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5 ABSTRACT: Carbon capture and storage (CCS) technologies, 
6 along with CO2 capture and conversion methods, have emerged as 
7 crucial research areas to address rising CO2 emissions. In this study, 
8 we seek to understand the mechanistic role of amines in enabling 
9 lower-energy pathways for CO2 conversion. Our research focuses 
10 on the development and analysis of dual-functional materials 
11 (DFMs) engineered for the reactive capture and conversion (RCC) 
12 of CO2 into methane, utilizing Ru catalysts grafted with amine 
13 groups. We employ Density Functional Theory (DFT) calculations 
14 using methylamine as a model amine to investigate the impact of 
15 amine groups on CO2 methanation on a Ru(0001) surface, both in 
16 the presence and absence of amine groups. The amine ligand alters 
17 the carbon coordination environment, promoting direct C−O 
18 dissociation and potentially destabilizing the CO* adsorbate, thereby reducing the risk of CO poisoning. Additionally, we observe a 
19 preference for hydrogenation, although it becomes more energetically uphill in the amine-bound scenario. Our experiments, 
20 however, report similar CO2 conversion and CH4 production rates over the synthesized catalysts “Ru/TiO2 ” and the amine (N-(2-
21 aminoethyl)-3-aminoproplytrimethoxysilane (“diaminosilane”)) deposited catalyst “diamine-Ru/TiO2”. By constructing comparative 
22 reaction-free energy diagrams and performing microkinetic modeling (MKM) simulations, we link our theoretical findings with 
23 experimentally observed CO2 uptake, conversion, and methane production rates. A microkinetic model (MKM) was employed to 
24 investigate the anomaly, showing reduced amine−carbon complex coverage and increased CO2 coverage at all temperatures. The 
25 MKM simulations consistently confirmed these trends. This comprehensive approach offers key insights into the role of the amine-
26 CO2 bond in methanation, highlighting a pathway toward lower-energy, more efficient CO2 capture and conversion processes. 

1. INTRODUCTION 
27 CO2 emissions play a crucial role in driving global warming 
28 and climate change. This phenomenon leads to shifts in 
29 weather patterns worldwide, causing alterations in precip-
30 itation, more frequent and intense storms, and changes in 
31 climate zones. These effects can have severe implications for 
32 agriculture, water resources, and ecosystems. Consequently, 
33 reducing CO2 emissions has become a primary objective in the 
34 global fight against climate change. Among various initiatives 
35 aimed at mitigating these emissions, there is a strong emphasis 
36 on promoting carbon capture and storage technologies.1,2 

37 Moreover, significant advances have been made in converting 
38 CO2 into useful chemicals via methanation/RWGS (reverse 
39 water gas shift) reactions.3,4 However, the low concentration 
40 (∼400 ppm) of CO2 in the air necessitates large reactor beds 
41 which operate at low temperatures.5−7 The kinetics for 
42 converting CO2 into useful products, therefore, are very 
43 slow, even with catalysts.7,8 Consequently, a simultaneous 
44 advancement of technology for capturing and converting 
45 carbon has attracted significant attention9,10 for higher process 

46 efficiency via streamlined operations,11−14 reduced capital 
47 costs and energy savings.15 The pursuit of materials and 
48 technologies that can achieve these dual goals (reactive capture 
49 and conversion, RCC) has become a distinct research 
50 focus.16,17 

51 A potential solution toward RCC lies in the design of dual- 
52 functional materials (DFM),17 which can facilitate the capture 
53 of CO2 from flue gas followed by a methanation process. 
54 Several experimental efforts have been made to design DFM 
55 materials for combined CO2 capture and utilization. DFM 
56 materials have been designed using a combination of alkali 
57 oxides and reactive metal materials to study RCC from point 
58 sources. Alkali oxides are effective adsorbents at higher 
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59 temperatures and higher partial pressures of CO2. For example, 
60 Sun et al.18 synthesized Ce-modified CaO sorbents which 
61 exhibited outstanding CO yield from the dissociated CO2 over 
62 the oxygen vacancies of the ceria support. Moreover, Arellano-
63 Trevino et al.19 reported alkaline (Na2O) adsorbent with 
64 methanation catalysts (Ru, Pt, and Pd) supported on γ-Al2O3. 
65 When moving from a point source (e.g., ∼4−20% CO2) 
66 capture to air capture (0.04%),5−7 it would be sensible to 
67 consider capture chemistries that have been proven to be more 
68 favorable for CO2 capture from air. In this regard, amines are a 
69 state-of-the-art material class for CO2 capture from air and 
70 have rapid capture rates and high capacities.20,21 The metal 
71 catalyst particles can then catalyze the conversion of the 
72 captured CO2 to methane.22 For example, Crawford et al.23 

73 demonstrated low-temperature activation of H2 and increased 
74 activation of CO2 over Ru/TiO2 catalysts. Since catalytic 
75 methanation over metallic surfaces is well-studied and 
76 known7,,24 there is a potential for synergy between the capture 
77 and the conversion steps when using amines. Consequently, we 
78 hypothesize that an amine-bound CO2 may access alternative, 
79 lower-energy conversion pathways. However, the interactions 
80 between the capture and catalysis processes is still not well 
81 understood. For example, the chemically captured CO2 can 
82 directly react to form methane while still being bound to the 
83 amine ligand. Alternatively, it can first unbind from the amine 
84 and then react as pure CO2, following a conventional CO2 
85 methanation heterogeneous catalysis mechanism.22 A compre-
86 hensive analysis using theory and experiment collaboration is 
87 required where the two processes can be selectively isolated for 
88 experimental study, and Density Functional Theory (DFT)25 

