentrations of reactants and products at the outlet of reactor was calculated through an appropriate

calibration of the following fragments: m/e= 44 for CO,, m/e=28 for CO, m/e= 16 for methane, m/e=4 for He.

A commercial moisture trap condensed water at the outlet of reactor. Calibration was performed by a

proprietary software procedure with standards mixtures and considering overlapping fragmentations.
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4 Materials and Methods

In order to practically apply previously mentioned principles about the photo-thermo-catalysis in general
and, in the peculiar case, the surface plasmon’s related quantum effect, Ceria and Titania pure and mixed
oxide were prepared. Furthermore, in the upcoming chapter, we will delve into the specifics of our
experimental setup and methodology. Numerous considerations were carefully weighed when selecting the
optimal conditions to ensure the credibility and reliability of our experimental data. Moreover, our objective
extends beyond the mere collection of data; we aim to elucidate the role of the Light-Induced Plasmon
Resonance (LPSR) effect in the context of a CO, methanation reaction. It's worth noting that the general
methodology employed in this study has been consistent throughout our entire experimental campaign. This
approach allows us to draw meaningful comparisons and insights from the data collected across various

experiments and conditions.
4.1 Catalyst preparation

4.1.1 Cerium-Titanium mixed oxide

Pure ceria (Ce0O;) and titania (TiO;) oxides, as well as their mixed oxides with different compositions, were
prepared using a sol-gel synthesis method under basic conditions. This synthesis method is reported in the
literature as a reliable approach [204, 205]. Mixed oxide compositions (1-x)CeO,-(x)TiO, were decided to be

x=0.2,0.5,0.8 (mol%).

Sol-Gel syntesis

The synthesis involved adding stoichiometric amounts of titanium isopropoxide (Aldrich 99.999%) dropwise,
with vigorous stirring, to 20ml Ethanol solution of cerium nitrate hexahydrate (Ce(NOs)-6H,0, Treibacher
99.99%). This resulted in the formation of a thick yellow gel of which thickness is proportional with the
content of Cerium, whereas a cloudy white solution is observed when pure Titania is produced with the same
preparation. 80ml of additional ethanol where added followed by Ammonium hydroxide 34% solution
dropwise until the solution reached a pH of 9. This resulted in the precipitation of a brown coloured solid,
while a white solid precipitates when pure Titania is produced with the same method. The precipitate was
dried slowly overnight in air at 373 K to remove excess solvent. Subsequently, it was calcined at 973 K in air

for 4 hours to produce the mixed oxides.

4.1.2 Rhodium metal Functionalization
As mentioned earlier, our focus was on preparing Rhodium-supported catalysts for the methanation reaction.
The size of metal particles and the overall lattice morphology play a crucial role in influencing plasmon

resonance phenomena [80]. Leveraging the expertise of our research group, particularly in the field of metal
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dispersion and the mechano-synthesis of supported metal nanoparticles [206, 207], we aimed to gain insights

into optimizing these catalysts for plasmonic applications.

Functionalization Methodology

The creation of an intimate contact between the nano-dispersed metal and the support has been
demonstrated to generate surface arrangements conducive to the catalyst's activity [207]. Achieving such a
specific morphology is not easily accomplished, but mechano-synthesis emerges as a promising, simple, and

cost-effective method for obtaining an especially active metal/support interface.

The process of mechanical synthesis, as observed in studies on solid-state amorphization [208], reveals
interesting phenomena. Mechanical alloying involves repetitive actions like deformation, cold welding, and

fracturing among powder particles during milling. This induces various alterations at the atomic level.

During mechanical stress, an increase in vacancies within the crystal lattice occurs, signifying the disturbance
and reorganization of atoms in the material. The process also leads to chemical disarray at the atomic level,
contributing to the heightened free energy of the crystalline phase. Additionally, nanocrystalline grain
boundaries are formed, representing regions where the material's structure transitions from one crystalline

orientation to another.

These conditions are especially favourable to the formation of polaritons on the surface of plasmonic metal
nanoparticles (NPs). It has been documented that edges and corners play a crucial role in such phenomena,

and the morphology significantly influences the plasmon modes [209].

The overall effect of mechanical alloying is the amplification of the amorphous (non-crystalline) state,
particularly at the nanometer scale. Amorphization often begins at the edges of crystalline structures and
may progress through the creation of a crystalline solid solution, subsequently transforming into the

amorphous phase.

One key aspect induced by milling is the generation of point and lattice defects, including vacancies and
dislocations. These defects play a role in the amorphization process and have been proposed as the step that

limits the reaction rate. [210]

Incipient Wet Impregnation

In the comparison between the ball milling and impregnation techniques, the impregnation method was
employed as a reference technique. Initially, the wettability of 300 mg of the support in ethanol was assessed.
Subsequently, 29.4 mg of Rhodium acetate was dissolved in an adequate quantity of solvent. This resulting

solution was utilized to impregnate the support, achieving a metal loading of 4% by weight. The impregnated
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product was then dried at 100°C for 3 hours and subjected to calcination at 450°C in a stable air environment

for 2 hours.

Ball Milling

The selection of appropriate milling conditions is crucial for achieving an active surface morphology that
effectively exploits the surface plasmon resonance quantum effect. It has been proposed that mild milling
conditions may lead to the formation of a broad, amorphous active metal/support interface [211]. To pursue
this, we opted for low-energy milling. Specifically, 300 mg of oxide support and 29.4 mg of rhodium acetate
solid powder were milled using a Pulverisette 23 Minimill. The milling process took place in a zirconia jar with
zirconia balls (15 mm diameter, 10 g) for 20 minutes at 15 Hz. The mixed powders were subsequently

transferred into a crucible and calcined at 450°C for 2 hours in a stable air environment.

4.2 Experimental reaction conditions

The objective of this study is to demonstrate the potential of using light as a "booster" for catalytic reactions,
specifically in the context of CO; reduction reactions. As previously reported in Chapter 2, certain metals that
exhibit the surface plasmon resonance effect can also serve as catalytically active species, either
independently or in conjunction with active oxide supports. The primary aim is to distinguish the distinct
contributions of various catalyst properties. To simplify the inherent complexity of the system, given that this
work serves as an initial step towards a more comprehensive and long-term project, we opted to focus on
the simplest CO; reduction reaction, which is methanation. This choice allows us to compare our results more
extensively with existing literature. Moreover, catalyst development typically emphasizes achieving high
selectivity for CHs. Nevertheless, improving conversions at lower temperatures remains a significant
objective. Furthermore, it's crucial to recognize that several reaction conditions, such as temperature,
pressure, Gas Hourly Space Velocity (GHSV), can exert significant influences on both CO, conversion and

methane selectivity.

4.2.1 Methanation Chemistry and Thermodynamics
Methanation, as the name itself recalls, is the exothermal reaction (Eq. 4.1) in which one mole of CO; gas

reacts with 4 moles of H, gas to produce 1 mole of CH, gas and 2 moles of H2Oyap:

k
CO0,(g) +4 Hy(g) = CH,(g) + 2H,0(g) AH = —165m—£l (Eq.4.1)

The most widely accepted mechanism of the methanation reaction is the combination of an endothermic
reverse water gas shift (RWGS) reaction and an exothermic CO methanation, as shown in equation 4.2 and

equation 4.3, respectively.
51



kJ

C0,(g) + Hy(g) » CO(g) + H,0(g) AH = 41@ (Eq.4.2)
c0(g) + 3H,(g) - CH,(g9) + H,0(g) AH = —zosmk—(])l (Eq. 4.3)

By mean of HSC-Chemistry software, species amounts at the thermodynamic equilibrium were calculated as
a function of the Temperature value (100-800 °C), this calculation was executed for a volume of pure
reactants or in presence of 80% He gas as a diluent. Moreover, data were further labored to calculate

conversion X% of CO,, selectivity S% and yield Y% to CH,4 as the following expressions show:

CO,[mmol]
X0 =(1- x 100 Eq.4.4
%co, = ( C0,[mmol] + CH,[mmol] + CO[mmol]) (Eq. 4.4)
_ CH4[mmol]
S%CH4 " co[mmol]+CH,[mmol] %100 (Eq.4.5)
X%co, X S%cu
Y%CH4 = 2100 = (Eq 4'6)

The data obtained were then plotted as follows:
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Fig. 4.1: CO, Conversion X% , CH, Yield Y% and CO Yield Y% Vs 100-800 °C Temperature range, for pure reactants and products
system (solid line) and 80% He diluted system (dash line)

The overall reaction in equation 4.1 is favored at lower temperature, but due to kinetic limitations, a catalyst
needs to be utilized [212]. Carbon deposition theoretically does not occur if the H,/CO; ratio is equal to or
higher than the stoichiometric ratio [213]. Furthermore, it's important to acknowledge that the reduction
temperature required for the active metal is significantly lower than the reaction temperature, as evidenced

by Temperature-Programmed Reduction experiments conducted with hydrogen (H,-TPR). This understanding
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leads us to consider the use of a hyper-stoichiometric reaction gas mixture. Such a mixture would have the
potential to fully reduce the metal catalyst even before reaching the reaction conditions. This could render a

pre-reduction step unnecessary, streamlining the process and ensuring efficient utilization of the catalyst.

4.2.2 Temperature parameter

In theory, the most favorable temperature range for CO, methanation is at lower temperatures, where both
the conversion of CO; and the selectivity for CH4 can approach nearly 100%. However, it's important to
acknowledge that as the temperature increases, the rate of the reaction also accelerates leading to higher
conversions and consequently yields. Temperatures beyond 500 °C are more conducive to the Reverse
Water-Gas Shift (RWGS) reaction, which is why investigations typically avoid operating above the
temperature range of 500-600 °C.

Several critical reasons underlie this temperature constraint:

1. Catalyst Deactivation: Temperatures exceeding 500 °C can induce catalyst deactivation due to
sintering, a phenomenon where catalyst particles agglomerate and lose their catalytic activity.

2. Carbon Deposition: Higher temperatures can promote the deposition of carbon on the catalyst
surface. This carbon accumulation can obstruct active sites on the catalyst, diminishing its
effectiveness.

3. Temperature Control: Precise temperature control is imperative in large-scale operations because
the exothermic nature of the methanation reaction can lead to apparent temperature increases. This
means that even if the process begins at a lower temperature, the heat generated by the reaction
can cause a significant temperature rise.

4. Catalyst Stability: Elevated temperatures necessitate catalysts with enhanced stability to endure the
rigorous conditions and uphold their catalytic activity over time.

The temperature range we decided to work with in our experimental campaign was 200-400°C and
specifically the sample tested were overall compared at 250°C. Moreover, as outlined in the description of
the experimental hardware, the reaction chamber was equipped with two separate thermocouples, denoted
as Tchamber aNd Tsample. Tchamber Was responsible for monitoring the temperature at a location sufficiently distant
from the catalyst bed, while Tsample Was positioned in direct contact with the catalyst itself. The control logic
for the heater was programmed to select which of these two temperature measurements to use as feedback
for the temperature control loop. It is essential to emphasize the significance of making the correct choice
regarding this temperature measurement. The choice of temperature measurement source is critical because
it directly influences the control of the reaction chamber's temperature. Accurate temperature control is
paramount for ensuring the reliability and reproducibility of experimental results, especially in catalytic
studies where even slight temperature variations can significantly impact the reaction kinetics and outcomes.
Therefore, understanding this temperature measurement selection is crucial for interpreting and assessing

the experimental data accurately, as shown in the following figures.
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Fig. 4.2:Concentration of CH, produced in the total gas mix outcoming the reaction chamber and Tchamber as a function of time: the
controlled variable is a) Tsample and b) Tchamber

In the case depicted in Figure 4.2a, the control logic monitors Tsample. When the light is switched on, the
catalyst heats up due to the photothermal effect. In response to this temperature increase, the control logic
reduces the heating power supplied to the system. As a consequence, the temperature in the chamber
decreases, which leads to a reduction in the reaction rate. This decrease in the reaction rate results in a lower
concentration of the product being produced. In contrast, in the case shown in Figure 4.2b, the control logic
is set to monitor Tchamber. When the light source is activated, the chamber's temperature remains stable
because the heating power supplied to the system is not adjusted. Consequently, the increase in the reaction
rate due to the contribution of light is clear, and the reaction proceeds at a higher rate. In conclusion, the
choice of whether to control Tsample OF Tchamber s the temperature feedback parameter has a significant impact
on the reaction dynamics when light is introduced. Monitoring Tsampie results in a decrease in heating power
and a subsequent reduction in the chamber's temperature and reaction rate, while monitoring Tchamber
maintains a stable temperature, allowing the light-induced enhancement of the reaction rate to be more

apparent.

4.2.3 Gas flow parameter

The primary objective of examining the two extreme cases in Figure 4.1 was to explore the influence of Gas
Hourly Space Velocity (GHSV) on the theoretical limits of a chemical reaction, specifically concerning the
dilution of reactants. This investigation aimed to establish the experimental conditions and boundaries for
further research on the actual case under study. GHSV is defined as the ratio of the volumetric flow rate of
reactants at standard conditions (25 °C and 1 atm) to the total catalyst volume. It is commonly expressed in
h-1 (inverse time), but it can be also expressed in SmL (gcat.h-1). The key implication of GHSV is that a higher
value implies a shorter contact time between the reactants and the catalyst, which can impact reaction
kinetics and product formation. In the specific study conducted by Abate et al. [214], the researchers

investigated how GHSV affected a particular catalyst, Ni/Al,05-TiO>-Ce0,-ZrO,, in a chemical reaction. The
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reactant gas used had a H,/CO, ratio of 4 and was diluted with 87.5% N,. The investigation covered a

temperature range from 250 to 400 °C. The findings can be summarized as follows:

< At temperatures exceeding 350°C, both CO, conversion and CHs yield were nearly identical and
approached equilibrium, indicating that thermodynamics largely governed the reaction under these
conditions.

%+ Conversely, at temperatures below 350 °C and with reduced GHSV, significantly higher CO, conversion
and methane yield were observed. This suggests that at lower temperatures, the reaction operates below
thermodynamic equilibrium, and lower GHSV values promote higher CO, conversions.

% While CO selectivity data did not vary substantially at different GHSV values, a higher GHSV resulted in a
slightly higher CO yield. This outcome can be attributed to the reduced likelihood of CO hydrogenation
at higher GHSV values.

The impact of GHSV on a specific catalyst's performance in a chemical reaction can be crucial. For the reasons

mentioned above, being likely to maximize the methanation reaction, the gas mixture chosen for our work

was composed of 61% H,/11% CO,/28% He, with a total flow rate ¢=35 ml/min as the best compromise with

the possible gas feed setup.

4.3 Thermo-photo catalytic activity test
Given the defined experimental conditions mentioned earlier, we needed to establish the appropriate
experimental procedures to gain a better understanding of the phenomena associated with a typical thermo-

photo catalytic activity test. To achieve this goal, we explored two distinct methodologies:

1. Light-Off Experiment: This method involves a temperature-programmed ramp within the
temperature range we intended to explore. The system is heated at a specific heating rate while
being exposed to the reaction mixture, and this is done alternately in both light and dark conditions.
This approach allows us to observe how temperature variations affect the catalytic activity with and

without light.

2. Isothermal Steps Experiment: In this approach, we conducted a series of discrete temperature steps
within a desired temperature range. Each temperature step is maintained for a sufficient duration to
ensure the system reaches a stable plateau. During these steps, we alternated between switching
the light on and off. This methodology enables us to study the specific effects of light on catalytic

activity under stable and controlled temperature conditions.

These two distinct experimental procedures were employed to comprehensively investigate the influence of
temperature and light on the catalytic activity and gain insights into the underlying mechanisms involved in

the thermo-photo catalytic reactions.
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4.3.1 Light-off experiment evaluation

A light-off experiment is a common technique used in catalysis research to study the catalytic activity of a
material, typically a catalyst, in the context of a chemical reaction, such as the oxidation or reduction of a
specific reactant. This experiment is called a "light-off" experiment because it involves monitoring the
catalytic activity as a function of temperature while the catalyst is exposed to a reactant, and the reaction is

initiated by heating the catalyst with a source of heat.

Light-off experiments are valuable in catalysis research because they provide insights into the temperature
range at which a catalyst is most active and can help optimize reaction conditions for industrial processes.
Additionally, they can be used to compare the catalytic performance of different materials or catalyst

formulations.

