
Subscriber access provided by BIU Pharmacie | Faculté de Pharmacie, Université Paris V

is published by the American Chemical Society. 1155 Sixteenth Street N.W.,
Washington, DC 20036
Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.

Article

Imaging catalysis: Operando investigation of the CO2 hydrogenation
reaction dynamics by means of infrared thermography

Robin Mutschler, Emanuele Moioli, Kun Zhao, Loris Lombardo, Emad Oveisi, Alessandro
Porta, Leonardo Falbo, Carlo Giorgio Visconti, Luca Lietti, and Andreas Zuttel

ACS Catal., Just Accepted Manuscript • DOI: 10.1021/acscatal.9b04475 • Publication Date (Web): 11 Dec 2019

Downloaded from pubs.acs.org on December 11, 2019

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a service to the research community to expedite the dissemination
of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts appear in
full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been fully
peer reviewed, but should not be considered the official version of record. They are citable by the
Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered to authors. Therefore,
the “Just Accepted” Web site may not include all articles that will be published in the journal. After
a manuscript is technically edited and formatted, it will be removed from the “Just Accepted” Web
site and published as an ASAP article. Note that technical editing may introduce minor changes
to the manuscript text and/or graphics which could affect content, and all legal disclaimers and
ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or
consequences arising from the use of information contained in these “Just Accepted” manuscripts.



Imaging catalysis: Operando investigation of the CO2 
hydrogenation reaction dynamics by means of infrared 
thermography 
Robin Mutschlera,b,*, Emanuele Moiolia,b.*, Kun Zhaoa,b, Loris Lombardoa,b, Emad Oveisic, 

Alessandro Portad, Leonardo Falbod, Carlo Giorgio Viscontid, Luca Liettid, Andreas Züttela,b

aLaboratory of Materials for Renewable Energy (LMER), Institute of Chemical Sciences and Engineering 
(ISIC), Basic Science Faculty (SB), École polytechnique fédérale de Lausanne (EPFL) Valais/Wallis, 
Energypolis, Sion, Switzerland. Rue de l’Industrie 17, CP 440, CH-1951 Sion, Switzerland
bEmpa Materials Science & Technology, CH-8600 Dübendorf, Switzerland
c Interdisciplinary Centre for Electron Microscopy (CIME), École Polytechnique Fédérale de Lausanne 
(EPFL), CH-1015 Lausanne, Switzerland
dDipartimento di Energia, Politecnico Di Milano, via Lambruschini 4, Milano, 20156, Italy
*robin.mutschler@epfl.ch
*emanuele.moioli@epfl.ch 

Page 1 of 23

ACS Paragon Plus Environment

ACS Catalysis

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

mailto:*robin.mutschler@epfl.ch
mailto:*emanuele.moioli@epfl.ch


-2-

Page 2 of 23

ACS Paragon Plus Environment

ACS Catalysis

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



1 1. Abstract

2 Infrared thermography is a powerful tool to investigate the dynamic evolution of temperature in chemical 
3 reactions. The CO2 hydrogenation reaction is an ideal model reaction to assess the presented technique 
4 due to its high exothermicity. Various dynamic experiments are performed in a newly designed reaction 
5 cell with an infrared transmitting ZnSe window. In particular, the gas exchange reactions between CO2 
6 and H2, co-injection of the two reactants and the study of the effect of inert gas addition is investigated. 
7 Here we show that the reaction rate on the surface of a catalyst can be localized in time and space by 
8 means of infrared thermography. This opens the way to the precise description of reaction dynamics, in 
9 particular for reactions operating in intermitting conditions. Furthermore, we show that the combination 

10 of infrared thermography with other analytic techniques such as rapid and quantitative mass 
11 spectrometry enables a holistic understanding of the transient reaction phenomena. 

12 Keywords: IR thermography, CO2 methanation, catalyst reduction, transient kinetics, operando 
13 spectroscopy, heterogeneous catalysis

Page 3 of 23

ACS Paragon Plus Environment

ACS Catalysis

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



-4-

14 2. Introduction

15 The techniques for the measurement of temperature have roots in medical applications. In particular, 
16 contactless and non-invasive infrared (IR) thermography technologies developed significantly since their 
17 first applications in the middle of the last century1. Today, IR thermography is a versatile technique with 
18 high spatial resolutions (over 5 megapixels) and fast acquisition times (sampling rates of over 600Hz), 
19 besides enabling contactless temperature measurements. These are the main advantages of IR 
20 thermography, making it a more effective measurement method than the use of an array of 
21 thermocouples. The main limitation of IR thermography the limited penetration of the radiation in 
22 reaction media, limiting the application to the measurement of the surface temperature of an object. This 
23 means that the method cannot be applied, for example, to investigate the internal temperature of a living 
24 being or a technical device such as a plug flow reactor. Commercial applications of the IR thermography 
25 are among others in medicine, infrastructure assessment and inspection of electronic components. 