89 can provide mechanistic insights for the experimental 
90 observations. Such integration is practically significant for 
91 accurately estimating the cost-based performance of DFMs 
92 since it critically relies on an amine-catalyst synergy over the 
93 course of the reaction mechanism. This paper aims to study 
94 this potential synergy for alternative amine-based DFM 
95 materials. 
96 In the current study, we employed DFT calculations to study 
97 the impact of the amine ligands on the CO2 methanation 
98 reaction, which offers a promising avenue to gain valuable 
99 insights into the underlying reaction mechanisms and the role 
100 of the amine group in influencing the reaction energetics. Our 
101 investigation involved developing appropriate molecular 
102 models for the reactants, intermediates, and products during 
103 amine-assisted (amine-bound) and conventional pathway 
104 (nonamine-bound) toward CO2 methanation on Ru(0001) 
105 surface. The use of the Ru system is intended to qualitatively 
106 examine the reactive carbon capture process on our 
107 experimentally synthesized Ru/TiO2 catalyst and the Dia-
108 mine−Ru/TiO2 catalyst (Ru grafted with amines). Exper-
109 imentally, CO2 conversion and methanation rates are 
110 contrasted across the “Ru/TiO2” and the “Diamine−Ru/ 
111 TiO2” catalysts. Through our theoretical and experimental 
112 study, we explored various reaction pathways and intermediate 
113 species, with a primary focus on comparing the reaction 
114 mechanisms between the two mentioned pathways. Specifi-
115 cally, we investigated how the presence of the amine group 
116 might act as a catalyst or provide additional active sites, 
117 thereby affecting the overall energetics of the reaction. To 
118 analyze and interpret the results, we constructed comparative 
119 reaction-free energy diagrams, allowing us to qualitatively 
120 interpret any shifts in the favorable reaction mechanisms and 
121 identify likely rate-determining steps. Toward the end, 

122 microkinetic modeling (MKM) simulations were also used to 
123 interpret the gaps between the simulated and experimentally 
124 observed product selectivity, CO2 conversion, and methane 
125 production rates. This comprehensive approach will enhance 
126 our understanding of the role of the amine-carbon bond in the 
127 CO2 methanation reaction and provide valuable insights for 
128 potential applications in carbon capture and utilization 
129 processes. 

2. METHODS 
130 2.1. Electronic Structure Methods. All Density Func- 
131 tional Theory (DFT) calculations were performed using the 
132 Vienna ab initio Simulation Package (VASP) version 5.4.426−28 

133 within the atomic simulation environment (ASE).29 The 
134 electron exchange and correlation energies were computed 
135 using the Revised Perdew, Burke, and Ernzerhof (RPBE)30 

136 version of the generalized gradient approximation (GGA) 
137 functional. The projector-augmented wave (PAW) method 
138 was employed to describe the ion−core electron interactions 
139 with a kinetic energy cutoff of 400 eV for surface 
140 calculations.31,32 Geometries were optimized with a force 
141 convergence criterion of 0.02 eV/Å and total energies were 
142 converged to at least 10−5 eV. A Methfessel-Paxton smearing of 
143 0.10 eV was used for all the calculations.33 All bulk, surface, 
144 and gas phase calculations use a nonspin polarized method- 
145 ology. Vibrational energy calculations were performed in 
146 VASP, and the thermochemistry module within the Atomic 
147 Simulation Environment (ASE) package.29 Zero-point vibra- 
148 tion energies (ZPVE) and free energy (ΔG) corrections for 
149 both adsorbates and gas-phase species were computed using 
150 the harmonic and ideal gas approximations unless otherwise 
151 mentioned. Total energies of the molecules in the gas phase 
152 were calculated using spin polarization in a 15 Å × 15 Å × 15 
153 Å unit cell with 1 × 1 × 1 k-point mesh. 
154 2.2. Surface Model. To examine the impact of the amine 
155 ligand on the energetics of CO2 methanation catalysis, we 
156 established a simplified model of the amine ligand for use in 
157 the catalysis simulations. We validated this by comparing the 
158 reaction energies of this simplified model to those of more 
159 complete models (Supporting Information Note S1). In 
160 particular, we found that among the various amine structure 
161 models (Figure S1), using methylamine as the model amine 
162 ligand resulted in very similar reaction energies (within 0.1 eV 
163 for carbamic acid formation, an essential amine−surface 
164 binding step as detailed later in section Amine Binding) to 
165 those using the full aminopropylsilane ligand (Figure S3). The 
166 reaction schematic is shown in Supporting Information Note 
167 S1, Figure S2. The similarity led us to select the methylamine 
168 model as a suitable compromise between model complexity 
169 and, computational cost and accuracy for the catalysis 
170 calculations. While the full aminopropylsilane structure may 
171 be important in modeling other aspects of the system, such as 
172 the effect of the support on the grafted polymer dynamics34 or 
173 the effect of the polymer degrees of freedom35 on the CO2 
174 capture, we can confidently assert that the simplified model 
175 accurately captures the primary chemical reaction energy 
176 effects driving the surface catalytic conversion. Furthermore, 
177 given the experimental uncertainty regarding the kinematics 
178 and dynamics of unadsorbed grafted amine states [A]H36 and 
179 the absence of a standardized model for the entropy of a free 
180 end of a grafted polymer,37,38 we opted to model the 
181 unadsorbed grafted amine states as gas-phase states. This is 
182 one of two limiting cases for modeling the entropy of the 
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183 unadsorbed, grafted amine states in this work; the other would 
184 be to neglect all translational and rotational entropy, in which 
185 case the entropy would be identical to that of an adsorbed 
186 state. In reality, due to the translational and rotational degrees 
187 of freedom available to the unadsorbed surface-grafted polymer 
188 states, the entropy of such states is likely to be meaningfully 
189 greater than that of a surface adsorbate, but less than that of a 
190 gas phase state. We acknowledge that the choice of entropy 
191 model for the unadsorbed grafted amine states [A]CxOyHz 
192 would influence the reaction entropy and, consequently, the 
193 free energies of adsorption and desorption elementary steps 
194 involving the amine state. This approach captures the increased 
195 translational and rotational entropy of these states compared to 
196 chemisorbed surface species due to the mobility of the bound 
197 polymers, though it is likely an overestimate. Thus, the gas-
198 phase-limit model for the entropy would result in a greater 
199 entropic penalty for adsorption of these states, and is likely to 
200 overpenalize the real adsorption energy (due to the entropic 
201 adsorption penalty) and thus underpredict the coverages. If 
202 one instead chooses to neglect the translational and rotational 
203 entropies of these states, the coverages would likewise be 
204 overpredicted. The reality is somewhere in between the gas-
205 phase and adsorbate limits, and this is a point that would 
206 benefit from dedicated future work. Finally, we note that due 
207 to the nature of reaction network kinetics, this choice of 
208 entropy model is only expected to affect the rate results if an 
209 adsorption or desorption step of these surface-grafted amine 
210 states is found to be rate-limiting. If not, then the choice of 
211 entropy model could still affect the surface coverages, but 
212 would be unlikely to affect any rate results or rate trends. The 
213 implications over the CO2−amine binding are further 
214 discussed in Section Initial Adsorption. 
215 As a first approach to modeling the Ru catalyst particles, we 
216 used a (3 × 3) 3-layered Ru surface slab (0001) (Figure S4). 
217 Even if the particles are relatively small, the surface slab should 
218 be a useful approximation for the primary goal of determining 
219 the effect of the amine ligand on the methanation mechanism. 
220 A close-packed Ru(0001) has been a common model for the 
221 conventional (nonamine-bound) CO2 methanation reaction in 
222 previous works,39 as it represents a dominant and relatively 
223 stable facet on Ru nanoparticles. The atomic positions on the 
224 bottom two layers were frozen at their bulk lattice positions 
225 during structural optimizations. In all surface calculations, a 
226 vacuum distance of at least 12 Å was used between the 
227 repeating slab images, and dipole corrections40 were applied to 
228 cancel spurious interactions between the periodic images. A Γ 
229 centered k-point mesh of 4 × 4 × 1 was used with the third 
230 vector perpendicular to the surface for calculations on the 
231 surface unit cells. 
232 Reaction energies were determined as the energy difference 
233 between the initial and final states of an elementary reaction. 
234 Transition states (TS) were located using the climbing image 
235 nudged elastic band (CI-NEB) method41(5−7 images) by 
236 relaxing the force below 0.05 eV/Å. The TS state was 
237 confirmed by the presence of a single imaginary frequency 
238 along the reaction coordinate. Activation energies for reactions 
239 were then calculated as the energy difference between the 
240 initial and transition states of the elementary reaction. 
241 2.3. Experimental Details. 2.3.1. Catalyst Synthesis and 
242 Characterization. Catalysts were prepared via strong electro-
243 static adsorption (SEA) of a Ru(NH3)6Cl3 precursor 
244 (hexaamineruthenium(III) chloride, Sigma-Aldrich, 99.9% 
245 trace metal basis) on TiO2 microspheres (500 μm diameter, 