In our application, a preliminary test was carried out using a 4%w/w Rh/CeO, BM catalyst in dark conditions
to verify the reproducibility of the light-off curve in sequential tests. In fact, an evaluation of the effect of
light on the catalyst activity based on the comparison of light-off curves taken sequentially in dark and light

conditions requires high stability of the samples in repeated light-off tests.

The experimental procedure involved loading 50 mg of the catalyst into the reactor. Afterward, the reactor
was flushed with 25 ml/min of inert gas. Following a 30-minute period, the temperature in the reaction
chamber was raised from ambient to 100°C. Subsequently, a gas mixture of 35 ml/min, comprising 61% H»,

11% CO,, and 28% He, was introduced into the reactor.

Once the Mass Spectrometry (MS) baseline became stable, indicating a steady-state condition, the
experiment proceeded. A temperature ramp of 15°C/min was initiated to reach a maximum temperature of
400°C, which was maintained for 30 minutes. The reactor was then cooled down to 100°C using a flow of

helium gas.

After the first temperature ramp and cooling, the experiment was repeated. Following this, an oxidation
treatment was carried out at 450°C for 2 hours using a gas mixture of 30 ml/min containing 10% O, and 90%
Ar. Finally, the light-off ramp experiment was repeated under the same conditions. The overall results of

these experiments are reported in the figure below.
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Fig. 4.3 CH4 and CO; concentration in the exhausts, showing three consecutive experiments in temperature ramp 15°C/min, 100-
400°C, 61%H,/11%C0,/28%He 35ml/min, followed m/e=16 for CH, and, m/e=44 for CO,, see paragraph 3.2.3 for more details.

The first obvious observation about the figure above is the de-activation of the catalyst at the end of the first
cycle. A dramatic decrease of CH4 production such that depicted, in the same experimental conditions, clearly
indicates some sort of modification of the active surface during the experiment. Furthermore, an oxidation
treatment could not restore completely the initial catalyst conditions leading to the conclusion that these

modifications are permanent.

Many reasons may lead to the observed phenomena: Metal active sites deactivation depending on particles
size and sintering phenomena. Additionally, the nature of the support and the strength and character of the
metal-support interaction play significant roles, in particular rhodium (Rh) is well known to exhibit strong
metal-support interactions (SMSI) with reducible supports such as TiO, and CeO, [215]. These interactions,
especially in structure-sensitive supports, can evolve depending on the thermal treatment and the exposure

atmosphere, often leading to negative—and sometimes irreversible—effects on catalytic activity.

Also, it could not be excluded the formation of carbidic (C,) and graphitic(Cg) carbon, which are two distinct
forms of carbon that can deposit on the surface of catalysts during various chemical reactions involving
Carbon sources as CO.. It is reported that when CO, adsorbs onto a metal catalyst surface like Rhodium, it
can dissociate into carbon (C) and oxygen (O) atoms. The carbon atoms can then bind strongly to the metal
surface, forming C, carbon. [214, 215]. This increased stability is due to the strong chemical bonds formed
between carbon and the metal surface. In catalysis, carbidic carbon can either be an active intermediate
species or a catalyst poison, depending on the specific reaction. It can participate in further surface reactions,
including hydrogenation or methanation reactions. However, its accumulation in organized crystallites of
graphitic carbon can also block active sites and reduce catalyst activity over time. Cg to be a catalyst
deactivator rather than an active participant in reactions. It covers active sites on the catalyst surface,

hindering reactant access and reducing catalytic activity [216, 217]. From a thermodynamic perspective,
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during methanation, the formation of carbidic carbon is favoured due to its stronger interaction with the

catalyst surface [119].

Moreover, the absorption of the carbon species onto the surface of Rhodium catalyst may led to an
irreversible modification of the surface and such a modification is also linked with the temperature and the

experimental conditions. [218, 219]

Taking these results into account, and since the main purpose of our work was to compare the performance
of the catalysts simultaneously with the study of plasmonic phenomena, we decided to abandon the light-
off experiments and adopt an approach that could ensure a longer longevity of the catalysts to compare their
performance under dark and light conditions. An isothermal steps-test at different temperature up to 350°C
resulted more suitable for a direct evaluation of light effect on the catalysts activity and for mitigating the

risk of undesired deactivation phenomena.

4.3.2 Isothermal steps experiment evaluation
A typical isothermal-step experiment we report the structure was carried out following the scheme in Fig.

4.4
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Fig. 4.4: Typical layout of an Isothermal steps experiment

The experiment was conducted using a catalyst that had been prepared following the experimental
conditions previously described. The data collection process commenced after a stable baseline reading was
achieved at a temperature of 150°C. In each experimental step, a carefully defined increment in product
concentration was measured, eventually almost immediately reaching a stable outcome. For each step in the

experiment, the temperature was held constant for a specific duration, in this case, 60 minutes. The
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procedure followed a sequence wherein the temperature was initially maintained in the dark (without light)
for the first 30 minutes, after which the light source was activated for the subsequent 30 minutes, and finally,
the light was switched off just before the temperature was ramped up to the next step. The product (and
converted reactants) quantities in kmol obtained by integrating in 30 minutes time the concentration values
in both dark and light conditions were used to calculate conversion, selectivity and yield values by mean of
Eqg. 4.4, 4.5 and 4.6 respectively. The resulting experimental data is plotted in the figure below, illustrating

the trends and outcomes observed throughout the experiment.
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Fig. 4.5: Gas mix concentration plot Vs Time; Typical experimental design

Lastly, it is essential to introduce the graph used to succinctly compare the catalytic performance of the

catalyst material in the formation of CH4 and the conversion of CO,.
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Fig. 4.6: CH, Yield% Vs CO, Conversion% graph type example, full and empty symbols represent dark and light conditions
respectively.
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In the figure presented above, we have % Yield to CH4 on the ordinate axis plotted against % Conversion of
CO; on the abscissa axis, collected in the same reaction conditions of temperature and flowing gas
composition. Noticeably, both axes share the same scale. Additionally, Yield and Conversion are
interconnected through equation (4.6). Consequently, the bisector of the plane corresponds to 100%

Selectivity to CHa, ensuring that no data points will ever be positioned above it.
This graphical representation serves multiple purposes:
1. Itallows us to assess the catalyst's ability to activate the CO, molecule.
2. It facilitates a quantitative comparison of how much final product (CH,) is generated.
3. It provides insights into the catalyst's efficiency in converting carbon dioxide to our desired product.

Furthermore, distinct symbols are utilized to represent specific materials, as detailed in the legend. Each
symbol can either be solid or empty, indicating whether the experiment was conducted in Dark or Light

conditions, respectively.

Through this graphical approach, we achieve a comprehensive and visual assessment of the catalytic

performance of different materials, offering valuable insights into their behaviour.

4.3.3 Light contribution evaluation
The spectrum of a Xenon solar light simulator includes a significant portion of Near-Infrared (NIR) and
Infrared (IR) irradiation. This characteristic introduces the possibility of overlapping effects between different

phenomena:

1. Plasmonic Non-Radiative Relaxation: This pertains to the dissipation of energy by hot carriers
generated during the Localized Surface Plasmon Resonance (LSPR) excitation of nanoparticles,

leading to a photothermal effect.

2. Non-Plasmonic Radiative Re-emission: This involves the re-emission of heat absorbed as photons in

the IR region, similar to the behaviour of dark bodies, into the surrounding medium.

To better distinguish and understand the contributions of these different phenomena to the increase in
temperature as measured by the thermocouple Tsample, preliminary experiments were conducted. Firstly, as
a fundamental reference, the temperature of the alumina felt, which serves as the support for the catalyst
powder in the experimental setup, was measured under the light beam. This measurement was carried out
at various increasing temperature steps while maintaining an inert gas flowing atmosphere. Then the

reference temperature profile obtained from the alumina felt was then compared with the temperature
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measured within the catalyst bed (4%wtRhBM/CeosTio20>), also in an inert gas flow condition. The resulting

data and plots from these experiments are presented in the following figure.
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Fig. 4.7: Temperature profile measured by Ts.mple thermocouple on the alumina bed in presence or absence of catalyst,
respectively black and red lines, in inert atmosphere

As evident from the data and observations, the percentage increase in temperature between the dark and
light experimental conditions is notably higher in the presence of the catalyst. This outcome aligns with
expectations and serves as a clear indication that the temperature increase observed in the catalyst is
unrelated to the IR portion of the light spectra. This distinction is significant because it implies that the
catalyst's temperature rise is primarily driven by other factors, such as the plasmonic non-radiative relaxation

of hot carriers associated with LSPR excitation, rather than by the IR radiation.

To further investigate and confirm the behaviour of the photo-activated catalyst during the reaction, a
valuable approach is to utilize optical filters. These filters can selectively cut off specific parts of the light
spectra, allowing for controlled experimentation and data collection. Here are the optical filters mentioned

along with their purposes:

1. Air Mass 1.5-Global: This filter replicates the solar spectrum experienced on Earth's surface,

providing a baseline reference for comparison.

2. Heat Reflecting NIR-IR Filter (800-1100 nm Cut-off): This filter blocks light in the Near-Infrared (NIR)
and Infrared (IR) range, helping to assess the contribution of these wavelengths to the catalyst's

behaviour.
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3. Colored Glass Filter (GG395 Long Pass Type, UVA/UVB Blocking): This filter allows longer
wavelengths to pass through while blocking UVA and UVB, aiding in evaluating the impact of visible

light on the catalyst.

4. UVC Blocking Filter (280-440 nm): This filter blocks UVC wavelengths, allowing for an examination of

the catalyst's response to shorter-wavelength UV light.

By employing these optical filters, it is possible to control the spectrum of light reaching the catalyst and
collect data on its activity. Quantifying the catalyst's activity in terms of CH4 production yield and correlating
it with the specific portion of the absorbed light and its Intensity will provide precious inside on the plasmonic

effect and its contribution to the overall performance.

IR-NIR cut optical filter
3.8 -
36 W Rh/CeO,-TiO,(80:20) BM
34] @ Rh/CeO, BM
324 A RNTIO,BM
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Fig. 4.8 Rate enhancement Factor due to light contribution as a function of increasing light Intensity for different catalysts —
Tchamber =250°C, 61% H,/11% C0,/28% He, ¢p=35ml/min

In the figure above (fig. 4.8) we can observe how the increasing Intensity of light leads to an increase of the

Rate enhancement factor defined as:

Y%(I)

R()=———
( ) YDark%(IO)

i Ip=0 (Eq.4.7)

Here, Y% represents the yield to CH. calculated in both Dark (Iy) and Light conditions for increasing light

intensity (I) measured with the optometer. To ensure that any thermal contributions from thermal photons
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are excluded and to highlight any potential photothermal effects due to the plasmonic metal, the light

spectrum was filtered to remove the IR-NIR portion of the spectrum.

R factor is crucial for discussing the plasmonic properties of the catalyst and the enhancement of
performance due to the use of light. The rate reported in Fig. 4.8 corresponds to the rate defined in the

following equation:

Rphoto(l) = Rtherm(l) + RHot—e(I) (Eq.4.8)

This means that the overall increase is a combination of a thermal photo-induced plasmonic effect and a hot-
electron injection plasmonic effect. This combination of effects impacts the type of profile observed.
Specifically, an exponential increase profile suggests a prevalent photothermal contribution, while a linear

law is typical of a hot-electron injection contribution [222].

Furthermore, as previously mentioned, there are several approaches to distinguish between the
photothermal and hot-electron injection contributions to the enhancement rate. In this study, one such

approach is used, expressed as follows:
Ruot—e(I) = Rphoto (1) — Renerm (D) Eq.(4.9)

Where Reperm is attributed to the photo-induced heating of the sample, and the j* contribution can be
determined by measuring the temperature Tsampe When the sample is illuminated with light intensity I;
Subsequently, Ypnoto—therm% is experimentally measured in the dark at Tipgmper = Tsampie(Ij), and

consequently, R;perm (1) is calculated as follows:

Ytherm%(l j )

Eqg.(4.10
Voarsc%(lo) 9.(410)

Rinerm (Ij) =

In the figure below are reported Photothermal and Hot-Electron Injection contribution calculated as
discussed, which added together are equivalent, for each sample, to the total contribution represented in

fig. 4.8:
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Fig. 4.9 Rate enhancement Factor due to Photothermal and Hot-electron Injection contribution as a function of increasing light
Intensity for different catalysts — Tchamber =250°C, 61% H,/11% C0,/28% He, ¢=35ml/min

The plots reported in fig. 4.9 show the decreasing hot-electron injection contribution with the content of
Ceria, in fact while in case of Rh/CeO, sample it contributes of about 50%, in the case of pure Titania

supported sample we can attribute to this effect just around 5% of contribution.

About the Photothermal effect we can observe a quite comparable contribution for all the sample examined

with a slight increasing trend for ceria containing samples.

4.3.4 Metal loading impact

Before producing the catalyst samples for use in the experimental campaign, a preliminary study was
conducted to assess the impact of metal loading on catalyst performance. To achieve this, three different
Rhodium loadings were considered, each with a varying weight percentage (2,4,8 wt%) of elemental rhodium
on a CexTi1xO2 (x=0.8) mixed oxide support. These catalyst materials were subsequently subjected to testing

using an Isothermal Step Experiment approach.
The resulting data were collected under consistent reaction conditions, specifically:

Tchamber: Maintained at 250°C.

Gas Composition: The reaction mixture consisted of 61% H,, 11% CO,, and 28% He.

Flow Rate (9): Set at 35 ml/min.

e Experimental Conditions: The experiments were conducted both in dark and light conditions.
The key performance metrics evaluated based on the collected data were:

e CO; Conversion (X%): The percentage of CO, that was converted during the reaction.

e CHsYield (Y%): The percentage of methane (CH.) produced as a product of the reaction.
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By comparing the data obtained from these experiments (Fig 4.10) at different catalyst loadings, the study
aimed to gain insights into how the metal loading influences the catalytic performance under these specific

conditions, with and without light exposure.

701@ 0 Rhce02-TiO2 (80/20) BM 4wt
19O Rh/Ce02-TiO2 (80/20) BM 2wt
601AA Rh/Ce02-TiO2 (80/20) BM 8wt

CH, Yield %
o N W - (9)
2. 8.8 3 3

<
0O 10 20 30 40 50 60 70
CO2 Conversion %

Fig. 4.10 CO; conversion % Vs CH, yield % compared at the same reaction conditions: Tchamber =250°C, 61% H»/11% C0,/28%
He, $=35ml/min in Dark/Light condition (full and empty symbols respectively)

From our observations, it becomes evident that the loading of 4%wt of Rhodium performs the best among
the considered loadings. To gain a more comprehensive understanding of the results, we need to distinguish
between catalytic activity, including conversion and yield, and the relative improvements between light and

dark conditions.

«+ Catalytic Activity: When evaluating catalytic activity, the best performance is indicated by data
points that are closer to the top-right corner of the performance graph. In this context, it's clear that
the 4%wt metal loading exhibits the highest catalytic activity.

** Relative Improvement Between Dark and Light Conditions: When assessing the relative
improvement between dark and light conditions, we observe an interesting trend: 2% > 4% > 8%.
This variation can be attributed to differences in nanoparticle size and distribution within the
catalyst.

Specifically, the higher the metal loading, the more likely it is that larger clusters will form. This larger particle
size may lead to a reduction in the contribution of the plasmonic photothermal effect to the overall reaction
efficiency. In other words, the 2%wt metal loading outperforms the others in terms of the relative

enhancement of catalytic activity under light conditions compared to dark conditions. This suggests that the
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nanoparticle size and distribution play a crucial role in the plasmonic photothermal effect's impact on the
catalytic reaction, nonetheless the overall catalyst activity is influenced mostly by the metal quantity and a

good compromise needs to be found.

4.4 FT-IR DRIFT

4.4.1 Experimental Equipment
For this experience a Nicolet Si50 FTIR Spectrometer was equipped with a Pike Technologies DiffusIR research

grade diffuse reflection accessory and in-operando measure reaction chamber.

To address the issue of having a UV-Vis independent light source for the FT-IR-DRIFT experiments described
earlier, a modification was implemented using the solar simulator that had been employed in our
experimental campaign. A custom-made metallic structure was constructed to suspend the light source
above the spectrometer. This setup allowed for the irradiation of the sample during the experiments with a
24mm solar light beam, which had been filtered to exclude the IR-NIR and UV portions of the light spectra

using the optical filters previously described.