26 In catalysis, thermography has been applied for the simultaneous screening of catalyst libraries to 
27 determine the activity of different catalysts in parallel2–6.  In the CO2 and CO methanation reactions 
28 thermography was used under steady-state reaction conditions to determine the temperature profile 
29 along the catalyst bed7–9, to investigate the influence of sulphur poisoning of a nickel catalyst10 and to 
30 study the possibilities for process intensification 11. Furthermore, it was employed for the study of the in 
31 situ heat production in open cell foam catalysts for the CO2 methanation reaction12. Further applications 
32 are the determination of hot zones in the CO oxidation reaction in catalyst beds for mobile applications 
33 or the determination of heat of adsorption13, the measurement of the enthalpy of reactions14,the 
34 determination of the acidity of solutions via a temperature increase to acidity correlation15. 
35 Thermography is furthermore applied for the analysis of various other chemical reactions 16–19. 

36 However, while thermography is an established technique under steady-state conditions, a study focusing 
37 on the localized and time resolved rate of reaction by means of thermography coupled with rapid gas 
38 analysis techniques is still lacking in literature.  

39 Accordingly, the aim of this work was to investigate the transient reaction behaviour between H2 and CO2 

40 on a 2 wt.% Ru/Al2O3 catalyst by means of operando infrared thermography combined with rapid and 
41 quantitative mass spectrometry (MS). The investigations are further supported with surface studies by 
42 means of diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS). To carry out the 
43 experiments, a dedicated reaction cell with an infrared transmitting Zinc Selenide (ZnSe) window has been 
44 developed and manufactured. 

45 This work reveals how operando thermography combined with mass spectrometry enables the correlation 
46 of the thermal reaction profile with the product formation for the reaction of H2 and CO2 on a Ru/Al2O3 
47 catalyst. This leads to a deeper understanding of the reaction activation process and the determination of 
48 the localized rate of reaction which depends on different reaction conditions. The results show the 
49 significant dependence of the reaction activation dynamics on the initial surface condition and on the 
50 injected gas composition. The presented method can be applied to understand the transient reaction 
51 behaviour of any endo or exothermic reaction with a focus in optimizing the transient reaction behaviour 
52 which is of significance for reactors operating in intermittent conditions. An example would be a reactor 
53 for the CO2 hydrogenation coupled with a (renewable) intermitting heat and H2 source.
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54 3. Materials and methods

55 Experimental setup

56 The reaction cell and the infrared camera are integrated into a dedicated gas controlling and analysis 
57 system, which consists of three mass flow controllers which are calibrated for CO2, H2 and He and can be 
58 operated for flows between 0.4-20 ml/min. Furthermore, the system consists of a Jumo Imago 500 
59 controller, with which the reaction cell and the heating cartridge and the heating rope temperatures are 
60 controlled. A dedicated reaction cell with an IR-transparent window has been designed and built for the 
61 in operando thermal investigation of reactions. The layout is based on a standard reactor setup for the 
62 investigation of the CO2 hydrogenation reaction20 and has been modified to fit the IR reaction cell. The 
63 layout of the reaction setup with the integrated IR cell and camera are given in Figure S1. Furthermore, 
64 the details of the reaction cell, the IR camera, the MS and the catalysts used are given below. 

65 Reaction cell

66 The reaction cell, as shown in Figure 1Figure 1, is manufactured from Aluminium and is 60 mm long, 40 
67 mm wide and 30 mm high. The catalyst bed has a length of 32 mm, is 6 mm wide and is 1 mm deep. The 
68 gas inlets (Swagelok 3 mm connectors) are placed on the side of the reactor, to enable heating and 
69 temperature measurement of the reactor cell directly underneath the catalyst bed. The heating cartridge 
70 (Maxiwatt, Spain) was selected in its dimensions to cover the full length and width of the catalyst bed. It 
71 has a diameter of 6mm, a length of 60mm and a maximal power output of 250 W. To prevent a feedback 
72 loop between the background heating of the catalyst bed and the heat from the reaction, the background 
73 temperature is set via a fixed power output to the heating cartridge with a Jumo Imago 500 controller. 
74 The background temperature can vary within 1K due to the heating cycles of the controller (sinusoidal 
75 wave shape, visible during experiments with low heat production). The reference temperature in the 
76 reactor cell is measured with a K-type thermocouple which is inserted to a channel in direct vicinity of the 
77 heating cartridge directly under the catalyst bed (see Figure S1). For the infrared transmitting window, a 
78 polished Zinc Selenide window (41 x 23 x 4 mm) was selected due to its constant transmissivity of around 
79 72% between 2.5 and 14 micrometre wavelengths and its high resistivity to thermal shocks and chemical 
80 inertness in most environments (CRYSTRAN LTD, UK). PTFE (1 mm) is used to seal the glass-metal 
81 connection. The catalyst bed is 1 mm thick and is levelized with the reactor floor. The distance between 
82 the catalyst bed surface and the glass is therefore given by the thickness of the PTFE foil which is 
83 approximatively 1mm. The gas inlet and outlet channels are filled with glass wool to ensure that no 
84 catalyst powder is transported into the gas lines. Figure 1 below shows the reaction cell and the 
85 experimental layout with IR camera. The void space in the catalyst bed is given by the space between the 
86 surface of the catalyst and the ZnSe window and the void fraction of the catalyst grains packed to levelize 
87 with the reaction cell floor. For the catalyst grains, we assume a random loose packing and therefore 
88 approximate the void fraction with 0.4. The gas volume in the catalyst bed is calculated to be 0.27 ml. The 
89 space velocity in the reactor is given by the gas flow and the void space of the reaction chamber. As a 
90 reference: at a flow of 10 ml/min, the space velocity is 2600 h-1, which corresponds to an average 
91 residence time of 1.4 s. 
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a) Schematic view of the reaction cell b) Explosion view of the reaction cell