246 Johnson Matthey). Aqueous ammonia (56.6 wt %, Sigma- 
247 Aldrich, ACS reagent) was used to adjust the pH of DI water 
248 (>14 M Ωcm) to pH = 9. The TiO2 support was dispersed in a 
249 beaker of pH 9 DI water, while the Ru precursor was dissolved 
250 in a second beaker of water (5 wt % Ru loading in the final 
251 sample). Each solution was allowed to equilibrate for 30 min 
252 prior to gradual introduction of the Ru solution through a 
253 buret to the TiO2 suspension under stirring. The combined 
254 solution was mixed on a shaker plate at 150 rpm for 24 h. The 
255 Ru loaded TiO2 spheres were then removed from the liquid, 
256 dried overnight at 110 °C, and washed with 500 mL/g of 0.1 
257 M NH4OH solution to remove chlorine impurities. Finally, the 
258 catalysts were calcined in air, heating to 300 °C for 3 h with a 
259 ramp rate of 10 °C/min in a muffle furnace. This sample is 
260 referred to as “Ru/TiO2” in this work. For more information, 
261 readers are encouraged to refer to the paper.42 

262 An aliquot of the Ru/TiO2 sample was reserved for amine 
263 deposition. Due to the high temperature calcination required 
264 for Ru deposition, the amine deposition was performed after 
265 the Ru to avoid amine degradation. The 5Ru/TiO2 was dried 
266 overnight under vacuum at 100 °C in Erlenmeyer flasks prior 
267 to grafting. Flasks were backfilled with Ar and transferred to a 
268 shaker plate (100 rpm) and 25 mL of toluene per g support 
269 was added via syringe. Samples were agitated for at least 30 
270 min before 0.2 g DI H2O per g support was added via syringe 
271 and allowed to equilibrate for an hour. Next, 3 mmol of N-(2- 
272 aminoethyl)-3-aminoproplytrimethoxysilane (“diaminosilane”) 
273 per g support, dispersed in 1−2 mL of toluene, was introduced 
274 dropwise via syringe. The mixture was agitated (100 rpm) 
275 overnight at room temperature (∼22 °C). The grafting 
276 solution was decanted from the solids and then the spheres 
277 were rinsed with 100 mL per g each of methanol, toluene, 
278 hexane, and methanol again in a vacuum filter before drying at 
279 80 °C in a vacuum oven. This sample is referred to as 
280 “Diamine-Ru/TiO2” in this work. For additional details, 
281 readers should consult the paper.42 Furthermore, the pattern 
282 of amine grafting on Ru/TiO2 and its characterization are 
283 thoroughly detailed in our published perspective42 and 
284 summarized in the Supporting Information Note S3. 
285 Essentially, a significant concentration of amines is expected 
286 near the Ru, as the aminosilanes are grafted onto both the 
287 titania and each other. While it is possible that oligomeric 
288 silanes may partially cover some Ru nanoparticles on the 
289 surface or that certain amines could coordinate with the metal 
290 sites, these possibilities remain unconfirmed by direct evidence. 
291 2.3.2. Reactor Setup Conditions. Steady-state methanation 
292 experiments were performed in a Micromeritics Microactivity 
293 Effi Reactor connected to a downstream mass spectrometer 
294 (UGA HT200 Universal Gas Analyzer, SRS). For each 
295 experiment, ∼75 mg of catalyst was loaded into a stainless- 
296 steel fritted reactor tube and reduced in situ under 100 sccm 
297 H2 while heating at 200 °C (10 °C/min ramp rate) for 1 h. 
298 Samples were then cooled under H2 to 110 °C prior to 
299 reaction. Steady state catalytic activity measurements were 
300 taken in 10 °C increments from 110 to 200 °C in an 
301 atmosphere consisting of 2 sccm H2 and 3 sccm 10% CO2/ 
302 balance He. A 6.67:1 H2/CO2 molar ratio was chosen to 
303 provide an excess of H2, compared to the stoichiometric 4:1 
304 molar ratio. The reaction pressure was held at ambient 
305 pressure in Golden, CO (∼0.85 bar). At each reaction 
306 temperature, the catalyst bed was exposed to the reactive 
307 gases for 60 min to allow for a steady state to occur. The 
308 methane production rates were calculated based on the m/z = 
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309 15 signal by averaging 100 s of mass spectrometer data near 
310 the end of the 60 min reaction step. Conversion of CO2 was 
311 calculated based on the amount of CH4 produced during the 
312 reaction at a given temperature divided by the amount of CO2 
313 fed to the reactor according to the following eq 1. 