The elimination of the IR-NIR segment was done to prevent interference with the measurements, while the
removal of UV was aimed at avoiding any potential interaction with the KBr window of the reactor.
Additionally, the light beam was carefully focused to exclusively irradiate the sample, minimizing reflections
that might otherwise interfere with the IR optical path. The light intensity was measured by mean of a digital

optometer and resulted to be around 0.081 W/cm?.

4.4.2 FT-IR DRIFT investigation
Fourier Transform Infrared Diffuse Reflectance Spectroscopy, commonly known as FT-IR DRIFT spectroscopy,

is a specialized method used to analyse the composition and molecular structure of solid samples. It is a
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variant of conventional infrared spectroscopy and is particularly well-suited for examining powdered or

granular materials and surfaces that may be rough or irregular.

In FT-IR spectroscopy, the interaction of matter with infrared radiation is studied, focusing on the vibration
of chemical bonds within molecules. This vibration is indicative of a substance's molecular structure and
serves as a basis for identification and quantification. The main vibrational modes due to IR absorption are

reported below:
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Fig. 4.11 Graphical representation of typical vibration modes of molecules as a consequence of IR absorption

Molecules can vibrate in a variety of ways, and these vibrations are observed as peaks in the infrared

spectrum. There are six primary vibrational modes that can be observed in FT-IR spectroscopy:
Stretching Modes:

Symmetric Stretch (v;): Atoms within a molecule move toward or away from each other in unison. This leads

to a strong peak in the infrared spectrum.

Asymmetric Stretch (vs): Atoms within a molecule move in opposite directions. This also results in a distinct

peak.
Bending Modes:

In-Plane Bending (vz): Atoms within a molecule bend within the same plane. This mode is typically weaker

than stretching modes.

Out-of-Plane Bending (v,): Atoms within a molecule bend out of the plane defined by the other atoms. This

is often a weak absorption.

Rocking and Wagging Modes:
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Rocking (vs): Atoms oscillate back and forth with respect to a central atom.
Wagging (v;): Atoms oscillate side to side. Both rocking and wagging are often weak absorptions.
Torsional Modes:

Twisting (vs): Atoms rotate around single bonds, and this can result in weak to no absorption in the IR

spectrum.

The precise frequency and intensity of these vibrational modes depend on the masses of the atoms involved,
the strength of the chemical bonds, and the molecular structure. By analysing the IR spectrum, chemists can
identify functional groups, determine the type of bonds in a molecule, and gain insights into molecular

structure and interactions.

What sets FT-IR DRIFT spectroscopy apart is its utilization of diffuse reflectance. Instead of transmitting or
directly contacting the sample, this method scatters incident infrared light off the sample's surface. The
reflected light is then collected and subjected to Fourier transformation for analysis. To prepare a sample for
analysis, it is typically transformed into a powder or granular form, ensuring uniformity, and simplifying the

preparation process. This sample is evenly spread on a sample holder with a reflective surface.

As with traditional FT-IR, a Fourier Transform spectrometer is employed in DRIFT spectroscopy. The collected
scattered light is interfered with a reference beam, resulting in an interferogram. This interferogram is then
Fourier-transformed into an infrared spectrum, which displays the intensity of absorbed radiation at various

wavelengths.

Interpreting the spectrum reveals peaks and troughs at specific wavelengths, each corresponding to
molecular vibrations within the sample. These peaks provide information about the chemical bonds and

functional groups present, and they can be used for both qualitative and quantitative analysis.

The in-operando FT-IR DRIFT technique is a powerful tool for gaining a better understanding of the
mechanism involved in CO; reduction reactions. It provides valuable insights into the interaction between
reactants and the active surface of the catalyst during the reaction itself. Furthermore, careful experimental
planning allows researchers to deduce more information about the overall reaction conditions by isolating
the individual contributions of reactants. This approach can reveal the species that emerge or disappear

when reactants are introduced or removed from the reaction chamber.

Light source interference check

The introduction of an independent light source necessitated certain checks to ensure the accuracy of the

measurements and prevent any distortion of the recorded signals. Typically, during the initial calibration
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procedure, the instrument requires a background spectrum to be collected using a mirror insert. As a first
step in verifying the new setup, a spectrum was collected with the external light source shining on the mirror.
Upon comparing this spectrum with the one collected without external light, it was observed that they almost
perfectly matched. This confirmation indicated that the use of an external light source was compatible with

the FT-IR DRIFT experimental setup.

5 Material Characterization

The catalysts studied were characterized using various techniques such as X-Ray Diffraction (XRD), N
physisorption (Brunauer-Emmett-Teller method, BET and Barrett-Joyner-Halenda, BJH method as
porosimetry characterization), H>-TPR, DRS and TEM. For the reader's convenience, Table 5.1 lists the

synthesized supports and catalysts with their nickname and the analysis performed on them.

Table 5. 1 Catalysts characterizations resuming table.

Catalysts Characterization Techniques
XRD BET-Poros. H,-TPR DRS TEM
CeO: X X X X X
Rh-CeO,-BM X X X X X
Rh-CeO, -IW X X X
Ceo.s Tio.202 X X X X X
Rh-Ceg s Tio.20.-BM X X X X X
Rh-Ceg.s Tio.202-I1W X X X X
Ceoss Tios02 X X X X
Rh-Cegs Tio.s02-BM X X X X
Rh-Ceg s Tio.s02-1W X X
Ceo.2 Tio.s02 X X X X
Rh-Cey. Tio.s02-BM X X X X
TiO: X X X X X
Rh-TiO,-BM X X X X X
Rh-TiO2-IW X X X

The analyses were performed initially on bare oxide supports, with the aim of fully characterize the impact
of solid solution’s composition on the structure and morphology of the samples. Then we could compare,
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were necessary, functionalization methods with respect to the support material and the functionalization
methods between them for specific samples, with the aim of underline peculiar differences and tract
punctual conclusion through observation about the metal reducibility, the support reducibility, defects and
oxygen vacancies, as well as the optical properties useful to show the typical behaviour of catalysts owing

plasmonic resonance response to light and put it in correlation with the other analytic techniques.
5.1 Support characterizations

BET-Porosimetry and XRD analysis

In Fig. 5.1 and 5.2 are reported the results of Porosimetry analysis
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Fig. 5. 1 N - Adsorption and Desorption (solid and dashed lines respectively) Isotherms for all support materials, pure oxides and
compositions of mixed oxides. a) CeO,, b)Ceo.sTio.202, c) CeosTip.s02, d) Cep2Tip.s02, €) TiO,.
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In the comparative figure 5.3 are reported XRD diffractograms of the supports prepared as reported above:
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Fig. 5. 3 XRD spectra of a) pure Ceria, b) Ce.sTio.20>, ¢) Ceo.sTip.s0, , d) Cep.»Tio.s0> , €) pure Titania; with blue solid and empty
diamonds are reported the diffraction peaks of Rutile and Anatase Titania phases respectively, with violet circles are reported

the diffraction peaks of Ceria cubic fluorite structure

The alteration in crystallite structure with varying Titania content is evident. Initially, a characteristic cubic

fluorite structure is observed for Ceria, and this persists up to a 50:50 Ceria-Titania ratio. However, the 20:80

ratio displays indistinct peaks, resembling a relatively amorphous structure. Additionally, the Titania sample

exhibits both Anatase and Rutile phases, each characterized by their di-tetragonal or di-pyramidal structure

with coordination numbers Z=4 and 2, respectively [223].

Table 5. 2 Crystalline Structure, Lattice Parameter, and Crystallite Size of TiO,-CeO, Mixed Oxides.

Crystallite  Lattice Parameter Mean Seer
Structure (nm) Crystallite [m%/g]
a c size (nm)

CeO, Fluorite 0.5424 - 8.3 63
CeosTio 205 Fluorite 0.5418 - 5.6 103
CeO.STiO.SOZ F/UOI’Ite 0.5373 - 3.7 122
Ceo.2Tio.s02 N/D . . ) 160

Anatase 0.3785 0.9332 20.7
TiO, 10
Rutile 0.4596 0.2959 18.5

V0| pore

[em®/g]

0.042

0.095

0.308

0.238

0.049

Dpore_size

(nm)

2.9

3.5

17

The analysis of cerium and titanium oxide samples reveals important correlations between crystallite size,

lattice parameters, and surface properties, as outlined in Table 5.2. The average crystallite size, calculated

using the Scherrer equation, is consistently below 10 nm, classifying the materials as nanostructured or
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nanomaterial. This finding aligns with typical characteristics of nanostructured cerium oxides, where the
lattice parameter “a“ tends to increase compared to the bulk cerium value of 0.5403 nm, as shown in previous
studies [224, 225]. The observed increase in the lattice parameter for cerium nanoparticles is attributed to
different lattice packing [224]. In fact, the modification of lattice parameters in cerium-based oxides is
influenced by the introduction of dopants, such as titanium, which induce distortions in the crystal structure,

further contributing to the changes in lattice constants and the reducibility of the material [226].

The incorporation of titanium into the cerium oxide lattice results in a contraction of the lattice parameter, as
seen in the Ce0,-TiO, solid solutions. This contraction is driven by the substitution of the larger Ce** ion (0.97
A) with the smaller Ti** ion (0.61 A), leading to a compression of the crystal lattice [225]. The structural
distortion caused by the presence of titanium significantly alters the material’s properties, particularly in
terms of reducibility and oxygen vacancy formation, as Watanabe et al. (2009) observed [226]. The
introduction of Ti into cerium oxide is not only responsible for the contraction of the lattice but also for the

appearance of structural defects that affect the overall crystallographic stability and catalytic behaviour.

The inclusion of titanium also affects the surface properties of the mixed oxides. Ce:Ti(50:50), for example,
exhibits a specific surface area of 122 m?/g, a pore volume of 0.308 cm3/g, and an average pore size of 8 nm,
which significantly differs from pure CeO; and TiO,. This increased surface area and pore volume suggest a
more complex and developed mesoporous structure, which is also reflected in the adsorption-desorption
curves from the BET analysis (see Figure 5.1). The pronounced hysteresis observed for Ce:Ti(50:50), especially
at higher relative pressures, indicates the presence of bottle-necked pores or other structural features that
create significant resistance during desorption. This behaviour suggests that Ce:Ti(50:50) has a more
heterogeneous porosity, with a combination of large pores and narrower constrictions, leading to greater

adsorption capacity but also a more difficult release of adsorbed gases during the desorption phase.

The behaviour of Ce:Ti(80:20) and Ce:Ti(20:80) also reflects their mesoporous nature, with both samples
showing comparable hysteresis (see Figure 5.1). The specific surface area of 103 m?/g for Ce:Ti(80:20) and
160 m?/g for Ce:Ti (20:80), combined with their respective pore volumes of 0.095 cm3/g and 0.238 cm?¥/g,
suggest a well-developed porous network in both cases, as supported by the pore size distribution (see Figure
5.2). The slight difference in hysteresis between these two samples can be attributed to the greater volume
of pores and larger pore size (5 nm) in Ce:Ti(20:80), which allows for a higher adsorption capacity but also
introduces a moderate resistance to desorption. This resistance, although not as pronounced as in
Ce:Ti(50:50), reflects the complexity of the pore structure, where narrower necks or constrictions may still
be present, albeit less frequent. The higher surface area of Ce:Ti(20:80) provides more active sites for
catalytic reactions, making this composition particularly interesting for catalytic applications where a balance

between adsorption and desorption kinetics is crucial.
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In comparison, the CeO, sample, with a specific surface area of 63 m?%g, exhibits a much smaller hysteresis.
This suggests that, although CeO, has smaller pores (average size 2.9 nm), its overall porous structure is less
complex than that of the mixed oxides, resulting in lower resistance during the desorption process. The
relatively small hysteresis indicates that CeO, has a simpler mesoporous structure, where most of the pores
are open and well-connected, facilitating easy desorption. Despite this, the fine mesoporosity and the
moderate surface area of CeO, contribute to good adsorption properties, making it a viable support for

catalytic applications [224].

TiO, sample, on the other hand, exhibits almost no hysteresis (see Figure 5.1), reflecting its low surface area
(10 m?/g) and larger pore size (17 nm). The lack of hysteresis suggests that TiO, has a more open and uniform
pore structure, without significant constrictions or narrow necks, allowing for easy desorption. This makes
TiO, particularly well-suited for applications requiring rapid desorption of adsorbed molecules, such as
photocatalysis, where open and well-connected pores can facilitate the interaction with reactive species on

the surface.

Overall, the BET and pore size distribution data highlight how the introduction of titanium into cerium oxide
leads to a more developed mesoporosity and a significant increase in surface area, especially in samples like
Ce:Ti(20:80) and Ce:Ti(50:50). The combination of smaller crystallite sizes, lattice parameter modifications,
and enhanced porosity indicates that these materials, particularly Ce:Ti(50:50), are likely to exhibit improved
catalytic performance due to the greater availability of active sites and the increased surface interaction with
reagent molecules. As observed in the study by Gionco et al. (2013), the formation of mixed oxide phases
between CeO, and TiO, not only increases the surface area but also enhances the reducibility and alters the
optical properties of the material, making these mixed oxides especially suitable for catalytic applications

where both high surface area and structural complexity are critical [224].

In conclusion, the integration of crystallographic data with BET and pore size distribution analysis underscores
the importance of structural and surface property modifications in cerium-titanium oxide systems. The
observed trends in surface area, porosity, and hysteresis (as seen in Figures 5.1 and 5.2) demonstrate that
titanium incorporation leads to a significant improvement in porosity, while the structural distortions induced
by Ti result in reduced crystallite sizes (also confirmed by TEM images reported below) and modified lattice
parameters. These features, in combination, provide a strong basis for enhancing the catalytic efficiency of
these materials, particularly in applications where small particle size, high porosity, and complex mesoporous

structures are essential for improving reaction kinetics and overall performance [225, 226].
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Transmission Electron Microscopy Analyses

TEM analysis averagely confirmed XRD calculated Crystallite size
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Fig. 5. 5 Synthetized TiO, TEM image reporting measures of the crystallites
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Fig. 5. 6 Synthetized CeO,-TiO, (80:20) TEM image reporting measures of the crystallites
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Fig. 5. 7 H,-TPR profile of synthetized support oxides; a) CeO, , b)Ce.sTio.202, c) CeosTip.502, d) Ceo2Tio.s02, €) TiO>

Hydrogen temperature-programmed reduction (H»-TPR) analyses were conducted to reveal the reduction
properties of the prepared supports. In Figure 5.7, the pure ceria sample exhibits two main absorption peaks

at 350°C and a shoulder around 480°C, attributed to surface oxygen reduction [227] and a valley at about
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540°C. However, doping ceria with titanium introduces oxygen vacancies into the structure as a result of
lattice distortion caused by the substitution of smaller Ti** ions for Ce** ions. This distortion facilitates the
reduction of CeO, at lower temperatures compared to the pure oxide [226]. This behaviour is particularly
evident in Ce-Ti solid solutions that are rich in CeO,, where the enrichment in oxygen vacancies lowers the

reduction temperature.

Moreover, the reduction peaks observed between 300°C and 550°C in high surface area ceria samples should
not be attributed to bulk reduction, which typically occurs above 700°C [228]. These peaks can instead be
linked to structural heterogeneity, the presence of impurities, or simultaneous surface sintering phenomena
common in high surface area materials (which may explain the occurrence of the small valley), as also noted

by Vidal et al. (2000) [228].

Table 5. 3 Ceria - Titania MO reduced ratio calculated on the hydrogen consumption measured during the H,-TPR experiment

CeO: Ceo.sTio.202 CeosTios02 Cep.aTios0:2 TiO;

ce3*t /c " 0.2 0.30 1 2.8
e
Ce3* + Ti3t 0.2 0.19 0.32 0.29
xCe** + (1 — x)Ti**
Ti3* / 0.06
Ti4+

It is important to note that the H, consumption integration was carried out over a temperature range
consistent with the reaction conditions. When examining the first row of Table 5.3, reduction values were
calculated assuming ceria as the only reducing species. However, the Ce0,-TiO, (20:80) sample shows a value
clearly higher than unity, challenging this assumption. To address this, theoretical reduction values for Ce**
and Ti** were weighted according to the stoichiometry of the solid solution, as shown in the second row of
the table. The degree of reduction follows a Gaussian trend, peaking for the CeO,-TiO; (50:50) mixed oxide.
Although this trend is observed for the mixed oxide, it deviates from the typical behaviour of pure ceria,
where reducibility tends to increase with higher surface area [229a], as shown in Table 5.2. This suggests that
the incorporation of Ti** into the ceria lattice significantly modifies its reduction properties, facilitating the
reduction of subsurface or bulk oxygen, similarly to what happens when CeO: is doped with zirconia to form

a solid solutions [229b].