Figure 1: Reaction cell for the in-operando investigation of the heterogeneously catalysed reaction between H2 and CO2. a)  
rendering scheme of the assembled cell with the Aluminium body in dark grey and the PTFE in light grey. The heating 
cartridge is placed directly underneath the catalyst bed. The voids at the end of the catalyst bed are filled with glass wool to 
avoid catalyst movement into tubing b) explosion view with the building elements which are from left to right: cap, PTFE 
sealing, ZnSe window (4 mm), PTFE sealing, reaction bed with heating cartridge (copper) and Swagelok connectors (dark 
grey metallic).

92 Thermography camera

93 The thermal images were recorded with an InfraTec VarioCAM® hr camera, which has a spectral range 
94 between 7.5-14 micrometres wavelength. Thermal images were recorded with 50 Hz and a resolution of 
95 640x480 pixels. The camera was equipped with a macro-lens, which results in an effective view field of 
96 21x16mm, corresponding to a pixel side length of 33 micrometres. The expected error in the temperature 
97 measurement above 100°C is less than 1K. The camera is directly connected and controlled with a 
98 computer and operated through the IRBIS 3.1 pro software from InfraTec. The thermographs of the 
99 experiments are acquired and analysed in the InfraTec IRBIS 3.1 plus software. The calibration of the IR 

100 camera was carried out with an applied He flow of 10ml/min from room temperature (25.7°C) to elevated 
101 temperature (up to 280°C).  As stated above, the transmissivity of the 4mm thick Zinc Selenide window is 
102 72%. This value was set in the IRBIS software to determine the emissivity of the reduced 2 wt. % Ru/Al2O3 
103 catalyst. The emissivity was found to be 85% by correlating the measured IR-camera temperature to the 
104 known ambient temperature of 25.7°C. The temperature measurement of the IR camera and the 
105 thermocouple which is directly placed underneath the catalyst bed (See Figure S1) have been tested up 
106 to 280°C and deviations of less than 1K have been recorded. 

107 Catalyst

108 172mg of a 2 wt.% Ru catalyst supported on Al2O3 are used in all of the experiments. This catalysts exhibits 
109 a high activity for the conversion of CO2 and H2 with a high selectivity to CH4

21–26. The catalyst was 
110 synthesized by means of wet impregnation of the Ru precursor, Ru(NO)(NO3)3, on γ-Al2O3 with an average 
111 particle size of 100 μm. The impregnation process was repeated several times to reach the metal loading 
112 of 2%. After each impregnation step, the sample was dried overnight at 120°C. The catalyst was activated 
113 at 280°C with an H2 flow of 20ml/min (A complete reduction of Ru(NO)(NO3)3 occurs at temperatures 
114 above 200°C, as shown in Figure S3). The catalyst was characterized by means of XRD (Bruker Discovery 
115 8) and scanning transmission electron microscopy coupled with energy dispersive X-ray spectroscopy 
116 (STEM-EDX; FEI Tecnai Osiris, 200kV acceleration voltage) to determine the crystal size, particle size -and 
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117 distribution. The crystal size was determined to be approximatively 6nm by means of the Scherrer-Peak 
118 width analysis of the XRD pattern (See Figure S6). The crystal size is confirmed by means of STEM. Particle 
119 sizes in the range of 6nm to around 25nm were detected. The mean particle size was found to be around 
120 10±2 nm (Figure S7). The particle distribution was determined by analysing high-angle annular dark-field 
121 STEM images from three different catalyst areas and are given in the supporting information with the 
122 corresponding EDX elemental maps (Figure S8). Further details on the catalyst synthesis, composition, N2 
123 adsorption isotherm characterization (BET surface area, pore volume, pore diameter), the catalyst 
124 activation (TPR), CO2 adsorption and activation analysis by means of microbalance, crystal size (XRD), 
125 particle size and distribution by means of STEM-EDX and the CO2 desorption and activation energy (TPD) 
126 can be found in section 3.8 of the supporting information. Upon oxidation of the reduced catalyst in air 
127 over night, an oxide layer of approximatively monolayer thickness forms. The relative calculations and the 
128 reasons for this approximation are given in section 3.9 of the SI. Table 1 summarizes the main properties 
129 of the Ru/Al2O3 catalyst. 