= =m z
CO Conversion (%)

CH molar flow rate detected ( / 15) during reaction
CO molar flow rate feeding reactor

2

4

2314 (1) 

315 Readers seeking more in-depth information can refer to the 
316 paper.42 

3. RESULTS AND DISCUSSIONS 
317 3.1. Mechanistic Determination. Research on the amine-
318 bound CO2 methanation mechanism over heterogeneous 
319 catalysts is still in its early stages, with most studies to date 
320 focusing on homogeneous catalysis.43−45 It is in principle more 
321 complex than the conventional CO2 methanation mechanism 
322 because it involves the additional degree of freedom associated 
323 with the amine ligands. The amine ligand is in principle 
324 capable of binding and unbinding to the carbon species at any 
325 stage in the mechanism. Additionally, amines could potentially 
326 alter the course of the reaction pathway by assisting a few key 
327 elementary steps over a metallic surface. For example, the 
328 amines could interact with CO2 and assist in its activation and 
329 reduction, leading to the formation of an intermediate species. 
330 This interaction might involve the amine acting as a Lewis 
331 base, donating electron pairs to stabilize the CO2 molecule, or 
332 activating it for further reactions. Also, in the presence of 
333 hydrogen, the amine ligand [A] may be hydrogenated to form 
334 [A]H which can then act as a hydrogen carrier, participating in 
335 hydrogenation steps during the reaction. Therefore, here we 
336 studied and compared the CO2 methanation mechanism 
337 between the amine-assisted (amine-bound) and the conven-
338 tional (nonamine-bound) pathways. In our discussions, gas-
339 phase methylamine (CH3NH2) is noted as [A]H, so [A] refers 
340 to the methylamine missing one hydrogen, or the amine ligand. 
341 We do this because [A], the amine ligand, is what directly 
342 coordinates with the various carbon (C) species (and, 
343 potentially, with the surface as [A]* where * denotes bonding 
344 to the catalyst active site). 

345 In CO2 methanation, various elementary steps are involved, 
346 f1 as schematically shown in Figure 1. The figure highlights the 
347 correlation between amine-bound and nonamine-bound 
348 routes, although not exhaustively displaying all intermediates 
349 and reaction energies calculated. The reactants (CO2 and H2) 
350 are transformed into products (CH4 and H2O) through a 
351 sequence of elementary steps. Typically, a conventional 
352 methanation pathway (nonamine bound) (Figure 1) involves 
353 the dissociation of both C−O bonds (of CO2) and a total of 
354 eight hydrogenation steps (two hydrogenations for each 
355 oxygen atom to form H2O and four hydrogenations for carbon 
356 to form CH4), apart from the adsorption and desorption 
357 steps.22 The actual mechanism depends on the relative 
358 ordering of C−O dissociation and hydrogenation steps (for 
359 both C and O). This sequence determines the dominant 
360 intermediates observed along the pathway and the reaction 
361 energies and barriers constituting the overall mechanism. 
362 Numerous studies have investigated this aspect in the context 
363 of conventional methanation reactions.22 For example, Yu et 
364 al.22 showcased differences in mechanism from the onset of 
365 CHO* generation, where Ru/RuTiO2 favors further hydro- 
366 genation toward CH2O* (an associative mechanism). In 
367 contrast, Ru/TiO2 favors direct C−O bond cleavage in a 
368 dissociative fashion. Additionally, in the conventional pathway, 
369 H2 undergoes dissociative adsorption on the catalyst as H*, 
370 facilitating hydrogenation of the generated carbonaceous 
371 radicals. The influence of an amine on the methanation 
372 pathway includes amine and CO2 binding as carbamic acid or 
373 ammonium-carbamate ion pairs,35,46 followed by initial 
374 dissociative adsorption of CO2, CO dissociation, successive 
375 hydrogenations (all occurring while amine is attached to the 
376 C* moiety), and eventual amine unbinding (Figure 1). The 
377 amine-bound and conventional pathways would merge after 
378 the CH2* state due to carbon’s valency of four, which prevents 
379 simultaneous binding to the surface and four other atoms (H, 
380 H, H, N). The precise step where the amine ligand detaches 
381 remains undetermined and could potentially occur prior to the 
382 [A]CH2* state ([A] stands for a gas phase methylamine ligand 
383 (CH3NH−)). As a result, the presence of an amine can modify 
384 the energetics and surface affinity of specific reaction 
385 intermediates due to their attachment to an amine site, 
386 potentially leading to a lower-energy pathway, which will be 
387 explored in the following section. 