As discussed previously, the inclusion of Ti** ions into the ceria lattice significantly affects its reducibility. The
introduction of titanium into the ceria structure induces lattice distortion, which generates oxygen vacancies
that promote the reduction of bulk CeO; at lower temperatures than pure ceria [230]. This is particularly
evident for Ce-Ti solid solutions rich in CeO,. Additionally, the reduction peaks between 300°C and 550°C
observed for ceria are primarily attributed to surface heterogeneities, the presence of impurities, or

simultaneous surface sintering, but not bulk reduction, which generally occurs above 700°C [226]. The shift
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in the reduction profile toward higher temperatures in Ce-Ti mixed oxides is therefore to be attributed to a

convolution of surface and bulk phenomena at intermediate temperatures induced by the Ti-doping [227].

Aiming to prove an effective reduction of TiO, the TPR experiment was conducted analysing exhaust with
mass spectrometry (TRP-MS). Moreover, a Simultaneous Differential Thermal Analysis (SDT) has been carried

out and the resulting data are plotted in Fig. 5.8
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Fig. 5. 8 Water and CO; as product of reduction (left axes) and weight loss % (right axes) as a function of temperature.

The combined SDT and H,-TPR-MS analysis of the TiO, sample, used as a support in the studied catalysts,
revealed two distinct reduction processes, both accompanied by weight loss. The first reduction peak,
observed at lower temperatures, is attributed to the surface reduction of TiO,. This process is associated with
the production of water (H,0), as confirmed by mass spectrometry, and a noticeable weight loss detected by
SDT, indicating the removal of surface oxygen. A second peak, appearing at a higher temperature and
corresponding to a greater weight loss, suggests a deeper reduction of the material. However, at elevated
temperatures, CO, is also released. This implies that the TPR profile (e curve in fig. 5.7) leads to an
overestimation of the degree of reduction for pure TiO,. Nonetheless, the pure titania support reduction is

confirmed and the interaction between superficial reducing species in the mixed oxides is reasonable.
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Diffuse Reflectance Spectroscopy - Support

Additionally, UV-diffused reflectance spectroscopy (DRS) was employed to gain insights into the photo-
catalytic properties of the semiconductor mixed oxide support and calculate their related band gap according
the Tauc method [231]. Figure 5.9 and Figure 5.10 shows the Kubelka-Munk function F(R)*hv in function of
the incident photon energy (hv) in eV for the pure oxides and for the mixed oxides respectively while the

calculated band gap for each sample is summarized in the table 5.4.
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Fig. 5. 9 Tauc plot of the absorbance Kubelka-Munk function F(R) for Ceria and Titania Oxides — Calculated semiconductor band
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Fig. 5. 10 Tauc plot of the absorbance Kubelka-Munk function F(R) for Ceria-Titania Mixed Oxides — Calculated semiconductor
band gap E;

Table 5. 4 Band gap energy in eV calculated with Tauc Method

E (eV)
CeO; 2.50£0.05
Ceo.sTio.20: 2.45+0.05
Ceo.5Tio.50: 2.40 £ 0.05
Ceo.2Tio.s0: 2.60+0.05
TiO; 3.10 £ 0.05
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Ceria semiconductors typically display a band gap of around 3.3 eV, corresponding to the characteristic
transitions between 4f states of Ce3* sites in a sub-stoichiometric CeO, lattice and the conduction band [232].
However, studies on nanoscale ceria have consistently reported a reduction in the band gap, with values
shifting to the visible region (~2.7eV), primarily due to the generation of oxygen vacancies and lattice strain
[233, 234]. This red shift aligns with the behaviour of our synthesized materials, where defect-induced
modifications in ceria create localized states within the band gap, lowering the energy required for optical
transitions. This effect is particularly pronounced in CeosTio20; and CegsTiosO2, where the synergistic

interaction between CeO; and TiO; alters the electronic structure [235].

Titania (TiO,), typically exhibiting a band gap of around 3.2 eV, undergoes significant electronic modifications
when doped with cerium. Cerium-doped titania (CeosTio.202) demonstrates a red shift in its absorption band,
extending its optical response into the visible region. This phenomenon, observed in several studies, arises
from the introduction of Ce into the TiO; lattice, which generates oxygen vacancies, modifies the electronic
structure, and introduces new defect states [236]. These alterations not only reduce the band gap but also

enhance visible light absorption, a feature critical for photocatalytic applications under solar illumination.

Mixed cerium-titanium oxides with reduced band gaps, such as Ce-Ti systems, are particularly favourable for
light absorption in the visible region, potentially boosting their photocatalytic performance. However, the
reduction in the band gap is accompanied by challenges such as rapid electron-hole recombination, which

may limit the photocatalytic efficiency of these materials, as highlighted in various studies [224].

This interplay between band gap reduction and defect state engineering highlights the dual role of doping
and support interactions in tuning the optical and catalytic properties of mixed Ce-Ti oxides, making them

promising candidates for visible-light-driven applications.

5.2 Rhodium supported catalytic materials characterizations.

The information about support materials is a useful baseline to analyse the impact of functionalization
method described in chapter 4. X-Ray Diffraction, BET and porosimetry, H>-TPR, DRS and TEM, were the
techniques used also for the characterization of Rh-supported catalysts. The purpose was to understand any
correlation between catalytic activity and catalyst properties and later explain also experimental evidence of
a different catalytic behavior in reaction condition for different loading techniques. Additionally, optical
properties are analysed to provide further indications of a potential plasmonic response. These and other

insights are detailed in the following paragraph.
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BET-Porosimetry and XRD analysis
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Fig. 5. 11 N,-Adsorption and Desorption (solid and dashed lines respectively) Isotherms for all loaded support materials, pure
oxides and compositions of mixed oxides. a) Rh/CeO;, b) Rh/Ce sTip.202, c) Rh/Ceo5Tip.s02, d) Rh/Cep;Tio.s02, €) Rh/TiO,
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Fig. 5. 12 XRD Spectra comparison between CeO; and TiO; supported catalyst (A and B respectively): a) pure support, b)
Rhodium supported catalysts synthetized by Ball Milling, c) Rhodium supported catalysts synthetized by Incipient Wet
impregnation
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Fig. 5. 13 XRD Spectra comparison between CeO,-TiO, mixed oxides, Ce:Ti(80:20) and Ce:Ti(50:50) respectively A and B: a) pure
support, b) Rhodium supported catalysts synthetized by Ball Milling (BM), c) Rhodium supported catalysts synthetized by
Incipient Wet impregnation (IW)

Table 5. 5 Crystalline Structure, Lattice Parameter, and Crystallite Size of TiO,-CeO, Mixed Oxides supported Rhodium with
different techniques.

Catalyst Func. a (nm) ¢ (nm) size Area Pore Pores
Method (nm) Sup. Volume  Distrib.
[m*/g]  [ecm’/g]  [nm]
Rh/CeO, BM Fluorite  0.5387 - 3.2 57.4 0.042 4.7
Iw Fluorite  0.5418 - 7.7 60.1 0.041 4.5
Rh/Ceo.sTi0..02 BM Fluorite  0.5396 - 5.7 101 0.113 4.2
Iw Fluorite  0.5399 - 5.1 105 0.112 4.1
Rh/Ceo.sTio.s02 BM Fluorite  0.5393 - 2.4 91 0.186 7.0
W Fluorite  0.5371 - 3.8 97 0.174 6.7
Rh/TiO, BM Anatase 0.3782 0.9383 31.7 15.2 0.059 16.1
Iw Anatase 0.3789 0.9534 31.5 13.8 0.055 16.4

The functionalization of cerium and titanium oxide supports with rhodium using Ball Milling (BM) and
Incipient Wetness (IW) impregnation reveals distinct structural and surface modifications compared to the
bare supports. A comparative analysis between these two functionalization methods, as well as with the
original support materials, provides insights into their effects on crystallite size, lattice parameters, surface

area, and porosity.

For the Rh-functionalized cerium oxide, the BM method (Fig. 5.12 A-c) results in a reduced lattice parameter
(0.5387 nm) and a smaller crystallite size (3.2 nm) compared to the IW method (Fig. 5.12 A-b), which shows
a lattice parameter of 0.5418 nm and a crystallite size of 7.7 nm. This suggests that BM introduces additional
strain in the crystal lattice, likely due to the high mechanical forces involved, which leads to smaller

crystallites. In comparison, the IW technique, which involves a more gradual impregnation process, allows
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the rhodium particles to distribute with less induced lattice strain, resulting in larger crystallites. These
differences in crystallite size have important implications for catalytic performance, as smaller crystallites, like
those produced by BM, often enhance metal-support interactions, which are crucial for catalytic reactions.
Interestingly, it appears that for cerium-containing samples, the measured surface area of IW samples is
slightly higher than that of the ball-milled samples. This could be attributed to partial clustering of particles
induced by the mechanical forces in the presence of the metal precursor during the milling process. This
explanation is further supported by the observed inverse relationship between surface area and pore size
distribution, which conversely increases. Analysing the XRD diffractograms of pure ceria-supported rhodium
samples, it is reasonable to assert that the ball milling technique induces a reduction in the crystallite size
compared to the pure support of the IW technique, as confirmed by the crystallite size values in Table 5.6.
While this observation may seem contradictory to the BET-derived assumption of clustering, both scenarios
could coexist. It could be hypothesized that the oxide support crystallites decrease in dimension and may
aggregate due to superficial tension, indeed coalescence behaviour is influenced by the surface defect
chemistry of the support and the metal [236b]. Moreover, a complex heterostructure may arise from the
presence of a heterogeneous mixture of rhodium species in a sub-stoichiometric mixture of Rh%/Rh3* in strong
interaction with the support nanoparticles, formed during acetate decomposition during thermal treatment

following the mechanosynthesis, as suggested for other platinum group metals on ceria [237].

Additionally, a noticeable reduction in the lattice parameter "a" with mechanical treatment is observable,
consistent with the reduction in crystallite size, suggesting a certain degree of inclusion of rhodium (ionic
radius Rh*: 0.75 A) into the support lattice (Ce**: 0.97 A), which is not observed with the IW loading. This
suggests that BM may promote stronger incorporation of rhodium into the cerium oxide lattice, leading to a
more integrated structure with altered lattice properties. The hysteresis observed in the
adsorption/desorption curves for Rh/CeO, further supports this hypothesis, showing limited hysteresis

typical of microporosity and minimal mesopore contributions.

For Rh/CeosTi0202, BM (Fig. 5.13 A-c) produced a slightly smaller lattice parameter (0.5396 nm) and larger
crystallite size (5.7 nm) compared to IW (Fig. 5.13 A-b), where the lattice parameter was 0.5399 nm and
crystallite size 5.1 nm. The specific surface area is also notably affected by the functionalization methods: the
BM-treated sample shows a slightly lower surface area compared to IW, indicating that the higher mechanical
energy may lead to partial pore collapse or a denser packing of particles. The N»-adsorption/desorption
isotherm curves for this support show increased hysteresis relative to Rh/CeO,, indicating a higher
mesoporous contribution and a redistribution of porosity induced by mechanical treatment. This observation
is consistent across other mixed oxide samples, where BM generally results in smaller crystallites and slightly

altered textural properties.
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For Rh/Ceo5Tios02, the BM method (Fig. 5.13 B-c) produced a smaller crystallite size (2.4 nm) compared to
IW (3.8 nm), along with a slight increase in the lattice parameter (0.5393 nm vs. 0.5371 nm). The specific
surface area of BM samples (91 m?/g) is slightly lower than that of IW (97 m?/g) (Fig. 5.13 B-b), which may
reflect partial pore collapse due to the high mechanical energy. Additionally, the pore volume is slightly
higher for BM (0.186 cm3/g compared to 0.174 cm3/g for IW), as is the average pore size (7 nm for BM vs. 6.7
nm for IW). These observations suggest that BM induces a redistribution of porosity, resulting in a broader
pore size distribution and slightly denser packing. This redistribution is evident in the hysteresis curves, where
BM-treated samples show pronounced hysteresis at higher relative pressures, indicative of meso-macropore
transitions. The interplay between the reduced crystallite size and the altered porosity underscores the
complex effects of mechanical treatment, which enhance metal-support interactions while slightly
compromising surface area. This behaviour highlights the intermediate structural characteristics of the
CeosTiosO, support, balancing features of both cerium and titanium oxides, and the potential for unique

catalytic properties.

These results agree with previous findings by Gionco et al. (2013), who reported that mixed oxides of cerium
and titanium display altered structural properties when subjected to mechanical treatments. Specifically, the
formation of cerium titanate (Ce;TiO;) with Rh addition may further contribute to unique properties,
including a red shift in the band gap transition and enhanced reducibility [224]. This suggests that the strain

introduced by BM can also favour the formation of mixed phases and the enhancement of catalytic properties.

The Rh-loaded TiO, samples provide further evidence of the impact of functionalization technique. BM (Fig.
5.12 B-c) sample resulted in a significant increase in crystallite size (31,7 nm) compared to the original anatase
TiO2 (20.7 nm), while IW led to a similar crystallite size of 31.5 nm. Despite the increase in crystallite size, BM
treatment produced a slight increase in the surface area (15.2 m?/g) compared to IW (13.8 m?/g) (Fig. 5.12
B-b), which may indicate that BM enhances the dispersion of rhodium particles on the surface. This increase
in dispersion is advantageous for catalytic applications, as it facilitates better accessibility of active sites. The
adsorption/desorption curves for Rh/TiO; reveal minimal hysteresis, consistent with macroporous structures

and non-adsorptive behaviour at lower pressures.

In contrast, both methods appeared to suppress the Rutile phase in titania, suggesting that the interaction
between Rh and TiO,, along with the post-calcination step, contributes to the stabilization of the anatase
phase of TiO,. Additionally, for the BM sample, it is also possible to hypothesize that mechanical stress favours
lattice reorganization, thereby influencing the crystallite structure. Furlani et al. (2014) demonstrated,
conversely, that high-energy ball milling of titania can lead to the transformation of anatase to rutile, although
subsequent thermal treatment can partially reverse this transformation, depending on the milling time and
conditions [238]. This implies that BM may facilitate phase transformations that are not achievable through

traditional impregnation methods, thereby influencing the catalytic properties of titania-based supports.
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More interestingly, BM showed an appreciable reduction in crystallite size for the CegsTio.s02 support, while
the IW method did not change this parameter compared to the unloaded support. Furthermore, along with
the reduction in size, there was a slight increase in the lattice parameter "a" Considering that the ionic radius
of Ti* is smaller than Rh*, partial inclusion into the lattice is reasonable, indicating the formation of an
interface where Ti atoms are displaced, making room for rhodium species. These results align with the
observations by Gionco et al. (2013), which indicated that mechanical treatments could lead to increased
defect density and enhanced interaction between the active species and support, resulting in improved

catalytic performance [224].

On the other hand, mechanical synthesis on the CeosTio..0, support did not influence the crystallite size of
the prepared catalyst compared to the support. Additionally, as observed for the ceria-supported sample, the
lattice parameter decreased for both BM and IW samples. However, for this support, the difference in this
parameter is less marked between the two differently loaded samples. This observation suggests a different
metal/support interface interaction, which could influence catalytic performance. The positive effects of Ball
Milling are further corroborated by experimental catalytic tests reported in the literature. Studies have
demonstrated that BM can enhance the catalytic activity of mixed oxides due to several factors: increased
defect density, improved metal dispersion, and enhanced metal-support interaction. Watanabe et al. (2009)
found that the mechanical forces during BM generate structural defects, including oxygen vacancies, which

can significantly improve the reducibility of cerium oxide and enhance the oxygen storage capacity [226].