130 Table 1: Main properties of the 2% Ru/Al2O3 catalyst 

SBET [m2g-1] Ru content 
[wt.%]

XRD Ru 
crystal size 
[nm]

Average Ru 
particle size [nm]

Major peaks 
of desorbing 
CO2 (TPD) 
[°C]

CO2 ads. At 
280°C per 1g 
[mg]

Ru on -Al2O3 𝜸
supporting phase

167 2.03 6 10±2 110±10, 390, 
510

1.4

131

132 Mass spectrometer

133 A Pfeiffer OmniStar GSD320 mass spectrometer is used for the rapid and quantitative gas analysis of the 
134 reaction products. To achieve a sampling speed of 20ms, only the specific mass to charge ratios required 
135 for the analysis (m/z 2, 4, 15, 18, 28, 44) of the expected products are sampled (Survey experiments with 
136 a scanned spectrum from m/z 1 to m/z 100 have been carried out to support the selection of the specific 
137 m/z and make sure no other products than CH4 (m/z 15) and CO (m/z 28) are present- see section 2 in the 
138 SI for further information on catalyst activity over a broad temperature range and the activation energy 
139 determination). For the quantification of the partial pressures the general procedure reported in our 
140 previous work is followed20. The quantitative gas composition analysis is carried out using the Faraday 
141 detector of the MS. For the temperature programmed desorption experiments to determine the 
142 desorption modes of CO2 and the activation energy of CO2 desorption adsorbed at 280°C (Figure S9 and 
143 S10), the secondary electron multiplier of the mass spectrometer was applied to achieve a higher 
144 sensitivity. Details on the MS measurement procedure and calibration are given in section 4 of the SI. 

145 Experimental procedure

146 Five different experimental series were carried out for this work by means of the IR-thermography camera 
147 coupled with rapid MS analysis. Namely, the surface reduction of the oxidized catalyst, gas exchange 
148 reactions between CO2 and H2 at three space velocities, the Sabatier reaction at different space velocities, 
149 H2 and CO2 filled reaction cell and at three different He dilutions. An overview of the experimental series 
150 is provided below in Table 2.  
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151 Table 2: Overview on experiments discussed in this paper. All experiments are carried out at a base temperature of 280±2°C 
152 and a pressure of 1bar.

Experimental series Inflow gas 
composition

Initial gas 
in cell

Inflow 
[ml/min]

Catalyst 
pretreatment

Analysis 
methods

Discussed 
in 
manuscript 
section

1) H2 surface reduction H2 He 20 Oxidized in 
air over 
night. 

IR, MS 4.1
5.1 SI 

2) Gas exchange reactions CO2

H2

H2

CO2

20
10
5
20
10
5

H2 

H2 He 

IR, MS, 
DRIFTS

4.2, 
5.2 SI
5.3 SI

3) Undiluted Sabatier 
reaction

H2 and CO2. Ratio 
4:1. 

He 20
10
5

H2He IR, MS 4.3 
4.3.1

4) Diluted Sabatier reaction H2,CO2 and He. 
H2:CO2 ratio 4:1. He 
fraction: 25%, 50% 
and 75%

He 20 H2 He IR, MS 4.3
4.3.2
5.5 SI

153

154 DRIFTS measurements 

155 Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) measurements are carried out to 
156 integrate the information about the phenomena observed by IR thermography and MS and to link them 
157 with the occurring surface species. The DRIFTS experiments were carried out in a Bruker Tensor 27 
158 spectrophotometer with a wavenumber resolution of 2cm-1.  In particular, the gas exchange reaction 
159 between H2 and CO2 were investigated by means of DRIFTS to correlate the phenomena observed in 
160 thermography such as the strong retention time in the case of surface covered of carbon surface species 
161 upon activation with H2. All experiments are carried out at a cell temperature of 280°C and a gas flow of 
162 10ml/min. The detailed procedure is explained in section 6 of the SI. 

163
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164 4. Results and discussion

165 4.1Reduction of the oxidized catalyst surface
166 In an initial step, the surface reduction of the oxidized Ru/Al2O3 is investigated. The reaction is highly 
167 exothermic according to the reaction stoichiometry: 

168           (1)2H2 + O ∗
2 ⇌2H2O               ∆Hr = ―483.6

kJ
mol

169 The surface reduction has been investigated on the activated catalyst which was exposed to air overnight. 
170 Prior to the reduction, the reaction cell was flushed with helium at 280 °C to eliminate residual gases and 
171 moisture. Following that, hydrogen was injected with a volumetric flow of 20ml/min. 