Figure 1. Proposed reaction mechanism for amine-assisted (amine-bound; top) and conventional pathway (nonamine-bound; bottom) toward 
CO2 methanation on Ru(0001) surface. [A]H refers to the gas phase methylamine(CH3NH2). The methylamine in the figure (and in our DFT 
model) is a computational model that approximates the local chemical environment/bonding of the full surface-bound/grafted amine species on 
the Ru catalyst surface. Both pathways converge toward different modes of amine unbinding (indicated by distinct arrow colors representing the 
reactants, intermediates, and products formed through these modes), as observed at the end of the mechanism. Color labels for the atoms are as 
follows: oxygen (red), hydrogen (light pink), carbon (russet), nitrogen (light blue), and ruthenium (light brown). 
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388 Based on DFT calculations using methylamine as the model 
389 amine (Supporting Information Note S1), we proposed a set of 
390 elementary reaction steps constituting the catalytic conversion 
391 of amine-bound CO2, in correspondence with previously 
392 studied and established nonamine-bound mechanisms. From 
393 these proposed steps, we identified all distinct adsorbed 
394 intermediates. We then set up models of all these intermediates 
395 and proceeded to calculate their energies using DFT 
396 calculations, using the harmonic approximation to calculate 
397 free energy corrections (zero-point energy, heat capacity, and 
398 entropy corrections) at 300, 450, and 600 K to encompass the 
399 steady−state reaction temperatures. From these total energies, 
400 we calculate the binding energies, which are essentially 
401 formation energies, such that reaction energies for any possible 
402 elementary step involving the included intermediates can be 
403 readily calculated. Using this approach allows us to study a 
404 variety of resulting pathways, without having to calculate each 
405 reaction energy explicitly any time a new elementary step is to 
406 be included, unless that step involves an adsorbate not 
407 previously considered. 
408 The reaction energies and the activation barriers (for certain 

t1t2 409 steps) are tabulated in Tables 1 and 2 for the amine-assisted 
410 and the conventional amine-free pathway, respectively. The 
411 exact kinetics of certain elementary steps like H2O formation 
412 from H* and OH*, second hydrogenation, etc. among others, 
413 have not been considered and we refer the reader to existing 
414 published studies that report kinetic information.47−49 The 
415 following sections explore the entire mechanism step by step, 
416 beginning with amine binding, followed by initial CO2 species 
417 adsorption, CO dissociation, full hydrogenation, and finally, 
418 amine unbinding. A comparison and discussion of the reaction 
419 free energy diagrams are presented, illustrating the mechanistic 
420 pathway of CO2 methanation reaction for both the amine-
421 bound and the nonamine-bound routes. We then discuss the 
422 experimental CO2 conversion and the methane production 
423 rates over the “Ru/TiO2 ” and the “Diamine-Ru/TiO2 ” 
424 catalysts. Toward the end, microkinetic modeling (MKM) 
425 simulations are also discussed to interpret the gaps between 
426 the simulated and experimentally observed product selectivity, 
427 CO2 conversion, and methane production rates. 
428 3.1.1. Amine Binding. When CO2 reacts with an amine such 
429 as the aminopropylsilane ligand, it can predominantly form a 
430 carbamate ion species (likely in association with a cation such 

431 as an ammonium species, forming an ammonium-carbamate 
432 ion pair).35,46 This ammonium-carbamate ion pair exists in 
433 chemical equilibrium with a carbamic acid species (in the 
434 fashion carbamic acid + amine ↔ ammonium carbamate, or 
435 simply, RNHCOOH + RNH2 ↔ RNHCOO− + RNH3

+, 
436 assuming primary amines) with nearly identical free energies 
437 and a low free energy barrier for proton transfer.50 The only 
438 distinction between ammonium carbamate and carbamic acid 
439 lies in which species is protonated-the adjacent spectator 
440 amine or the CO2 group bound to the amine.35 Due to the 
441 complexities of modeling reactions involving ionic species in 
442 DFT, we primarily consider carbamic acid ([A]COOH) 
443 formation (hereafter also termed interchangeably as “amine− 
444 carbon complex”, AC). We note that the choice of ammonium- 
445 carbamate ion pair vs carbamic acid would only affect a single 
446 step in the catalytic mechanism (the adsorption step) and that 
447 all other steps are unaffected by this choice since their reaction 

Table 1. List of Elementary Steps and Their Reaction Energetics (ΔErxn) for CO2 Methanation Reaction via the Amine-
Assisted Pathway (Amine-Bound) over the Ru(0001) Surface as Shown in Figure 6a 

index elementary Steps ΔErxn (Ea), eV 
0 CO2 + [A]H + 4H2 ↔ CO2 + [A]H + 8H* −0.68 
1 CO2 + [A]H + 8H* ↔ [A]COOH + 8H* 0.87 
2 [A]COOH + 8H* ↔ [A]COOH* + 8H* 0.40 
3 [A]COOH* + 8H* ↔ [A]CO* + OH* + 8H* −0.12 
4 [A]CO* + OH* + 8H* ↔ [A]CO* + H2O + 7H* −0.27 
5 [A]CO* + H2O + 7H* ↔ [A]C* + O* + H2O + 7H* −0.13 (1.53) 
6 [A]C* + O* + H2O + 7H* ↔ [A]C* + OH* + H2O + 6H* 0.34 
7 [A]C* + OH* + H2O + 6H* ↔ [A]C* + 2H2O + 5H* −0.27 
8 [A]C* + 2H2O + 5H* ↔ [A]CH* + 2H2O + 4H* 0.48 (0.68) 
9 [A]CH* + 2H2O + 4H* ↔ [A]CH2* + 2H2O + 3H* 0.32 
10 [A]CH2* + 2H2O + 3H* ↔ [A]H + CH2* + 2H2O + 2H* −0.43 
11 CH2* + 2H2O + 2H* ↔ CH3* + 2H2O + H* 0.06 
12 CH3* + 2H2O + H* ↔ CH4 + 2H2O −0.96 

aThe parentheses list the activation energy (Ea) for the corresponding steps. [A]H and [A]COOH refer to the gas phase methylamine and the 
gaseous carbamic acid respectively. The free energies tabulated are DFT-calculated free energies (in eV) at 450 K. 