Similarly, Gionco et al. (2013) reported that mixed oxide phases with increased defect density, induced by
mechanical treatment, exhibit better catalytic performance in oxidation reactions, partly due to enhanced
redox properties and greater interaction between the active metal sites and the support [224]. A recent study
by Danielis et al. (2020) further supports the beneficial effects of Ball Milling in metal-ceria systems,
particularly in improving methane oxidation activity [237]. The study highlighted that Pd/CeO, catalysts
prepared by dry milling showed superior catalytic performance compared to those prepared by traditional
incipient wetness impregnation. This enhanced performance was attributed to the formation of a mixed Pd-
CeO, amorphous layer on the surface, which creates a unique interface conducive to methane activation. This
study provides additional evidence that mechanical treatments like BM can significantly alter the metal-

support interface, leading to enhanced catalytic properties and improved metal dispersion.

In summary, the functionalization of cerium and titanium oxide supports with rhodium via Ball Milling shows
promising effects in terms of reducing crystallite size and enhancing catalytic properties through increased
defect density and an improved metal-supports synergism. Compared to Incipient Wetness impregnation,
BM produces supports that are structurally more strained, with smaller crystallites and enhanced metal-

support interactions, which are beneficial for catalytic activity.
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H; - Temperature Programmed-Reduction characterization- Rh supported catalysts
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Fig. 5. 14 TPR profile of BM (solid line) and IW (dash line) rhodium supported catalyst on Ceria-Titania oxides compared with TPR

profile of the only support (dot-dash line); a) Rh/Ce0O,, b) Rh/Ce0,-TiO, (80:20), c) Rh/Ce0,-TiO; (50:50), d) Rh/TiO,

Table 5. 6 Reduction temperature of differently supported IW and BM rhodium samples, for different reducing species at different
temperature intervals - H, consumption percentage with respect to the reduction of Rh species on different series of catalysts

IW Catalysts BM Catalysts
Sample
Rh3* > Rh? (°C) MORh(°C) H,cons.% Rh3* — Rh°(°C) MO4-Rh(°C) H,cons.%
Rh/CeO, 51 360 137 64 359 187
Rh/CeoTio..0; 53 363 113 56 355 127
Rh/CeosTios0; 64 366 165 70 361 196
Rh/TiO, 47-103 390-480 119 18-51-105  353-475 96

The results of the H,-TPR experiments on Rh catalysts supported on cerium oxide, titanium oxide, and their
solid solutions reveal significant differences depending on the preparation method, namely incipient wetness
impregnation (IW) and Mechanosynthesis (BM). The reduction temperatures of the samples, attributed to a
combination of processes including both the reduction of the noble metal oxide (Rh,03 = Rh°) and the
reduction of the oxide support (e.g., Ce** > Ce3* or Ti** - Ti**), are similar between IW and BM in ceria-based
and ceria-titania solid solutions. However, pure titania samples exhibit higher reduction temperatures over

a broader range, indicating the lower effectiveness of this support in dispersing and activating the metal.

The higher consumption of H, with respect to the expected consumption to reduce the loaded metal (see

formula below) is a measure of the phenomena of H; spillover. This term lamps different phenomena such
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as the transfer of atomic H on the surface of support or a promotion and enhancement of support reduction
due to a strong metal support interaction. Differently functionalized catalysts were also compared for this

parameter.

_ consumed H, moles
~ theoretical H, moles to reduce all Rh3* — Rh°’

Ha cons %0 Eq.(5.1)

BM-prepared catalysts consistently show higher spillover values compared to their IW counterparts,
reflecting improved Rh dispersion and stronger metal-support interactions. For instance, in Rh/CeosTiosO,
the highest spillover reaches 196% for BM and 165% for IW, highlighting the critical role of synthesis in
optimizing catalyst properties. More in general is clear how the metal functionalization method is crucial on
this aspect for every ceria containing sample, indeed we observe, except for Titania supported sample, a
higher value of hydrogen consumption for samples prepared by ball-milling method. In the next paragraph

TEM images may explain the exception of Rh/TiO, and later suggest clues of the studied reaction mechanisms.

The interaction between Rh and its support significantly influences reducibility and catalytic behaviour. For
(IW)Rh/TiO,, reduction profiles exhibit peaks at 47°C and 103°C, which are indicative of processes involving
the reduction of Rh species (e.g., Rh®* = Rh!* and Rh'* - RhP), on the other hand BM sample shows slightly
higher temperature for the same reduction (51°-105°C) and a minor peak at 18°C which suggests the presence
of highly dispersed RhOyx nanoparticles that are particularly reducible or the presence of oxygen species
physisorbed on the surface. However, the hydrogen consumption for (IW)Rh/TiO, exceeds stoichiometric
requirements for Rh;03; reduction alone, further supporting the hypothesis that additional reduction
processes, such as the partial reduction of the support, are also occurring in this temperature range, this
effect for BM sample apparently seem not to happen because of different metal nanostructured formations
due to the functionalization method. The observed shift of titania surface oxide reduction to lower
temperatures (~350°C) of Rh/TiO, with respect to unloaded sample, and particularly when mechanosynthesis
is used, highlights the strong metal-support interaction (SMSI) effect, which stabilizes Rh species and
facilitates electronic interactions [239, 240]. Furthermore, hydroxylated surfaces of TiO, enhance hydrogen
spillover, while dehydroxylation at higher temperatures diminishes this effect, underscoring the importance

of maintaining surface hydroxyl groups for efficient catalytic activity [241, 229].

Ball Milling metal loading on mixed oxide in presence of Ceria seems to increase metal/support interaction,
the increase of RhOx reduction temperature is evident and coherent with the H, consumption and spillover

effect consequently, the lowest increase in temperature corresponds to the lowest increase in consumption.

On the other hand, (BM)Rh/CeosTip202 shows the highest shift to lower values for MOy -Rh reduction

temperature, while the same peaks for (BM)Rh/Ce0O, and (BM)Rh/CeosTiosO, are almost unvaried. Those
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observations should point out how critical the metal/support interaction may be when catalytic activity will

be analysed as a function of the support composition and the amount of titania in the solid solution.

We can conclude that Rh enhancing the reducibility of the system by promoting the formation of oxygen
vacancies and facilitating hydrogen spillover in presence of ceria and a mechanosynthetic process. This
behaviour aligns with observations in ceria-rich systems, where the interaction between Rh and CeO; clusters
has been shown to promote reversible H, adsorption and efficient redox cycling [229, 242]. Mixed oxides such
as CegsTios0; display intermediate characteristics, with titanium contributing structural stability but limiting

the synergistic redox interactions seen in cerium-rich compositions [240].

Transmission Electron Microscopy - Functionalization method effect

Fig. 5. 15 TEM images of Rh/TiO; a) Ball Milled, b) Incipient Wet impregnation.

To explore the surface morphology of the prepared catalyst a TEM observation of both BM and IW reduced
catalyst were done. As an example, we report in figure 5.15 the observable differences between the two
functionalization method consequences on the distribution of the rhodium metal. We can observe (5.15a)
the formation of protruding quasi-spherical metal nanoparticles, like already observed for platinoids metals
like Rhodium [237, 243], while in other zones the metal darker zones seem to be sparser, alike the metal
crystal growth was preferential on sites. On the other hand, smaller and more uniformly dispersed metal
particle appear in fig. 5.15b for IW samples. In conclusion the lower spillover shown by ball milled Rh/TiO>
appear to be due to a different growth of the rhodium metal formations on the support, reasonably due to

mechanical stress.

Diffuse Reflectance Spectroscopy — Catalysts

Both pure supports and rhodium loaded BM prepared catalysts were also studied with the DRS technique

and the absorption spectra are in figures below.
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Fig. 5. 16 DRS derived Absorbance of Ceria and Titania pure and mixed oxide supports as a function of the wavelength. a) CeO,,
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Fig. 5. 17 DRS derived Absorbance of Ceria and Titania pure and mixed oxide supported Rhodium catalysts as a function of the
wavelength. a) Rh/CeOz ’ b) Rh/ceo_gTio,zoz, C) Rh/CEQ_sTio_soz, d) Rh/ceO_zTio_soz, e) Rh/TIOz

It is worth noting that in the presence of wide-ranging absorption peaks, as observed in Fig. 5.17, the

evaluation of the band gap using the Tauc method, as shown in Fig. 5.9/10, may not be feasible [244]. This
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limitation arises from the presence of metals and peak broadening. Therefore, we only present the Kubelka-

Munk function of the collected reflectance spectra.

As previously discussed, ceria semiconductors typically display a band gap of around 3.3 eV, which can be
significantly reduced due to defect-induced modifications such as oxygen vacancies and lattice strain,
especially in nanoscale ceria. These phenomena, extensively examined in CeoTio202 and CegsTios0; systems,
lead to a red shift in the absorption edge, extending the optical response into the visible region [232, 233,

234].

In Fig. 5.17, Rh/Ce0; and Rh/TiO, ( (a) and (e) profiles respectively) catalysts are presented. For the ceria-
supported sample, the presence of a broadened absorption peak in the visible range is present, specifically
in the green light around 530 nm, especially comparing it with support profiles in Fig. 5.16. These kinds of
peaks are typical of the localized surface plasmon resonance (LSPR) effect [245, 246, 162]. Rh/TiO, does not
exhibit this broad absorption peak as clearly; however, observing the absorption scales on the Y-axis, this
difference is likely due to the dominant absorption in the UV range (<400 nm). Nonetheless, a distortion of

the tail is visible, and its absorbance is comparable with Rh/Ce(sTio.,0, sample.

Interestingly, for the mixed oxide supports, the visible region absorption spectra reveal a shoulder peaking
at around 500-550 nm, which is most intense at around 500 nm in the 80:20 composition and intensity
decreases with increasing titania content, however the center of the shoulder seam to shift also to 550 nm

in the same way.

Further examining the UV range peaks, both catalysts exhibit a broadened absorption peak along with a
shoulder appearing below 280 nm. The higher-energy photon absorption peak varies depending on the
support and corresponds to the absorption peaks of ceria and titania semiconductors. Interestingly, the 80:20
composition shares the ~¥350 nm peak with TiO,, both in the bare supports (Fig. 5.16b and e) and in the loaded
samples (Fig. 5.17b and e). This observation suggests that this specific peak should be attributed to the
presence of Titania and a peculiar interaction within the solid solution of this oxide with metal nanoparticles,
on the other hand, we observed a decreasing intensity trend as Ti content increase. We also observe,
comparing support and rhodium-loaded samples in Fig. 5.18, that the relative increase in intensity when
loading the mixed oxide support is the highest for the 80:20 composition, decreasing with increasing titania
content. This trend is accompanied by a noticeable blue shift of the peak, which can be attributed to rhodium
plasmonic absorption in the UV range [247, 248]. Observing Ceria (100:0) loaded Vs unloaded sample to be
the only sample we can not appreciate an increase in UV region absorption, the rhodium absorption peak
shift should be explained with a particular interaction with titania in the solid solution when its content is

decreasing, finding the optimum with CeosTio.,0, composition.
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Rh/TiO,, characterized by its significantly larger crystallite size (~315 A) and lower surface area (13.8-15.2
m?/g), emphasizes UV-range absorption due to its crystalline nature. The pore distribution in Rh/TiO, (161-
164 A) underscores its distinct optical behaviour compared to ceria-containing samples. The structural
differences of TiO,, compared to the other samples, influence its light absorption properties observed in the
DRS spectra, highlighting a strong interplay between morphology and optical characteristics in these
catalysts, driving its interaction with rhodium metal nanoparticles and its response to light as will be

discussed later.
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Fig. 5. 18 DRS derived Absorbance of Ceria and Titania pure and mixed oxide supported Rhodium catalysts as a function of the
wavelength (solid line), comparison with pure support DRS profiles (dash line). a) Rh/Ce0,, b) Rh/Ce( sTio.202, €) Rh/Ceo 5Tio.502,
d) Rh/ceU.zTio.soz, e) Rh/TIOz

The optical changes of samples correlate well with structural data derived from XRD and BET measurements.
For instance, Rh/CeosTio.,0,, characterized by its intermediate crystallite size (~51-57 A) and highest surface
area (101-105 m?/g), demonstrates enhanced light interaction within its porous matrix, amplifying the
convoluted absorption effects observed. Similarly, the decreasing pore size distribution (42-41 A) with
increasing titania content suggests a denser and potentially more uniform solid solution. This structural
evolution likely modifies the electronic interactions within the lattice and enhances light scattering effects,

contributing to the observed spectral shifts.

The presence of a shoulder in the visible range (~550 nm) in rhodium-loaded samples suggests additional
contributions from metal-support interactions, including electronic coupling and plasmonic effects. The
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morphological properties of the mixed oxides, such as their crystallite size and pore structure, play a critical
role in shaping these interactions. For example, the intermediate characteristics of Rh/CeosTio20, may
provide an optimal balance of porosity and surface area, enhancing light absorption and scattering effects

within the material's structure.

Moreover, the apparent blue shift in the visible range absorption peak could reflect changes in the localized
electronic structure of the mixed oxide solid solutions. As the titania content increases, oxygen vacancies and
defect states introduced by cerium doping may decrease, reducing the density of mid-gap states responsible
for visible light absorption. This trend aligns with the reported behaviour of cerium-titanium mixed oxides,
where the interplay between band gap tuning and defect engineering governs their optical and electronic

properties [232, 236].

These findings underline the significant influence of the morphological and electronic properties of mixed
oxides on their optical behaviour, which is particularly evident in rhodium-loaded samples. The observed
spectral shifts and intensity changes highlight the interplay between structural characteristics, electronic
interactions, and light absorption properties, making these materials promising candidates for thermo-photo

catalytic applications under visible light.
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6 Experimental campaign

In this chapter, we explore the experimental investigations into the catalytic performance of the materials
studied in this research. Specifically, we focus on the catalytic materials described in detail in Chapter 5,
comparing their performance in terms of methane (CH;) production yields and carbon dioxide (CO,)
conversion rates. Particular emphasis will be placed on the improvements achieved through the light-induced

plasmonic photothermal effect.

In subsequent sections, we will examine a series of experiments designed to assess how variations in reaction
conditions influence catalytic activity. This analysis aims to provide a comprehensive understanding of the

enhancements driven by light stimulation under optimal reaction conditions.

6.1 Experimental Data collection
The set of materials used and compared in the experimental campaign were previously deeply described,

here a summary table is reported:

Support material Functionalization — Rh 4%wt
Type
e Sol-Gel Impregnation (IW) Ball Milled (BM)

C-Ce v

CEOZ
Ce_SG v v
C-Ti v

TiO;
Ti_SG v v
Ceos Tio.202 CeTi(80:20) v v
Ceo.s Tio.s02 CeTi(50:50) v
Ceo.2 Tio.s02 CeTi(20:80) v

&C-Ce and C-Ti indicate purchased materials

As previously mentioned, the production of comparison materials aimed to investigate the influence of
metal-support interactions on their catalytic behaviour through experimental analysis. Emphasis was placed
on maximizing yields at lower temperatures through the utilization of light. The selection of experimental
conditions was guided by key parameters impacting the methanation reaction, as outlined in materials and
methods chapter. This allowed us to enhance catalytic activity toward the desired product while optimizing

the resulting plasmonic photothermal effect.

Here are the specific experimental conditions employed:

e Experiment Structure Type: Isothermal Step Experiment
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e Working Temperature Range: 250-400°C

e Gas Mix: A ratio of 5.5 parts hydrogen (H;) to 1 part carbon dioxide (CO;), composed of 61% H,, 11%
CO,, and 28% He (used as a carrier gas and Mass Spectrometer internal standard), all at ambient

pressure.

e Light Filter: A Heat-Reflecting Near-Infrared (NIR) to Infrared (IR) Filter with an 800-1100 nm cut-off

wavelength.

e Flow Rate (¢): Set at 35 ml/min.

These conditions were carefully selected based on insights from relevant literature, the expertise
developed within our research group, and prior experimental findings. The isothermal step
experiment structure, operating within a 250-400°C temperature range, ensures a robust
investigation of catalytic processes under stationary conditions. By maintaining hyperstoichiometric
conditions with a gas mix of 61% H,, 11% CO,, and 28% He with 35 ml/min total flow rate, side
products reactions are minimized, and the yield per unit mass of catalyst is maximized. The
incorporation of a Heat-Reflecting Near-Infrared (NIR) to Infrared (IR) filter (800-1100 nm cut-off)
further allows for precise evaluation of the influence of light on the system. This deliberate approach
enables an in-depth analysis of the catalyst’s behaviour and interactions with the support material,
enhancing our understanding of the methanation reaction at lower temperatures under light
exposure. Moreover, in this section, we will conduct comparisons to achieve two main objectives:
1. Metal Loading Techniques Comparison: We will investigate how different metal loading techniques,
specifically Ball Milling (BM) and Incipient Wet Impregnation (IW), affect catalytic performances. This
analysis aims to experimentally validate some of the assumptions made during the characterization

results described in Chapter 5 regarding the different resulting materials.