172 It was found that the reaction front creates a hotspot of up to 30K and accelerates continuously through 
173 the reactor cell. The temperature increase at a fixed point on the reaction axis is relatively sharp meaning 
174 that the temperature reaches the maximum and declines back to the base temperature of 280 °C within 
175 approximatively 5s which indicates a rapid reaction completion.

176 Figure 2a shows the heatmap of the measured temperature in the reaction cell resolved in time and space. 
177 The sharp reaction peaks and the wave acceleration (parabolic shape) are clearly visible in this graph. The 
178 wave acceleration is due to the increase of reaction rate with temperature, causing a progressive increase 
179 in the speed of the reaction front. This acceleration is constant over the reaction cell, as observable in 
180 Figure 2b. Here, the linear regression is fitted to 5 measured wave velocities, giving linear plot, as expected 
181 for a constantly accelerated motion (the reaction front velocity was experimentally determined at 288°C 
182 by analysing the time from one measurement point with known position to the next (Figure S11)). The 
183 thermal runaway is the reason for the initial acceleration until the maximal hotspot is reached after 
184 approximatively 4s. As it can be seen in Figure 2c, the temperature and water formation (determined by 
185 means of MS) approach a quasi-steady state after 5s. Therefore, a further thermal runaway is likely 
186 prevented by a limiting factor in the reaction kinetics such as the transport of hydrogen to the surface or 
187 the desorption of surface oxygen, which is endothermic27. 

188 Furthermore, the normalized ratio of H2O formed and H2 consumed is plotted in Figure 2c overlapped 
189 with the maximal hotspot temperature at the corresponding time (ion current and partial pressures plot 
190 of the gas species are given in Figure S12). The detection of the water formed is slightly delayed by 
191 approximatively two to three seconds to the decline of H2. This indicates surface adsorption of the formed 
192 water. Furthermore, a delay in the decline of the water formation peak compared to the hotspot evolution 
193 is observed. This is likely due to the continuous desorption of water after the reaction front already moved 
194 through. 

195 Based on the quantitative mass spectrometry analysis, the partial pressure of water in the product gas 
196 stream was determined. From this and from the average particle size and distribution of Ru on the surface, 
197 the amount of surface oxygen is calculated to be 1.2 x 10-5 mol which corresponds to a monolayer oxygen 
198 surface coverage of the Ru particles. Above 65°C, oxygen desorbs from the Al2O3 surface28 and therefore 
199 the oxygen coverage at above 280°C is accounted to the Ru particles only27. A detailed calculation on the 
200 oxygen coverage of the catalyst surface is given in section 3.9 of the SI. The thin monolayer oxygen 
201 coverage explains the rapid surface reduction reaction. 
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a)   Heatmap of the catalyst surface reduction 

b) Reaction front acceleration c) Hydrogen consumption and water formation overlapped 
with maximal wave temperature

Figure 2: a) Temperature profile of the injection of 20ml/min H2 into the He filled reaction cell. The parabolic shape in space 
and time indicates an accelerated reaction; b) Linear regression of the wave acceleration determined by means of five 
measurement points; c) Normalized water formation and hydrogen consumption overlapped with the maximal cell 
temperature. 

202 4.2H2 and CO2 saturated surfaces
203 To investigate the influence of different initial surface coverages on the reaction between H2 and CO2, two 
204 experiments have been carried out. Firstly, the injection of CO2 to a H2 filled cell and secondly, vice-versa, 
205 H2 was injected to a CO2 filled cell. The gas exchange reaction was investigated for volumetric flows of 
206 5ml/min, 10ml/min and 20ml/min. The experimental results of the 10ml/min H2 and CO2 injections are 

Page 10 of 23

ACS Paragon Plus Environment

ACS Catalysis

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



-11-

207 discussed in the following and the results at different space velocities of the 5ml/min and 20ml/min 
208 injections are given in the supporting information in sections 5.2 and 5.3. 

209 4.2.1 CO2 injected to an H2 exposed catalyst
210 The injection of CO2 to the H2 filled cell results in a strongly exothermic reaction causing a thermal runaway 
211 (Figure 3a-c). The reaction front accelerates continuously from 2.2 mm/s at the beginning of the cell to 
212 3.8mm/s towards the end of the reaction cell and the reaction hotspot increases to a maximum of 12K 
213 towards the end of the reaction cell. The parabolic shape of the reaction temperature profile is clearly 
214 visible in Figure 3b. The analysis of the MS spectra (Figure 3c) and the carbon balance reveals that in the 
215 first 2-3 seconds no CO2 is measured at the reactor outlet, showing that CO2 is either converted to CH4 or 
216 adsorbed on the surface. The overlay of the maximal hotspot temperature in the reactor at a given time 
217 with the carbon balance reveals the following: After the strongly exothermic initial reaction front has 
218 moved through the cell, the rate of methane formation decreases and a quasi-steady state hotspot of 
219 approximatively 5K is established. This hotspot slowly declines as the H2 in the cell is consumed until full 
220 depletion and stop of the reaction after approximatively 150s (out of the scale of Figure 3c).   