Table 2. List of Elementary Steps and Their Reaction 
Energetics (ΔErxn) for CO2 Methanation Reaction via the 
Conventional Pathway (Non-Amine-Bound) over the 
Ru(0001) Surface as Shown in Figure 6a 

index elementary Steps 
ΔErxn 

(Ea), eV 
0 CO2 + 4H2 ↔ CO2 + 8H* −0.68 
1 CO2 + 8H* ↔ CO2*+ 8H* 1.17 
2 CO2* + 8H* ↔ COOH* + 7H* −0.06 
3 COOH* + 7H* ↔ CO* + OH* + 7H* −0.71 
4 CO* + OH* + 7H* ↔ CO* + H2O + 6H* −0.27 
5 CO* + H2O + 6H* ↔ C* + O* + H2O + 6H* 0.81 

(2.67) 
6 C* + O* + H2O + 6H* ↔ C* + OH* + H2O + 5H* 0.34 
7 C* + OH* + H2O + 5H* ↔ C* + 2H2O + 4H* −0.27 
8 C* + 2H2O + 4H* ↔ CH* + 2H2O + 3H* −0.18 

(0.66) 
9 CH* + 2H2O + 3H* ↔ CH2* + 2H2O + 2H* 0.36 
11 CH2* + 2H2O + 2H* ↔ CH3* + 2H2O + H* 0.06 
12 CH3* + 2H2O + H* ↔ CH4 + 2H2O −0.96 

aThe parentheses list the activation energy (Ea) for the corresponding 
steps. The free energies tabulated are DFT-calculated free energies (in 
eV) at 450 K. Note: the reaction index 10 from the Table 1 
corresponds to the amine unbinding energetics which is inapplicable 
for the conventional amine-free pathway and therefore excluded. 
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448 energies and barriers do not involve this species (see 
449 Supporting Information Note S5, Carbamic Acid and 
450 Carbamate Equilibrium). Therefore, the results of our study 
451 are expected to be robust to this choice unless the rate-
452 determining step is the initial adsorption step, which is not 
453 hypothesized to be the case in either the conventional39,49 or 
454 the amine-bound CO2 methanation mechanism.9 The question 
455 of the equilibrium between ammonium-carbamate and 
456 carbamic acid, and the degree to which this equilibrium is 
457 affected by the presence of either the oxide support or the 
458 nearby Ru catalyst particles, as well as the density of grafted 
459 amines and the reaction conditions (for example, the activity of 
460 H2O near the surface), could be an interesting area of study for 
461 future work. The schematic for carbamic acid formation via 
462 methylamine and other amine structures is shown in Section 
463 Supporting Information Note S1, along with their reaction 
464 energies. As discussed earlier, in Section 2.2, using methyl-
465 amine suffices for the purpose of modeling amine interaction 
466 with CO2 and the corresponding energetics toward the CO2 
467 methanation. 
468 3.1.2. Initial Adsorption and Reaction of CO2 Species. The 
469 adsorption of CO2 is quite weak on the Ru(0001) surface in 
470 both the amine-bound and the conventional case. This 
471 indicates that dissociative adsorption after hydrogenation 
472 (CO* and OH*) is likely a realistic assumption.39 The 
473 ammonium-carbamic acid adsorption as [A]COOH* and the 
474 adsorption of CO2 as COOH* are shown in Figure 1. The 
475 corresponding binding energies are −0.26 and 0.32 eV, 
476 respectively. Thereafter, the dissociative adsorption (as CO*) 

f2 477 is shown in Figure 2a,b for the conventional and the amine-
478 bound pathways, respectively. The reaction energies for the 
479 dissociative adsorption are −0.16 eV (amine) vs −0.69 eV 
480 (nonamine). The enthalpic difference is primarily due to the 
481 additional stabilization of the departing species CO* by the 
482 amine group. Furthermore, the choice of entropy model using 
483 the unadsorbed grafted amine states does not impact the 
484 entropy change of this carbon capture elementary step. In this 
485 reaction, the entropy change is given by ΔS = S([A]COOH) − 
486 S(CO2) − S([A]H), where the entropy term (S) for the [A] 

487 state appears on both sides, ensuring that the net loss of one 
488 gas-phase entropy unit from the CO2(g) state remains 
489 unchanged. Future work could explore a more refined 
490 treatment of the entropy of desorbed grafted amine states to 
491 enhance modeling accuracy for grafted amines. 
492 3.1.3. CO Dissociation. It is likely that in both the amine- 
493 bound and the conventional pathways, the direct dissociative 
494 adsorption of CO2 to CO and O is the first step in the 
495 mechanism. CO is a particularly interesting intermediate both 
496 because it is itself relatively stable and has even been 
497 hypothesized to be poison51 and because there are multiple 
498 possible reactions branching from this intermediate: hydro- 
499 genation of either the C or O atom, or direct C−O 
500 dissociation.52 Some studies have found that the direct C−O 
501 dissociation has a very high barrier (multiple studies have 
502 found this barrier to be in excess of 2 eV39 although the 
503 presence of step sites can lower the barrier relative to a close- 
504 packed surface,53 it may still be prohibitively high) and that the 
505 dissociation barrier can be substantially lowered by first 
506 hydrogenating the CO species (either to COH or CHO) 
507 prior to the C−O dissociation.39 Therefore, a preponderance 
508 of studies39,52 has suggested that for CO in particular, on 
509 metals similar to Ru, at least one hydrogenation step (either to 
510 COH or CHO, depending on the catalyst in question) is likely 
511 to occur prior to dissociation (Figure 2a). 
512 We find that the amine ligand radically changes this 
513 situation. With the amine ligand present, the direct C−O 
514 dissociation is thermodynamically much more favorable than 
515 the prior hydrogenation of either the C or O (Figure 2b). In 
516 fact, the kinetic barrier for [A]C−O dissociation is lowered by 
517 more than 1 eV relative to the barrier without the amine 
518 f3 present. The result is shown in Figure 3. The final state C* is 
519 relatively under-saturated (without the amine) and thus 
520 potentially unstable (Figure 2a). Therefore, it results in the 
521 amine-bound step being more downhill than more uphill, as in 
522 the nonamine case. 
523 3.1.4. C−H Hydrogenation. After C−O dissociation, the 
524 carbon radical is exposed to subsequent hydrogenations. The 
525 question is whether the amine exerts a similarly strong effect 