2. Metal-Support Interaction Effect Investigation: We will delve into the impact of the interaction
between the metal catalyst and different compositions of the Ceria-Titania support on experimental

performances. In this investigation, Ball Milling will serve as the reference metal loading technique.

By conducting these comparisons and experiments, we aim to gain valuable insights into how various metal
loading techniques and the composition of the support material influence catalytic performances leading to
a deeper understanding of the factors that govern catalytic reactions and the photo-thermal promotion, thus

paving the way for potential optimizations in advanced catalyst design and performance.
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6.2 Experimental Data discussion

As introduced in the previous paragraph, a comparison graph described in Chapter 4 (Fig. 4.6) has been
employed to identify the top-performing materials in the context and with the objectives outlined earlier.
This graph serves as a visual tool to help assess and rank the catalyst materials based on their performance
in CO, conversion and CH, yield, obtained under well-established reaction conditions at a temperature of

300°C, aligning with our experimental goals and criteria.

Metal Loading Techniques Comparison

As introduced in Chapter 4 and 5, the method used for functionalizing the metal on the catalyst's surface can
significantly influence its catalytic performance. This influence stems from various concurrent factors,
including variables like metal dispersion and particle size [249, 250, 251], which can impact the metal's
reducibility [252], the abundance of active sites [253], the morphology of metal/support interface, and

consequently, the contribution of the plasmonic photothermal effect to the overall catalyst activity [254].

It's important to note that these factors are not the sole determinants affecting the reactivity of the catalyst
in a thermo-photo catalytic system. There are other variables at play as well, these factors themselves are
influenced not only by the loading technique, but also by support [253, 255] with respect to the different
functionalization processes. However, in our investigation, the choice of a functionalization technique that
enhances performance and ensures repeatability is a crucial detail. Such a choice can have a profound impact
on the reliability and effectiveness of the catalytic system, aligning with our research objectives. For this
reason, we decided to investigate the catalytic response in the presence of light and then compare the

dispersed metal characteristics to justify the observed behaviour.
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In the figure below (Fig. 6.1), we present a comparison of catalytic performance in Dark (solid symbols) and
Light (empty symbols) conditions for different supports loaded with the same amount of metal, using

Incipient Wet Impregnation (IW) and Ball Milling (BM) techniques, as previously described.

80 Rh/CeO, BM
T Rh/CeO, IW
704 O ® Rh/CeO,- TiO,(80/20) BM
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Fig. 6.1 Comparison in Dark(solid) and Light (empty) condition: Tchamber =300°C, 61% H,/11% CO,/28% He, $p=35ml/min, for
different supports metal loaded by Incipient Wet impregnation (IW) and Ball Milling (BM)

When considering dark activity, it's evident that samples prepared using the Ball Milling (BM) technique
exhibit superior yields compared to the Incipient Wet Impregnation (IW) samples. Notably, in the presence
of Ceria, the CO, conversion is significantly improved, accompanied by a minor enhancement in terms of
selectivity (distance from the bisector). Furthermore, the most significant improvement when using BM
instead of IW is observed in the case of Rhodium supported on Ceria/Titania (80/20). Conversely, the Titania-
supported sample shows minimal enhancements in both conversion and selectivity. Upon examining the
results in the presence of light, the enhancements in dark conditions are relatively consistent and higher for
samples containing Ceria compared to the Titania-supported metal samples. Additionally, the improvement
in selectivity in the presence of light is quite similar for all the samples. These observations suggest that
employing milling technique to load Ceria-Titania mixed oxide supports may be more effective at enhancing
catalytic activity under light conditions than single metal oxide-supported metal samples. As previously
discussed in this work about H,-TPR experiments (Par. 5.2), mechanosynthesis appears to modify the
interaction between metal and support. This effect is particularly evident when examining Rh/CeQ,-TiO,
(80:20), where remarkable yield improvements were observed. This effect is particularly evident when

examining Rh/Ce0,-TiO, (80/20), where remarkable yield improvements were observed.
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Metal/Support Interaction Effect Investigation

As discussed above, the choice of support material can have a critical influence on the characteristics of the
catalyst and, consequently, on its overall performance. In our case, it was of particular interest to investigate
how the composition of the Cerium/Titanium mixed oxide support would impact the results. We aimed to
understand if there is any correlation between the metal-loaded samples of these compositions and the
introduction of light stimuli, beyond their sole thermo-catalytic activity. In other words, this investigation
aims at exploring how different support compositions may interact with light stimulation and influence
catalytic behaviour, providing valuable insights into the multifaceted nature of catalytic reactions under

varying conditions.
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Fig. 6.2: Comparison in Dark(solid) and Light (empty) condition, : Tchamber =300°C, 61% H2/11% C02/28% He, ¢=35ml/min, for
different Ceria-Titania mixed oxide composition supporting Ball Milling (BM) loaded 4%wt Rhodium.

In the graph above, experimental results in both Dark and Light conditions are presented for a set of materials
where rhodium was loaded onto various compositions of Ceria-Titania mixed oxide, including the extreme

cases where the metal is loaded onto pure Cerium or Titanium oxides (Ce,Ti;_,0,; x = 0,0.2,0.5,0.8,1).

Immediate observations reveal that both Rh/TiO, and Rh/Ce0,-TiO, (80:20) exhibited the best performances
under our experimental conditions. Specifically, Rh/TiO, showed the best results in Dark conditions, both in
terms of yield and selectivity to the product (value closer to the bisector, in the right part of the graph).
Conversely, Rh/Ce0,-TiO; (80:20) exhibited the highest yield when exposed to light. Interestingly, these two

materials were significantly more active than all the others, especially when compared to Rh/CeO,, which
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showed the worst selectivity and shared the lowest yield with Rh/CeO,-TiO, (50:50); slightly better yielded
resulted the yield of Rh/Ce0,-TiO, (20:80).

Additionally, it is worthy to note that Rh supported CeO, based catalysts exhibited a higher enhancement
when exposed to light with respect to the Rh/TiO,. This latter showed the highest performance in dark
conditions, conversely, when considering the plasmonic contribution (see Fig.4.8) to the reaction, the order

is reversed.

All the results suggested that the photo thermal methanation is drowned by the synergism of different
parameters. A more in-depth investigation to better interpret the role of metal-support interactions, the
redox properties of the support and the synergistic effect of plasmonic phenomena has been described in

the following paragraphs.

6.3 Investigation on metal/support interface characteristics

The metal-support interaction plays a crucial role in catalyst performance, especially when reaction
conditions are fixed. Given that rhodium metal is a constant parameter, the synergy between rhodium and
the support is critical to maximizing material performance. Furthermore, this becomes even more important
when the support is a mixed oxide because the interaction between the oxides can lead to unpredictable

outcomes which need to be explained to enhance the development of helpful predictive models.

A significant amount of information to partially understand the observed behaviour in the activity tests was
obtained through H,-TPR (Hydrogen Temperature-Programmed Reduction) performed on all the catalysts.
By measuring the hydrogen consumption at the reduction temperature corresponding to the reduction of
the noble metal and assuming the metal is fully reduced, we could calculate the quantity of hydrogen that
“spilled-over” onto the support. Spillover is a phenomenon observed in heterogeneous catalysis, where
hydrogen molecules (H.) dissociate on one part of a catalyst surface, typically the metal, and then migrate to
another part of the surface, usually the support, where they participate in catalytic reduction of support
oxide sites. On the other hand, even though the reduction of impurities cannot be excluded in advance to
explain the negative peak at around 550°C on Rh/CeO; its absence on the other rhodium loaded samples H,-
TPR profiles suggests with a higher degree of confidence that part of the dissociated hydrogen may

chemisorbed on the surface as it is shown in fig.5.7a, underlining the complexity of the phenomena.

However, assuming the general tendency of each sample to behave as the material intrinsic characteristics
establish, the macroscopic observation of the % yield for each sample can be compared as an activity index,

addressing whether the above-mentioned phenomena can impact on the catalytic behaviour.
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Fig. 6.3: Catalytic activity in terms of Yield% comparison between samples in both Light and Dark experimental conditions
(empty and solid symbols respectively), for a set of catalyst metal loaded at 4%wt by Ball Milling, orange and blue solid lines
represent the trend of light and dark experiments respectively; H, consumption % of H,-TPR experiments in dark conditions.

The figure above illustrates an intriguing relationship between our experimental results and the percentage
of hydrogen spilled onto the support. The graphical representation suggests an inverse proportionality,
where higher performance corresponds to samples with lower spillover effects. As a result, support
compositions of mixed ceria and titania demonstrate performance that lies between ceria (with the highest
spillover) and titania (with the lowest spillover) pure oxide-supported catalysts. The impact of light in this
correlation is expressed by the difference in terms of Yield (Y. — Ys), or graphically the distance between the
blue and yellow segments, which seem to be higher with higher quantities of H, consumption. This indication,
far from being a real comparison between samples in their red-ox potential in presence of light, on the other
hand gave insights on how the material may behave in presence of a reactive atmosphere and light on the

basis of literature indication and the experimental results.

In particular, the experimental results on the CeO, and TiO, pure oxide-supported catalysts, as well as the
mixed oxides Ce:Ti 80:20, 50:50, and 20:80, confirm this trend. The Ce:Ti 80:20 catalyst, showing an
intermediate spillover effect, exhibited one of the highest catalytic performances. This can be attributed to
the optimized balance between spillover and the stabilization of key intermediate species facilitated by the
mixed oxide composition. Conversely, Ce:Ti 50:50, despite exhibiting a higher spillover effect than Ce:Ti
80:20, demonstrated a lower performance, highlighting the nuanced role of spillover and its interaction with

the catalytic mechanism.
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Far from being a proof, a slight difference between the interpolation slopes drawn for the catalytic
performance in dark and light conditions apparently suggested that possibly different coexisting and rather
concurrent reaction mechanisms could be differently influenced by the spillover phenomena in presence of

light, leading our attention on a deeper investigation of this intuition.

This indication was not intended as a direct comparison of the samples’ redox potentials under illumination.
Instead, it provided insights—based on both literature evidence and experimental observations—into how
the materials might behave in a reactive atmosphere when exposed to light. Ideally, an assessment of the
difference in hydrogen spillover between dark and illuminated conditions would have been desirable to
clarify the influence of light on the process. However, due to instrumental limitations of H,-TPR technique, it
was not possible to directly obtain this information. For this reason, alternative analytical approaches were

employed to infer the underlying mechanisms.

6.4 Experimental Hypothesis

To understand the role of spillover phenomenon and plasmonic effect on the methanation, it is essential to
examine its mechanisms. Studies using in-operando DRIFT spectroscopy have provided crucial insights into
the intermediate species and steps leading to methane formation. This methodology enables direct
observation of surface species and their transformations during reaction conditions, bridging gaps in our

understanding of catalytic processes [258, 259].

Mechanistically, CO, methanation proceeds via two primary pathways: the associative and dissociative

mechanisms, each involving distinct steps and intermediates [233]:
Associative Mechanism (indirect pathway):

1) CO; adsorbs onto the support surface, forming intermediates such as bicarbonates or formates
through reactions with hydroxyl groups on the support.

2) Formates are subsequently reduced through the reverse water-gas shift (RWGS) reaction, leading to
the production of carbonyls on the metal surface. [264,265]

3) Hydrogen spillover from the metal to the support plays a pivotal role in these transformations,
facilitating the reduction of formates and enhancing the formation of methane. This pathway is
particularly significant on partially reducible oxides like ceria, which stabilize intermediates such as

monodentate carbonates, enabling faster hydrogenation [47, 260].

Dissociative Mechanism (direct pathway):

1) CO; directly dissociates on the metal surface into adsorbed CO and oxygen atoms. This step is rate-

limiting and relies on the catalytic metal’s ability to break the C=0 bond efficiently.
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2) The adsorbed CO is hydrogenated to methane via sequential hydrogenation steps.
3) The dissociative pathway is more dominant on metallic rhodium sites and benefits less from the
spillover effect compared to the associative pathway which is typical of not or poor reducible metal

supported catalysts such as Rh/TiO,[261, 262, 263].

Recent investigations on Rh/CeO, systems further illuminate these mechanisms. Experiments have shown
that the spillover rate is significantly influenced by the surface hydroxylation of the support. [258] In such
catalysts H, spillover reduces the availability of adsorbed hydrogen on the metal surface, thereby slowing
critical steps leading to methane production [264]. Additional studies on Rh/TiO, systems provide further
insight on the possible effect of spillover on mechanism of hydrogenation of CO. For instance, it is reported
that Hydrogen dissociates on Rh nanoparticles and spills over onto the TiO, support, protonating surface
oxygen atoms and injecting electrons into the conduction band of the support. This process influences the
behaviour of adsorbed CO species on metal, enhancing their density and compressing the CO adlayer, as
evidenced by a blue shift of the Rh°-CO absorption band. These changes highlight the role of hydrogen in
altering the surface dynamics, promoting interactions between CO molecules, and impacting therefore their

activation mechanism [259].

Both associative and dissociative routes may coexist especially in mixed oxide supported catalysts. The
balance between these pathways is strongly influenced by the physical and chemical characteristics of the
mixed oxide supports and the spillover phenomena may impact positively or negatively the methanation

depending on the catalyst’s compositions and the dominant mechanism.

The rate-determining step in CO, methanation, namely the formation of carbonyl species, is influenced by
hydrogen spillover processes at the metal-support interface. In particular, spillover can affect the distribution
and availability of hydrogen on the catalyst surface, thereby modulating the pathways and efficiency of
methane formation. This relationship is supported by experimental observations showing that variations in

spillover dynamics correlate with changes in catalytic performance [264, 265].

For example, in Rh/TiO, systems, hydrogen dissociation on Rh nanoparticles and subsequent migration onto
the TiO, support can modify the support’s electronic and surface properties, ultimately affecting the
behaviour of adsorbed CO species [259]. Similarly, in Rh/CeO, catalysts, hydrogen spillover is associated with
increased support reducibility and stabilization of key intermediates, as indicated by changes in magnetic

susceptibility and conductivity [258].

Taken together, these findings highlight the complex interplay between hydrogen spillover, support

properties, and the overall catalytic mechanism. A more detailed understanding of these interactions—

101



particularly as revealed by advanced surface-sensitive techniques such as DRIFT spectroscopy—will be

discussed in the following sections.

To validate this hypothesis, FT-IR-DRIFT spectroscopy was employed under operando conditions. By
introducing light stimuli during the experiments, it was also possible to observe how plasmonic effects
influence the formation and consumption of intermediates. In particular, we focused on the formate species
as a key target to demonstrate a direct effect of light on their kinetics of formation and reduction. This
approach enabled the differentiation of thermal and plasmonic contributions, providing real-time evidence
of the factors driving catalytic performance. The resulting data revealed a nuanced interplay between light-
driven and thermally-driven mechanisms, offering deeper insights into the catalytic system’s behaviour

under varying conditions.

As previously mentioned, the potential connection between intermediate species on the catalyst surface and
the observed differences in activity among the examined samples prompted us to formulate a hypothesis.
This hypothesis suggests a direct correlation between the spillover effect and the formate route in the
reaction mechanism. While samples with a higher percentage of spillover appear to be less active, a
potentially higher content of formates could lead to poorer catalytic activity. Conversely, light appears to
enhance performance, particularly for samples with a higher number of formate bonds. This suggests a direct

effect of light on the reaction route and its kinetics, favoring samples with a "bigger reservoir" of formates.

In order to catch such specific and small signal intensity variations can be challenging with the in-operando
DRIFT technique. Due to the peculiarity of the observations needed, a unique experimental setup was

devised.