221 The CO2 adsorption on the Ru/Al2O3 catalyst has been investigated at elevated temperature with the aim 
222 to explain the observed delay in the CO2 detection by MS. By means of temperature programmed 
223 desorption (TPD), it was determined that there are three major CO2 binding modes with different 
224 activation energies of desorption on the Ru/Al2O3 catalyst. Upon adsorbing CO2 on the reduced catalyst 
225 at 50°C and heating the reactor with a ramp of 10°C/min, the major CO2 desorption peak occurred 
226 between 100-120°C, the second desorption peak was found at 390°C and the third minor peak at 510°C 
227 (Section 3.5 and 3.9 in the SI). Since the experiments in the IR-reaction cell are carried out above 280°C, 
228 the desorption mode at 100-120°C can be neglected. The activation energy of desorption of the second 
229 CO2 binding mode at above 300°C is 109±10 kJ/mol (See Figure S10 and Table S2). Therefore, CO2 can 
230 chemisorb on the surface above 280°C and the delay in CO2 detection could be ascribed to the surface 
231 adsorption which was also quantified by means of a microbalance (Figure S5). It was found that 1.4±0.2mg 
232 of CO2/gRu/Al2O3 can be adsorbed at 280°C which corresponds to 1.46ml of CO2 at 280°C and ambient 
233 pressure. Therefore, at a CO2 inflow of 10ml/min, the 172mg of Ru/Al2O3 catalyst would be fully CO2 
234 saturated in 1.5s if no reaction occurred (details on the calculation of the number of surface sites are given 
235 in SI section 3.9). The detected delay of CO2 of 2-3 s is therefore explained by the immediate conversion 
236 of CO2 to CH4 due to the rapid reaction activation and due to the surface adsorption of CO2. 

237 The surface species formation upon injecting CO2 has been investigated by means of DRIFTS in comparable 
238 reaction conditions (temperature and pressure) but in a different reaction cell. Therefore, the timescale 
239 of the DRIFTS results in Figure 3a is not directly comparable to the timescale in Figure 3b and Figure 3d.  
240 It was found that the formation of the reaction intermediates29 carbon monoxide CO*, bicarbonate HCO3

-

241 *, and formate HCOO-* starts immediately upon injecting CO2 (See Figure S19). 

242 4.2.2 H2 injected to CO2 
243 The injection of H2 to a CO2 filled cell results in a significant inhibition of the reaction activation as it can 
244 be seen in Figure 3d-f. A weak local hotspot is formed at the injection point of H2 and the analysis of the 
245 MS spectra reveals that CH4 is formed with a low rate (Figure 3f). After approximatively 15 s, the reaction 
246 activates and the hotspot of around 5K rapidly moves through the reaction cell. No clear wave-front 
247 acceleration trend is observed. After the reaction activation, methane is formed at a constant rate for 15s 
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248 and a quasi-steady state hotspot of 3K is established before the remaining CO2 and carbon adsorbed 
249 species are further converted to CH4 and the hotspot slowly declines. 

250 After 20-30s of a quasi-steady state reaction, the hotspot further declines and reaches a minimal value 
251 after 150s (out of figure scale). At this point, CO2 is no longer detected in significant quantities in the gas 
252 phase. Surprisingly, methane is formed and detected until 400s with a declining rate. This indicates that 
253 the injected H2 continues to react with strongly adsorbed carbon species (such as CO*) at a low reaction 
254 rate. 

255 In DRIFTS measurements, adsorbed CO* and HCO3
-* are detected (Figure 3d) prior to the hydrogen 

256 injection (while no formate/HCOO-* was observed). Upon injecting H2, formate was slowly formed and 
257 the CO* concentration only changed marginally (See section 6 of the SI for details on the DRIFTs analysis). 
258 The analysis of the reaction heatmap and the correlated MS spectra, surface species and carbon balance 
259 lead to the following interpretation: The surface is initially covered by carbon species, which inhibit the 
260 formation of methane. With the continuous feed of H2, the surface is continuously reduced and methane 
261 is formed at a low rate. As soon as a critical degree of reduction is reached, the reaction rate increases 
262 starting from a localized hotspot close to the injection point of H2. 
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Left column: a-c) 10ml/min CO2 injection to H2 filled cell 

a)

Right column: d-f) 10ml/min H2 injection to CO2 filled cell

d)

 
b) e) 

c) f) 

Figure 3: a) Evolution of CO2, CH4 and the key intermediate CO* upon injecting CO2 to the H2 filled DRIFTS reaction cell; b) 
Heatmap of CO2 injection to H2 filled reaction cell at 279°C; c & f) Carbon balance between the reactant CO2 and the product 
CH4 with the maximum hotspot temperature overlay; d) Evolution of CO2, CH4 and the key intermediate CO* upon injecting H2 
to the CO2 filled DRIFTS reaction cell;  e) Heatmap of H2 injection to CO2 filled reaction cell at 280°C. Note that the time axis 
for the DRIFTS surface investigation (a,d) is not directly comparable with the timescale of the thermography and MS 
experiments since they were carried out in a different reaction cell. 
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263 4.3Sabatier reaction 
264 The Sabatier reaction (eq. 2), where H2 and CO2 are injected simultaneously to the He filled reaction cell, 
265 has been investigated in different reaction conditions. 