Figure 2. Thermodynamic free energy diagrams for C−O dissociation, CO hydrogenation to COH, and CHO via (a) a conventional pathway 
(nonamine-bound: CO* ↔ C* + O*, CO* + H* ↔ COH*, and CO* + H* ↔ CHO*, respectively) over the Ru(0001) surface and (b) that via 
an amine-assisted pathway (amine-bound: [A]CO* ↔ [A]C* + O*, [A]CO* + H* ↔ [A]COH*, and CO* + H* ↔ [A]CHO*, respectively), 
showcasing the effects of amine ligands on the C−O dissociation and hydrogenation. [A] refers to the methylamine missing one hydrogen, or the 
methylamine ligand (CH3NH−). The free energies shown are DFT-calculated free energies (in eV) at 450 K. 
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526 on hydrogenation, as it does for C−O dissociation. Our 
527 calculations of energetics show that the presence of the amine 
528 ligand on the carbon atom can stabilize the carbon atom when 
529 it is otherwise under-saturated; for example, in the step C* + 
530 H* ↔ CH*, the initial state C* is relatively under-saturated, 
531 and thus potentially unstable. In the nonamine-bound case, 

f4 532 this step is downhill in energy (Figure 4a). But in the amine-
533 bound case, the amine already stabilizes the initial state C*, so 
534 the resulting reaction is uphill in energy. However, our results 
535 indicate that the first hydrogenation reaction barrier is similar 
536 regardless of the presence of the amine (Figure 4b). As for the 
537 second hydrogenation, the reaction energy is less uphill in the 
538 amine-bound case (0.22 eV vs 0.38 eV in the conventional 
539 pathway). This is shown in the second leg of the reaction 
540 coordinate in Figure 4a (steps 1−2). 
541 3.1.5. Amine Unbinding. Due to the basic ability of the 
542 carbon atom to form at most 4 bonds (just by its valency), the 
543 carbon atom is “saturated” as a [A]CH2* adsorbate, after 
544 which the amine must unbind from the carbon atom for 
545 further hydrogenations to occur. Therefore, from one 
546 perspective, we can compare the amine-bound and the 
547 conventional CO2 methanation pathways up until this point, 
548 after which the pathways share the final two hydrogenation 
549 steps from CH2* to methane. In a more rigorous treatment, 
550 however, the amine is not constrained to remain bound to the 
551 carbon until the last possible step (which is the CH2* species). 
552 Instead, it can, in principle, unbind from the carbon at any 
553 stage in the pathway. The various possibilities for amine to 

f5 554 unbind are shown in Figure 5. Our calculations show that the 
555 amine unbinding is downhill in energy in every step except the 
556 unbinding from the [A]C* adsorbate. This is for the same 
557 reason as mentioned for the C−O dissociation and the 
558 hydrogenation steps. Unbinding from the [A]C* adsorbate 
559 results in C* (highly unstable), and hence the uphill energetics 
560 (Figure 5b). Unbinding at every other stage always results in a 
561 highly coordinated C* (CO*, CH*, or CH2*) than the above 
562 step, and therefore, the energetics are downhill rather than 
563 uphill (Figure 5a,c,d). Furthermore, the eventual restoration of 
564 the amine ligand after hydrogenation ([A]* + H* ↔ [A]H) is 
565 also downhill in energy in all the discussed scenarios. 

566 These considerations offer valuable insights into how the 
567 amine ligand could potentially influence the energetics of CO2 
568 methanation. They also present promising avenues for ongoing 
569 research, aiming to gain a deeper understanding of these 
570 effects. Furthermore, it may be beneficial to calculate the 
571 reaction barriers related to the most challenging steps in any 
572 feasible mechanisms to facilitate meaningful comparisons. 
573 Nevertheless, our calculations of the thermodynamics related 
574 to amine stabilization are comprehensive enough to illustrate 
575 the supportive role it plays in CO2 methanation. Additionally, 
576 CH4 methanation generates water, which could protonate 
577 amines into ammonium species within the amine-assisted 
578 pathway. However, we do not expect this to hinder CO2 
579 binding in the presence of water. On the contrary, water is 
580 well-known to enhance CO2 capture by amines54,55 and 
581 subsequently facilitate methanation through bicarbonate 
582 formation56 (Supporting Information Note S4). 

Figure 3. Thermodynamic free energy diagram for C−O dissociation 
barrier over the conventional pathway (nonamine-bound: -- (black)) 
and over the amine-assisted pathway (amine-bound: -- (orange)) over 
the Ru(0001) surface. [A] refers to the methylamine missing one 
hydrogen, or the methylamine ligand (CH3NH−). The free energies 
shown are DFT-calculated energies (in eV) at 450 K. 

Figure 4. (a) Thermodynamic free energy diagram for carbon 
hydrogenations (first hydrogenation, [A]C*/C* + H* ↔ [A]CH*/ 
CH* and second hydrogenation, [A]CH*/CH* + H* ↔ [A]CH2*/ 
CH2*) over the conventional pathway (nonamine-bound: -- black) 
and over the amine-assisted pathway (amine-bound: -- (orange)) over 
the Ru(0001) surface. The free energies shown are DFT-calculated 
energies (in eV) at 450 K. (b) The thermodynamic free energy 
barriers for carbon hydrogenation (first hydrogenation, [A]C*/C* + 
H* ↔ [A]CH*/CH*) over the conventional pathway (nonamine-
bound: --) and over the amine-assisted pathway (amine-bound: --) 
over the Ru(0001) surface. The reactants and the final states are 
shown in the subplot (a) under the reaction coordinate 0−1. [A] 
refers to the methylamine missing one hydrogen, or the methylamine 
ligand (CH3NH−). The free energies shown are DFT-calculated 
energies (in eV) at 450 K. 