6.4.1 Experimental Setup

Previously explained aims lead to the definition of the experimental objectives:

i.  Observe the evolution of the species adsorbed on the surface of the sample following exposure to

the reaction atmosphere at a temperature of 50°C

ii.  Observe the spectrum of the individual catalysts in the reaction atmosphere as the temperature
varies between 150 and 250°C in the dark compared to a background detected on a pre-cleaned
sample. Evaluate the composition of the reactant species found on the surface of the catalyst
(carbonates, acid carbonates, formate, carbonyls, CO and adsorbed CO,) and how these evolve with

temperature.

iii.  Observe, at various temperatures in the range 100-250°C, which species and how they evolve over
time in Dark or Light conditions alternatively compared to a background detected in stationary

conditions of temperature and reaction atmosphere
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iv.  Compare the response in light conditions with background in reaction atmosphere as the
temperature varies for the single catalyst and between different catalysts for temperatures of 150-
200-225-250°C, i.e. in the temperature range in which the methanation reaction begins to be

thermodynamically favored.

A schematic representation of a typical experimet is proposed in the following figure:

T(°C)
| g
30 A | "
5 5| | &
o =
=4 2
P S | 28
[ | £ c
| 1 15 15’ S| o
' 3| A ™| ol |2
N ! | E| |:E
S \ | g § g8 250
25{} II'. - e B e e e e _'._‘- 5 5 .J? E ‘g __I_ il
225 |--mme e EIE I [ &l "= e[ - 3 EE
| g2 5 .. (592
. [asE gl 100 [n[9)|"
: o/ g*ﬁ &
50 _____ .f _______________________________ 4 I 4
:n' Pre-conditioning in Ar 3% CO, Reaction MIX
/ Ads. 3% €0O,/12% H,
Time

Fig. 6.4 Graphical representation of the whole FT-IR DRIFT in Dark/Light (Lamp ON/OFF) conditions experiment structure. The inert
gas is Argon, and the total flow is constant 100ml/min, controlled by Mass Flow Controls and valves. A shutter is used to switch
on/off the light.

Experiment description

After a pre-conditioning and cleaning treatment of the surface at 400°C with an inert gas atmosphere, the
sample was than cooled in the same conditions. Background spectra in Argon atmosphere (BG-Ar) were
collected for discrete values of temperature during cooling ramp in 250-50 °C interval, waiting for the system
to stabilize before collection, usually within 1 minute. Subsequently, at the constant temperature of 50°, a
3% CO, gas mix was fed, sample was exposed for 15’ and the adsorption of CO;, was observed with spectra
collected every 2’ by using the afore collected background spectra (BG-Ar50). The exposition time was
considered sufficient because the spectra was considered sufficiently stable almost immediately. After that
12% H, /3% CO,/85% Ar gas mix was fed in, still in dark condition, so that we could observe the formation of
those species supposed to be part of the reaction mechanism, together with the product gas. The reaction
atmosphere exposition time was also 15’ and in this case was considered sufficient because spectra reached

stability within 9 minutes.
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Then the temperature was raised to 100 °C and spectra were collected on BG-Ar100 until the the system was
stable. After this a background could be collected in reaction atmosphere and named BG-MIX. New spectra
were then collected using this new background for 5" and subsequently labelled as spectra taken in “dark”
condition and used as a reference for comparison with those in “light” condition. The latter was achieved
when the light beam shutter was open, and the sample irradiated; at the same time, the collection of the
first spectra was started and then others collected for 9’ every 2 minutes. The same procedure was repeated
at 150-200-225-250 °C isotherms, results were eventually processed and analysed to produce the desired

comparison and analysis that will be shown afterwards.

Methanation reaction - description of species:

For easy identification of the surface species on the spectra, the following scheme recalls the main surface
species expected in CO, reduction reaction and trying to retrieve a clear indication of the reaction

mechanism, together with the ranges of wavenumbers active in infrared.

Wavenumbers (cm™)

Species vas(CO) vas(OCO)  vy(OCO) Ref.
Carbonate: m-COz 1470-1530 1300-1370 1040-1080 (266, 267, 268, 269
b-COs 1580-1700 1220-1290 980-1030 (266, 267)
b-br-COs 1530-1710 1135 (269, 266, 270]
Bicarbonates 1610-1680 1400-1450 1200-1240 (268, 269]
Formate 2;::)(_7;10);)0 1550-1590 1330-1380 71 272, 266]
Rh-Carbonyl L-CO(m-, di-, tri-) ~ 2000-2090 - - (271, 273, 274]
B-CO  Rh-CRh 1920-1990 - (271, 273, 274)
Ce-C-Rh 1720-1760 - (274, 275)
H-CO 1800-1890 - - (273, 274, 253]

Table 6. 1 Reference table of carbonaceous species typically adsorbate in a CO; reduction reaction and their FT-IR DRIFT
stretching bands. Cabonates: Monodentate (m-), Bidentate (b-), Bidentate bridged (b-br-); Bicarbonates; Formate; Carbonyl
species on Rh metal: Linear (mono, geminal or tri-carbonyl), Bridged, Hollow.

In the scheme above are reported the species which are formed on the support in presence of a reaction
atmosphere, useful for a general indication, those wavenumber intervals may vary depending on several
aspects depending by experimental conditions. The problem was studied in literature to understand if the
peak position change may be caused by the actual frequency shift of a single absorption band or, alternatively,
by the relative intensity changes of overlapped nearby bands, it results to be a well know problem when
dealing with OH or C=0 stretching. It was concluded that the correct interpretation is more likely to be that

the shift is caused by a change in population of convoluted nearby stretching bands. [276]
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Carbonate species are formed in presence of the only CO, gas phase which provides an intense double band
at 2350 cm™ together with two double bands localized between 3500-3750 cm™. On a pre-reduced surface,
the presence of formate it is usually revealed when hydrogen gas is not already introduced. CH, reference

band falls at 3015 - 1303 cm™ [276].

Furthermore, when indications on the direct route are needed it is important to observe peaks of the species
between 1720-2100 cm™ which are attributed from literature to single linear or bridged CO bonding to
reduced Rhodium vibrating with different modes and with different wavenumbers depending on the support

used for rhodium metal, the size of particles and their dipole interactions. [277, 278].

CO adsorption on Mn, La, Ce, Fe promoted Rh/SiO; catalysts showed bands at wave numbers below 1790 cm"
11279, 280, 274]. It was suggested that Lewis acid sites caused the downward shift of CO ligand wave number
by the interaction of the Lewis acid with the oxygen atom of CO, the carbon atom of chemisorbed CO bonded
to Rh atom and the oxygen tilted to the metal ion [279, 280, 274]. In our cases we are inclined to assign the
band at about 1,740 cm™ to such type of tilted CO which is bonded to the Rh and interacts with the oxygen

vacancy of the support (lewis acid sites).

6.4.2 Experimental Data

The experimental setup described earlier was utilized to perform in-operando FT-IR DRIFT spectroscopy on
all the samples previously tested in the experimental campaign. The primary goal of these experiments is to
establish a correlation between the catalytic behaviour observed under Dark and Light conditions for the
different samples, and to gather evidence regarding the global reaction mechanism, along with insights into

the catalytic activity results from the earlier campaign.

Spectra were recorded after exposure of the samples to CO, and reaction atmosphere at 50°C. This initial
identification of adsorbed species, such as carbonates, bicarbonates, and formates, provides insights into the
reaction mechanisms. The investigation then advanced to reaction conditions under both dark and
illuminated settings across a temperature range of 150°C to 250°C, with full activation of the reaction
mechanism occurring at 250°C. By tracking the evolution of these species across the temperature range helps

discern the impact of light on the reaction pathways and catalytic activity.

Soaking phase at 50°C samples comparison

CO; Adsorption:

The samples underwent the pre-conditioning Argon atmosphere at 400°C, as previously described in this
chapter; this temperature was set because it can assure the degradation of any carbonate species on the

catalyst surface prior to the exposition to reactants. Following the initial treatment, the samples were
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subsequently cooled, collecting for a discrete number of temperatures a background spectrum on which,

later after the exposition to reaction atmosphere, collect spectra for each of these isotherms.

Once cooled to 50°C and waited a stabilization time, the last background was collected and a stream of CO»
gas was then supplied to the chamber and maintained for 15 minutes, collecting sample spectra every two
minutes. The procedure described above was seemingly repeated for each catalyst; In the figure below are

reported spectra at 15’ of each catalyst considered solidly stable and comparable.
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Fig. 6.5 illustrates DRIFT spectra of all catalyst samples collected in a 100ml/min 3% CO, .in Ar gas flow after 15 minutes of
exposition at 50°C. Peaks of main species retrieved are reported, m-C: monodentate carbonate, bi-C: bidentate carbonate, bi-br-
C: bidentate bridged carbonate, HC: hydrogen carbonate, F: formate. a) Rh/CeO,, b) Rh/CeTio.203, ¢) Rh/Ce5Tip50,, d)
Rh/CEQ_zTio_gOZ, e) Rh/TiOz
In these experimental conditions, spectra can result very different depending on the support material for the
Rhodium metal nanoparticles. The presence and the abundance of carbonate species is undoubtedly linked

to the CeO, amount in the mixed oxide.

Figure 6.5 illustrates the DRIFT spectra after 15 minutes of CO, exposure in a 3% CO,/Ar gas flow. Peaks of

the main identified species are as follows:
¢ Monodentate carbonate (m-C): Peaks at 1504 cm™ and 1351 cm™’

¢ Bidentate carbonate (bi-C): Peaks at 1576 cm™"and 1290 cm™
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¢ Bidentate bridged carbonate (bi-br-C): Distinct peaks at 1680 cm™ and 1245 cm™
e Hydrogen carbonate (HC): Peaks at 1615 cm™, 1420 cm™, 1396 cm™, and 1219 cm™
e Formate (F): Peaks at 2962 cm™ and 2863 cm™

The DRIFT spectra reveal notable differences based on the composition of the supports. For the Ce:Ti (50:50)
sample, the bands corresponding to carbonates are broad and overlap significantly, reflecting a complex
surface environment. This observation is consistent with BET analyses, which suggest a mesoporous structure
with high heterogeneity [270]. In contrast, the Ce:Ti (80:20) sample displays sharper peaks, particularly for
the bidentate bridged carbonate species at 1680 cm™ and 1245 cm™. These features indicate a unique
coordination environment, likely influenced by CeO,’s reducibility and the presence of oxygen vacancies,
further supported by the pronounced shoulder at 1700-1680 cm™, attributed to the C-O stretch of COs?in a
specific configuration. [281, 282]

Predominantly TiO,-supported samples, on the other hand, exhibit a prevalence of hydrogen carbonate
species, identified by peaks at 1615 cm™, 1420 cm™, 1396 cm™, and 1219 cm™. These findings align with the
reduced surface area and lower oxygen vacancy density typical of TiO,, which impacts its ability to stabilize

carbonates [283].

The spectral profile of Ce:Ti (80:20) reflects its predominantly CeO,-based surface, which is enriched with
oxygen vacancies resulting from TiO; interaction. This unique structure enhances CO, adsorption and
activation, aligning with experimental results that demonstrate the highest CO, activation rates for this

composition [267].

The observed differences in the spectral profiles can be attributed to several interconnected factors. The
coordination environment plays a fundamental role in influencing the spectral behaviour. Lower oxidation
states, such as Ce®*, enhance the strength of metal-carbonate bonds, leading to increased vibrational
frequencies. This effect is particularly evident in Ce:Ti (80:20), where the higher reducibility of CeO, promotes

the presence of Ce®*, contributing to stronger carbonate binding and distinct vibrational modes [282].

Moreover, the interactions between CeO; and TiO; significantly modify the oxygen vacancy distribution.
These interactions stabilize specific carbonate species, as highlighted by the sharper peaks observed for
bidentate carbonate species in Ce:Ti (80:20). The interaction shifts vibrational frequencies, which is consistent

with the unique surface chemistry of mixed oxides [281].

Finally, the surface characteristics of TiO,-rich samples explain their spectral differences. The lower

reducibility of TiO, results in weaker carbonate binding, favouring bicarbonate formation. This is reflected in
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the prevalence of hydrogen carbonate peaks, particularly at 1615 cm™, 1420 cm™, 1396 cm™, and 1219 cm™,

which are characteristic of TiO,-dominated surfaces [267].
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Fig. 6.6 Displays the Kubelka-Munk function of the DRIFT spectra collected for all sample at 50°C, with a flow rate of 100 ml/min
comprising 12% H,, 3% CO,, and 85% Ar in the reaction atmosphere (MIX), with the lamp switched off. a) Rh/CeO,, b)
Rh/CEQ_gTioizoz, C) Rh/CEQ_sTio_soz, d) Rh/CEQ_zTio_soz, e) Rh/TiOz

After CO, adsorption, in the same temperature condition (50°C), the introduction of hydrogen gas set a new
surface composition of adsorbates. In Figure 6.6, the spectra collected on our set of samples in the reaction
MIX atmosphere are plotted within the same wavenumber interval discussed earlier. Several differences are
evident, particularly in the carbonates’ region. The spectra are more intense for ceria-containing samples,
suggesting that the reducing agent activates Rh metal active sites. This activation, supported by H,-TPR

experimental evidence, induces spillover on the support, forming hydroxyl groups on Ce3* sites and

significantly enhancing CO, adsorption.

Analysing differences among the samples, the (80:20)-Rh sample stands out, exhibiting the most intense

signals for all carbonate species. This observation aligns with a Gaussian trend as TiO, doping increases.
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Notably, this sample shows an abundance of hydrogen carbonates (1623—-1413 cm™) and formate (1580—
1375 cm™). Additionally, monodentate carbonate species (1520—-1460 cm™) are particularly prominent,
creating a plateau-like appearance in this spectral interval. Reduction of monodentate carbonate on Ce3* sites
directly form monodentate formate, facilitating a faster reduction pathway to methane [284]. This could
explain the superior performance of this sample compared to others, except for the comparable performance
of TiO,-Rh. The latter’s efficiency is attributed to its low spillover effect, enhancing the dissociative and direct

reaction route. Conversely, (80:20)-Rh seems to overcome this limitation with an efficient indirect pathway.

In the >1700 cm™ range, the 1740 cm™ peak corresponds to Rh-Ce3* bridged carbonyl species [274]. Ceria’s
defects are sufficiently close to active sites to catalyze reduction reactions but may inhibit methane formation
if active sites are occupied. This highlights the importance of the metal-support interface and the support’s

structure in determining performance, as well as the metal’s oxidation state [285, 286].

In the 1800-2100 cm™ range, peaks associated with v,,(CO) of carbonyl species on rhodium are observed.
The 1857 cm™ peak is attributed to two-fold bridged carbonyl species, while the 1970 cm™ peak corresponds
to asymmetric stretches of bridged carbonyls. The formation of these bridged carbonyls decreases with
increasing TiO, content, which predominantly exhibits linearly bonded carbonyls. Bridged carbonyl formation
is favoured when metal atoms are closely spaced, allowing CO molecule sharing. Supports that aggregate
metal clusters facilitate this formation, while those dispersing rhodium atoms inhibit. Bridged carbonyls
stabilize clusters via electron density delocalization but reduce electron donation from CO, impacting

reactivity [287].

In the 2000-2090 cm™ range, mono-, di-, and tri-carbonyl structures appear, influenced by the oxidation
state of the metal-support interaction. The 2090 cm™ mono-carbonyl species is prominent in (80:20)-Rh and
(20:80)-Rh, likely due to the mixed oxide composition. Terminal linear carbonyl bonds (2057 cm™) on titania-
supported rhodium overlap with those on ceria, particularly in the (50:50)-Rh sample, suggesting some

distribution of specific active sites influenced by the nearby support.

CO adsorbed on Ce3* sites or oxygen vacancies is identified by the 2140 cm™ peak [277]. This species, absent
in TiO2-Rh, is observed in ceria-containing samples, with a bell-shaped trend peaking at (50:50)-Rh. This
indicates that ceria-titania lattice interactions influence the distribution of reduced sites and oxygen
vacancies. However, the (50:50)-Rh sample performs poorly despite having active sites due to slower, less
selective methanation pathways, which become rate-determining. Spillover effects and increased metal-
support interaction with higher TiO, content, as seen in H,-TPR data, may indicate that CO binding to the

support reduces its availability on the metal, limiting catalytic activity.