266           (2)CO2 +4H2⇌CH4 +2H2O       ∆HR = ―164.9
kJ

mol

267 At first, the reaction was analysed at different space velocities (5, 10 and 20 ml/min volumetric inflow) 
268 injecting the reactants to a He filled cell. Secondly, the Sabatier reaction was analysed at different He 
269 dilutions where the injected gas was composed the reactants (H2 and CO2) and 25%, 50% and 75% of He, 
270 respectively. The combined thermal and composition analysis of the Sabatier reaction reveals interesting 
271 correlations between the thermal profile in the cell, the maximal reaction hotspot, the maximal CO2 
272 conversion and gas retention times. 

273 Figure 4 shows the heat profile in the middle line of the cell, resolved in time and space, revealing the 
274 activation and the steady state temperature profile for the injection of H2, CO2 in a 4:1 ratio diluted with 
275 25% He to the He filled reaction cell.  This example is representative for the investigation of the Sabatier 
276 reaction in different conditions since it shows the continuously accelerated pre-activation reaction front, 
277 the main activation reaction front with the highest exothermicity and the steady-state hotspot, 
278 established after the reaction is activated. The results of these investigations are discussed in detail in the 
279 following. 

Page 14 of 23

ACS Paragon Plus Environment

ACS Catalysis

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



-15-

Figure 4: Temperature profile for the Sabatier reaction with 25% He dilution. The main reaction activation follows a 
continuously accelerated initial reaction front. At steady state the temperature profile shows a gradient between the inlet and 
outlet. 

280 4.3.1 Influence of space velocities 
281 The Sabatier reaction was investigated at different space velocities (Figure 5). It was found that a 
282 continuously accelerated reaction front goes through the cell prior to a second activation front. The 
283 second reaction front moves through the reactor with approximatively constant velocity, in contrast to 
284 the continuously accelerated initial front (See Figure S16, Table S6). After the major reaction peak, the 
285 hotspot declines to a lower steady-state value originated by the established surface reaction rate. The 
286 hotspot intensity for the flow of 5ml/min and 10ml/min is concentrated on the first half of the reactor, 
287 where the concentration of reactant is high and consequently the reaction rate is elevated. For the 
288 20ml/min flow the maximal hotspot is pushed further back due to the higher space velocity. The steady 
289 state hotspot is established after 12s for the injection of 20ml/min, 27s for 10ml/min injection up to 60s 
290 for the 5ml/min injection. In all cases, the steady state hotspot exhibits a weak gradient from the injection 
291 point towards the reactor outlet of approximatively 1-2K due to the decreasing reactant concentration 
292 along the reaction axis.

293 The interpretation for the continuously accelerated fast initial reaction front is that the injected reactants 
294 react rapidly on the free catalysts surface sites, but the strongly diluted He environment hinders a further 
295 development of the reaction. Indeed, the initial rate is apparently faster than the transport of the 
296 reactants to the surface (in the initially He diluted environment) to maintain the initial reaction kinetics 
297 (this phenomenon is further discussed in section 4.3.2 on the basis of the He diluted injections). Only after 
298 a critical reactant concentration is achieved on the surface, the Sabatier reaction fully activates and goes 
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299 through a maximal hotspot prior to reaching a steady state. The CO2 conversion in steady state is between 
300 0.88 and 0.82 for the injection at 5 and 10ml/min, but it is significantly lower for the highest injection 
301 volume at 20ml/min, reaching a value of 0.51 (Table S7). This is explained by the higher residence time at 
302 the lower space velocities allowing the reactants more time to react on the surface. The lower conversion 
303 at high space velocity can be correlated with the position of the hotspot: The high temperature region at 
304 20ml/min is more uniformly distributed through the cell and furthermore reaches the maximum towards 
305 the end of the cell30. This indicates that the convective transport of reactants is not rate limiting, but the 
306 system is controlled by the kinetics of the surface reaction.

a) 5ml/min

Temperature range: 278°C – 283°C

b) 10ml/min 

 
Temperature range: 278°C – 284°C 

c) 20ml/min

 
Temperature range: 278°C – 287°C

Figure 5: Sabatier reaction activation at different space velocities. The reaction cell is initially filled with He before H2 and 
CO2 are injected. The deviation between the pre-activation reaction front and the main reaction activation front is reduced 
with increasing space velocity (from a-c).