In conclusion we can summarize, comparing those observation with catalytic performance that Titania

supported sample is particularly efficient in methanation reaction following the direct pathway which is faster
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nonetheless limited by the presence of intermediate products caused by spillover effect and involved in the
indirect pathway in presence of Ceria in the mixed oxide and with increasing reduced active sites on the
support. The optimum seem to be found with Ce:Ti (80:20) composition for which a peculiar equilibrium

between this competing reaction mechanisms has been found.
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Dark and Light in reaction condition

For each isotherm step, a new background was acquired, and spectra were collected every 2 minutes to

establish a dark condition reference, then compared with those acquired under light conditions. This

technique is particularly useful for understanding the impact of light on reaction species, with the explicit

purpose of identifying how the reaction mechanism may be enhanced by photo-induced activity.
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Fig. 6.7a Displays CeO>-Rh Kubelka-Munk function of the DRIFT spectra, in the interval 2300-1000 cm! collected at 150-200-225-
250°C on BG-MIX, with a flow rate of 100 ml/min comprising 12% H», 3% CO,, and 85% Ar in the reaction atmosphere (MIX), with

the lamp switched off (blue solid line) and on(yellow(dash)/purple(solid) line) .
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Fig. 6.7b Displays Ce0,:TiO,(80:20)-Rh Kubelka-Munk function of the DRIFT spectra, in the interval 2300-1000 cm! collected at

and 85% Ar in the reaction

% CO2,

, with a flow rate of 100 ml/min comprising 12% H2, 3
atmosphere (MIX), with the lamp switched off (blue solid line) and on(yellow(dash)/purple(solid) line) .

MIX

150-200-225-250°C on BG
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Fig. 6.7c Displays Ce0,:TiO>(50:50)-Rh Kubelka-Munk function of the DRIFT spectra, in the interval 2300-1000 cm™! collected at

and 85% Ar in the reaction

150-200-225-250°C on BG-MIX, with a flow rate of 100 ml/min comprising 12% H,, 3% CO,,

atmosphere (MIX), with the lamp switched off (blue solid line) and on(yellow(dash)/purple(solid) line) .
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Rh Kubelka-Munk function of the DRIFT spectra, in the interval 2300-1000 cm-! collected at

with a flow rate of 100 ml/min comprising 12% H,,
atmosphere (MIX), with the lamp switched off (blue solid line) and on(yellow(dash)/purple(solid) line) .

Fig. 6.7d Displays Ce0,:TiO,(20:80)-

% CO,, and 85% Ar in the reaction

3

150-200-225-250°C on BG-MIX,
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Fig. 6.7a Displays TiO,-Rh Kubelka-

250°C on BG-MIX, with a flow rate of 100 ml/min comprising 12% H», 3% CO,, and 85% Ar in the reaction atmosphere (MIX), with

the lamp switched off (blue solid line) and on(yellow(dash)/purple(solid) line) .
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Figures 6.7a-e illustrate the evolution of catalyst surfaces with temperature and the comparison between
spectra collected under light and dark conditions. In blue, the spectra represent the dark condition at
stability, while the yellow dashed lines show the spectra during the 5 minutes following lamp activation, and
the purple solid lines indicate the stable light condition. Figure 6.7a presents the CeO,-Rh sample experiment.
At 150°C, differences between light and dark conditions are minimal, with peaks indicating an increased
presence of carbonate species such as mono- and bidentate carbonates, as well as formates. However, for
wavenumbers >1600 cm™, bicarbonates and rhodium carbonyl species decrease. At this temperature, the

methanation reaction is not thermodynamically favored, resulting in minimal product formation.

As the temperature increases, the conversion rate rises, correlating with the disappearance of formates
under light conditions at higher temperatures. This highlights the role of formates in the associative reaction
mechanism, particularly for ceria-containing samples. The selective reduction of formates, compared to
other species like carbonates, is indicative of their role in the reaction pathway. These findings align with H,-
TPR data, which demonstrated enhanced reducibility for ceria-containing supports showing surface

reduction temperature peak is coherent with the plateau of performance (350°C).

In the TiO,-Rh sample experiment (Fig. 6.7e), the presence of light does not produce significant changes in
species, except for Rh carbonyl species and minor changes in the carbonate interval (1700—-1200 cm™), which
increase but remain stable at all temperatures. Notably, the intensity of spectra for this sample is an order of
magnitude lower than for all other samples, this addresses a high IR absorbance of the catalyst that has been
correlated to the formation of reduced titania species TiO,« and even higher in presence of reducing metal
species, affecting the optical pathlength of the IR [288]. The most visible effect of light is a reduction in overall
spectral intensity compared to the dark condition. This effect, likely observed when reactor temperature is
ramped up, suggests a photothermal reduction effect, causing localized temperature increases and resulting
in the observed spectral distortions. Hot-electron injection appears negligible for this sample, supporting the
photothermal hypothesis, suggesting the thermally activated dissociative reaction route to be predominant

compared to other light driven mechanisms.

What is noteworthy is the behaviour of mixed oxide compositions (Figs. 6.7b-d), reflecting tangible
differences due to reciprocal doping of the oxides, which alters the environment where Rh metal active sites
catalyze reactions. The selectivity of ceria-containing samples for species involved in the indirect
methanation pathway suggests that the abundance of formate and bicarbonate, along with their selective
reduction, contributes to the observed increase in methane yield under light conditions. This enhancement
is significantly greater than that of the TiO,-Rh sample. This conclusion is supported by BET and H,-TPR
characterizations, which demonstrate that mixed oxides provide an optimal environment for enhanced

reducibility and active site dispersion.
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This behaviour may be attributed to hot-electron injection, as discussed in Chapter 4. Although not evaluated
optically, the macroscopic evidence suggests a quantum phenomenon in this complex reaction system. DRS
experiments, the low band gap of defected ceria supports, and the intimate contact at the metal-support
interface further support this hypothesis, as revealed by characterization experiments. The data align with
evidence of a strong metal-support interaction (SMSI) observed for these systems, which facilitates charge

transfer and enhances catalytic performance.

In this context, the Quantum-Spillover effect on these supports has been studied and demonstrated [289,
136]. The Quantum-Spillover mechanism involves the excitation of localized surface plasmon resonances
(LSPR) on the Rh metal particles under light irradiation. These resonances decay into highly energetic

electrons, or "hot electrons," which transfer into the support material. This transfer process selectively
activates surface species, such as bicarbonates and formates, while facilitating the reduction of carbonyl
intermediates. Notably, this mechanism not only increases the reaction rate but also enhances the selectivity

of catalytic pathways by enabling transient occupation of antibonding states of adsorbed molecules.

Experimental data from in-operando DRIFT confirm this phenomenon, with mixed oxides demonstrating
optimal reducibility and enhanced dispersion of active sites. Furthermore, plasmon-induced charge transfer
across the metal-support interface, facilitated by the intimate contact between Rh and the oxide matrix,
emerges as a crucial factor. This interface enables the efficient stabilization and utilization of hot electrons,

extending their lifetimes and maximizing catalytic efficiency.

While the photothermal contribution cannot be neglected, particularly for TiO,-Rh samples where hot-
electron injection appears minimal, the Quantum-Spillover effect dominates in ceria-containing
compositions. This is evident from their superior performance under light conditions, driven by the plasmon-
mediated activation of reaction intermediates. This sophisticated interplay of plasmonic excitation and
catalytic chemistry underscores the transformative potential of LSPR in designing advanced photocatalytic

systems.
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7 Conclusions

This study marks a significant milestone as the first approach of our research group to the innovative and
interdisciplinary field of thermo-photo catalysis. Venturing into uncharted territory, this work required
building knowledge and methodologies from scratch, overcoming numerous challenges along the way, and
laying a solid foundation for future research in this domain. Here, we reflect on the journey, highlight the

accomplishments, and identify areas of potential growth.
Historical Context and Motivation

The valorization of CO, through hydrogenation is a promising solution to address the dual challenges of
climate change and energy sustainability. However, the integration of thermal and photocatalytic processes
to enhance catalytic efficiency represents a novel frontier. For our group, embarking on this path meant
addressing the fundamental question of how to synergistically combine thermal and photonic contributions
to optimize catalytic performance. The field itself, offered limited established methodologies, further

emphasizing the pioneering nature of this research.

From its inception, the project was driven by the vision of developing catalysts capable of utilizing renewable
energy sources efficiently. The selection of rhodium-based catalysts supported on cerium-titanium mixed
oxides, particularly the CeosTio202 composition, was informed by an extensive review of literature and

exploratory experiments, culminating in a material that showcased remarkable catalytic properties.
Overcoming Initial Challenges

The lack of prior expertise in thermophotocatalysis within our group necessitated a multifaceted approach
to problem-solving. Key challenges included designing a reaction system that could effectively distinguish
between thermal and photonic contributions, synthesizing and characterizing novel materials, and validating

experimental protocols to ensure reproducibility and reliability.

Building the reaction test bench was a critical milestone. This bespoke system incorporated features such as
precise temperature control, flexible gas feed configurations, and a solar simulator for photonic stimulation,
enabling rigorous evaluation of catalytic activity. The development of this apparatus itself was a testament

to the collaborative effort and ingenuity of the team.

118



Key Achievements and Insights

1

Material Development and Characterization:

A comprehensive investigation was conducted on the complete series of pure and mixed cerium-
titanium oxides. BET analysis yielded quantitative insights into surface area and porosity,
demonstrating that the mixed oxides generally exhibited higher degrees of mesoporosity compared
to their pure counterparts, with CeosTio20, emerging as the most promising composition.

X-ray diffraction (XRD) analysis confirmed that the fluorite structure characteristic of ceria is retained
up to the CeqsTiosO; composition. In contrast, the diffractogram of CeosTio20, revealed the
formation of a predominantly amorphous material, while pure titania exhibited the expected anatase
and rutile crystalline phases.

Temperature-programmed reduction with hydrogen (H,-TPR) provided critical insights into the
reducibility of the supports. Ceria-rich compositions displayed a higher density of oxygen vacancies
and greater overall reducibility relative to titania-dominated systems. This enhanced reducibility was
found to promote stronger metal-support interactions, particularly in catalysts synthesized via the
Ball Milling (BM) method.

Diffuse reflectance infrared Fourier transform (DRIFT) spectroscopy identified key surface species,
including monodentate and bidentate carbonates as well as formates, which are believed to play a

pivotal role in the reaction mechanisms.

Photonic Contributions:

Diffuse reflectance spectroscopy (DRS) provided further evidence of a reduction in band gap energy
across the series of mixed oxides, with CeosTio20, exhibiting a value of approximately 2.6 eV. This
narrowing of the band gap was found to enhance the absorption of visible light, thus improving the
material’s light-harvesting capabilities. In addition, the presence of oxygen vacancies contributed to
further enhancement of light absorption and facilitated improved charge carrier mobility, both of
which are considered critical factors underpinning the superior photocatalytic performance
observed.

Furthermore, experimental results highlighted the significant role of localized surface plasmon
resonance (LSPR) effects associated with rhodium nanoparticles. Under illumination, these
plasmonic effects were shown to markedly accelerate methane production, emphasizing the

importance of nanoparticle-driven light-matter interactions in boosting photocatalytic activity.
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Catalytic Performance:

This study has shown that the catalytic performance of Rh-based systems is strongly dependent on
the nature of the oxide support, with light irradiation playing a decisive role in determining activity
trends. Specifically, in dark conditions, Rh/TiO, exhibited higher CO, methanation activity compared
to Rh/Ce:Ti(80:20) (see Section 6.2, Fig. 6.2), highlighting the intrinsic reactivity of titania as a support.
However, upon illumination, the Ce:Ti(80:20) catalyst surpassed all others, showing up to a 35%
increase in CO, conversion, and outperforming Rh/TiO, under identical conditions. This remarkable
switch in activity is attributed to the coexistence of direct (plasmon-induced) and indirect (defect
mediated) mechanisms in the mixed oxide system.

In Rh/TiO,, light activation leads predominantly to a direct effect—plasmonic excitation of Rh—which
enhances catalytic activity to a certain extent. In contrast, the presence of ceria in the mixed support
introduces a high density of oxygen vacancies, as evidenced by TPR and DRS analyses (Sections 5.2,
5.4, Figs. 5.16-5.18), which act as active sites for hydrogen spillover and charge transfer. Under
illumination, these defects facilitate the indirect (defect-driven) activation pathway, accelerating the
rate-limiting steps of the reaction, and leading to a synergistic enhancement where both direct and
indirect mechanisms contribute to the overall reactivity. This is further confirmed by FT-IR DRIFT
experiments (Section 6.3, Fig. 6.5-6.7), which show a marked increase in the formation and reactivity
of key intermediate species on Ce:Ti(80:20) under light.

These findings underline the importance of engineering both the metal and support properties to
maximize the synergy between plasmonic effects and defect chemistry, and offer a clear mechanistic
rationale for the superior photocatalytic performance of Rh/Ce:Ti(80:20) compared to either Rh/TiO,
or Rh/Ce0, alone.

Comparison of Functionalization Methods:

The catalysts were synthesized using two primary methods: Ball Milling (BM) and Incipient Wetness
Impregnation (IW). Experimental data highlighted the superior performance of the BM method,
particularly in catalysts containing ceria. BM facilitated stronger metal-support interactions,
promoting better dispersion and stabilization of rhodium nanoparticles, which directly correlated
with enhanced catalytic activity and stability. In contrast, IW, while offering precise control over
nanoparticle size distribution, often exhibited agglomeration issues, particularly in ceria-rich
supports, which negatively impacted catalytic performance. These findings underscore the critical

role of synthesis methodology in tailoring catalyst properties and achieving optimal performance.

Validation of Methodologies:
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The experimental approach adopted in this work, based on the integration of complementary
characterization techniques (such as TPR, DRS, FT-IR DRIFT, and catalytic testing under both dark and
illuminated conditions), has enabled a coherent interpretation of the observed catalytic phenomena.
The cross-comparison of independent datasets—Ilinking, for example, reducibility trends from TPR
with light-induced effects seen in DRS and the evolution of surface intermediates identified by
DRIFT—provided a consistent framework for understanding the mechanistic aspects of thermo-

photocatalytic CO, methanation.

Nonetheless, it is important to acknowledge that the methodology, while robust and effective within
the scope of this study, still leaves room for improvements in both experimental rigor and the
breadth of validation. For instance, further refinements could include more advanced in situ or
operando techniques, statistical analysis across a wider set of samples, and expanded testing under
industrially relevant conditions. Future research should therefore aim to consolidate and extend this

methodological framework, ensuring even greater reliability and generalizability of the findings.

Limitations and Lessons Learned

As with any pioneering work, this study faced limitations that offer valuable lessons for future
research. The uniform distribution of rhodium nanoparticles remained a challenge, with preliminary
TEM analyses indicating areas of agglomeration. Developing advanced synthesis methods, such as
atomic layer deposition, could address this issue. Furthermore, distinguishing between photothermal
and purely photonic effects requires more sophisticated analytical techniques, such as ultrafast
spectroscopy. Additionally, the long-term stability of the catalysts under industrially relevant cyclic
conditions needs to be thoroughly evaluated, particularly to assess potential degradation of both the

support and the metal under prolonged illumination and thermal cycling.

Perspectives for Future Research

Looking ahead, this work lays the groundwork for exploring new frontiers in thermophotocatalysis. Future

efforts could focus on:

e Material Innovations: Doping cerium-titanium supports with elements like tantalum or niobium
to further enhance optical and catalytic properties.

e Synthesis Techniques: Employing advanced methods, such as hydrothermal synthesis or ball
milling optimization, to achieve better control over material properties.

e Hybrid Systems: Integrating photocatalysis with technologies like photoelectrochemical cells to

develop hybrid systems with higher energy efficiency.
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e Industrial Applications: Scaling up the processes and testing catalyst stability under real-world

conditions to bridge the gap between laboratory research and practical implementation.

Closing Reflections

Beyond a technical achievement, this study marks a milestone in our group’s evolution, underscoring the
promise of thermo-photo catalysis for addressing energy and environmental challenges—even as technical
issues remain. One crucial aspect is the identification of appropriate analytical techniques for studying the
various mechanisms contributing to the phenomenon and for distinguishing them from purely thermal
catalytic effects. An effective strategy is to begin with simple, well-understood systems, postponing the
analysis of more complex ones until a solid understanding of the underlying phenomena is achieved. We
recommend starting with systems and reactions that are thoroughly described in the literature. With these
principles in mind, we now plan to investigate plasmonic phenomena in more challenging processes, such as
the reverse water-gas shift reaction and, more ambitiously, the co-reduction of CO, and H,0 for sustainable

chemical and fuel production.
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