307 4.3.2 He diluted Sabatier reaction
308 The analysis of the Sabatier reaction at different He dilutions by means of IR-thermography and MS reveals 
309 that the hotspot intensity and evolution strongly depend on the He dilution (Figure 6a-b, Figure S17). The 
310 intensity of the maximal hotspot decreases from approximatively 9K for the undiluted injection to 2K for 
311 the 75% He diluted Sabatier reaction. 

312 Furthermore, the initial reaction activation front deviates more from the main activation front with 
313 increasing He dilution (Figure 6a, Figure S19). The position of the maximal hotspot migrates towards the 
314 injection point with increasing He dilution. The CO2 conversion is correlated to the hotspot migration and 
315 increases from 0.51 for the undiluted reactants injection at 20ml/min to 0.82 for the 75% He diluted 
316 injection, values that can be correlated to the effect of space velocity (for the reactants) discussed in the 
317 previous section. The hotspot intensity is decreased since the concentration of reactants per catalyst site 
318 is reduced (Figure 6b).  

319 An additional observed phenomenon is the increase in CO2 and H2O delay at the reactor outlet with 
320 increasing He dilution as observed by means of MS (Table 3 below, Figure S18). In order to explain the 
321 delayed detection of CO2, the adsorption was estimated for the different He dilutions. As already 
322 discussed in section 4.2.1, 1.4±0.2mg of CO2/gRu/Al2O3 can be adsorbed at 280°C. This means that 5.5x10-6 

323 mols of CO2 can be adsorbed on 172mg of catalyst. The delay in CO2 detection at the reactor outlet can 
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324 be explained by the reduced molar inflow of CO2 and H2 with higher He dilutions, the surface adsorption 
325 (more surface sites per injected reactant) and the increasing conversion with higher He dilution. 

a)

 

b)

Figure 6: a) The hotspot intensity at 75% He dilution for the Sabatier reaction is concentrated to the injection point while the 
hotspot position is pushed further backwards in the reaction cell with increasing reactants concentration (See Table 3). The 
temperature range of the heatmap from dark red to white corresponds to 279°C to 282°C. b) Decrease of maximal and steady-
state hotspot intensity with increasing He dilution in the Sabatier reaction.

326

327 Table 3: Comparison of selected parameters for the reactants’ injection of the Sabatier reaction at 20ml/min to the He filled 
328 reaction cell at different He dilutions. 

He 
dilution 
[%]

Maximal 
hotspot 
intensity 
[K]

Steady 
state 
hotspot 
intensity 
[K]

Position 
of 
maximal 
hotspot 
[mm]

 𝐯𝐦𝐚𝐱
initial 
wave 
front 
[mm/s]

CO2 
conversion 
at steady 
state [0-1]

Molar CO2 
inflow 
[mol/s]x10-6

Estimated 
CO2 
retention 
time [s]

CO2 
retention 
time [s]

0 8.6 3.3 15 12.2 0.51 3.4 3-7 4
25 6.8 2.9 7 12.2 0.62 2.5 5-11 9
50 5.1 1.8 3 12.2 0.68 1.7 7-20 15
75 2 0.9 0 5.8 0.82 0.8 24-38 35

329
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330 5. Conclusion and Outlook

331 In this work we investigated the reaction between H2 and CO2 on a 2% Ru/Al2O3 catalyst by means of 
332 operando infrared thermography, rapid and quantitative mass spectrometry and diffuse reflectance 
333 infrared Fourier transform spectroscopy. Besides the surface reduction analysis of the oxidized catalyst 
334 surface and gas exchange reactions between CO2 and H2, the Sabatier reaction was investigated under 
335 different reaction conditions and He dilutions. New insights on the reaction activation behavior were 
336 presented and it was shown that the initial surface conditions have a determining influence on the 
337 reaction activation. In a hydrogen-rich environment, the thermal runaway of the reaction front was 
338 observed and the front accelerated continuously from the injection point to the outlet. Adsorbed carbon 
339 surface species significantly inhibit the reaction activation and a local hotspot at the injection point is 
340 formed until the surface is sufficiently reduced and methane can be formed throughout the reaction cell. 
341 The He dilution of the reactant gases in the Sabatier reaction causes a dislocation of the maximal 
342 activation hotspot and it alters its intensity. Furthermore, a continuously accelerated pre-reaction 
343 activation front was observed if the reactants of the Sabatier reaction are injected to the He filled reaction 
344 cell: The initial reaction activation cannot be maintained due to the high initial dilution and the mass 
345 transport of reactants to the catalyst surface becomes rate limiting. 

346 The described methodology in the dedicated reaction cell can be applied to any endo or exothermic 
347 reaction. It is of particular interest for exothermic reactions such as the Sabatier, Fischer-Tropsch or the 
348 Haber-Bosch process for which the described reaction cell can serve as a model system to gain an in depth 
349 understanding of transient reaction properties which can lead to the advanced design of reactors which 
350 operate in unsteady state conditions and go through numerous activation and deactivation cycles. 
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