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.4c08009 
J. Phys. Chem. C XXXX, XXX, XXX−XXX 

G 

-0.8 

2.5 I \ 
I \ 
I \ > > I \ QJ 0.6 

CII I \ 
I \ 

;, 2.0 I \ >, I [A]CH' 
I \ en I 

I 

C'I CO* I \ .. ,' 
I \ QJ 0.4 ... I \ C*+ O* C I 

CII TS' \ QJ I 
I [A/C* I 

C 1.5 I \ QJ I 

CII I I \ \ QJ I +H* 
I I \ I .. ,' 

CII I I \ I ... 0.2 ,' I 
CII I I \ I 

QJ I CH2 * ... I I I I > I I .... 1.0 I I I I I I 
I I :;:; I I I I 

\ \ "' I I CII I \ o.o ,' +H* > I I \ \ ai ' I I \ ' 
I :;::; , ,' \ ii: ' I 

I 

111 0.5 ,, \ +H*', I 

Gi ,, \ ' I ,, \ -0.2 a:: \ ,, 
\ " \ 0 1 2 n \ o.o \ Reaction coordinate 

(a) 
0 1 2 

Reaction coordinate TS' 

TS' \ 

0.6 II I\ 

' \\ > ' I \ 
QJ ' I \ 

' I \ 

' I I 

>, ' I I 

0 .4 : I \ en \ \ .. l I [A/CH* QJ I \ 
C , I 
QJ .,' I 

I 
QJ 0.2 , I 
QJ I I 

I \ .. I ... I I 
QJ {AJC• +H 

I I 
> I I 
:;:; 0.0 I 

"' C*+H* \ 
ai I 

I 
ii: I 

I -0.2 I 
I CH* 

0 1 2 
Reaction coordinate 

(b) 

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c08009/suppl_file/jp4c08009_si_001.pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.4c08009?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as


583 3.2. Established Energetics for Conversion of Cap-
584 tured CO2 into CH4. After probing the individual elementary 
585 steps during CO2 methanation and establishing the assisted 
586 role of amine ligands in stabilizing certain reaction 
587 intermediates, it is worthwhile to look at a comparative 
588 reaction energy landscape for a comprehensive analysis. Here, 
589 the reaction energies and activation barriers, as discussed in the 
590 previous sections, are represented in a free energy diagram 
591 format for a full mechanistic analysis. To explore how the 
592 presence of the amine ligands influences the catalytic pathway, 
593 we make a comparison between the amine-bound mechanism 
594 and the corresponding nonamine-bound mechanism. As 
595 discussed in the previous sections, the thermodynamic and 
596 kinetic calculations for all the corresponding intermediates in 
597 the absence of the amine ligands, enable us to conduct a 
598 similar analysis for the “amine-free” CO2 methanation reaction. 

599 The results of an initial free energy diagram (at T = 450 K) 
600 for a full proposed amine-bound CO2 methanation pathway 
601 over a Ru(0001) surface are shown in Figure 6. A complete list 
602 of elementary steps for the mechanism in the figure is 
603 presented in Table 1. These elementary steps follow the same 
604 order of steps as presented in Figure 1. The overall reaction is 
605 CO2 + 4H2 ↔ 2H2O + CH4, which is the same for both the 
606 amine-bound and nonamine-bound pathways; the difference is 
607 in the conversion mechanism from the initial to the final states. 
608 The free energy diagrams are plotted with reference to the gas 
609 phase energies of CO2 molecules and 8H* adsorbed species, 
610 f6 consistent with the overall reaction (Figure 6). The 
611 corresponding pathways for the “non-amine bound”CO2 
612 methanation reaction are also presented in the Figure for 
613 comparison. Using these free energy diagrams, one can quickly 
614 identify reactions in the mechanism that are highly unfavorable 
615 and therefore may not contribute significantly to overall CO2 

Figure 5. Thermodynamic free energy diagrams of amine unbinding from various amine−bound intermediates(a) [A]CO*, (b) [A]C*, (c) 
[A]CH*, and (d) [A]CH2* via the amine-assisted pathway (amine-bound) over the Ru(0001) surface. [A]* refers to the surface-adsorbed 
methylamine ligand (CH3NH−). The first reaction coordinate (0−1) refers to the amine unbinding from the carbon, forming a bond with the 
surface as [A]* ([A]X* ↔ X* + [A]*, where X can be either CO, C, CH, or CH2*), and the second reaction coordinate (1−2) as the surface-
bound amine ligand [A]* hydrogenation to [A]H ([A]* + H* ↔ [A]H). The schematic for the elementary reaction coordinates (1−2) is shown at 
the top with their structures. The free energies shown are DFT-calculated energies (in eV) at 450 K. 

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article 

https://doi.org/10.1021/acs.jpcc.4c08009 
J. Phys. Chem. C XXXX, XXX, XXX−XXX 

H 

-
+ ... 

[A] • H• [A]H 

(a) (b) 
0 .4 0.4 , 

' I ' 
> QJ 

0 .2 
>, 
E' [A] CO' 
QJ 0 .0 C \ 
QJ \ 

QJ 
\ 
\ 

-0.2 \ [Al'+ co• 
\ 

QJ 
\ 
\ 

> \ 

+i ' \ -0.4 Ill \ AfHJ + co• ai a: ' ' 

, ' , ',:,H"' > , 
QJ , , 

0.2 , ' 
>, ,,,,, 
i::n [A] ' + C' 

C 0 .0 
QJ [A]C' 
QJ [A]H + c• 
QJ ... -0 .2 ... 
QJ 
> 
+i -0.4 Ill 
ai a: 

-0.6 ',~ H"' -0.6 

' ' ' 
Reaction coordinate Reaction coordinate 

(c) (d) 

0 .4 0 .4 

> QJ 
0.2 

> QJ 
0.2 

>, 
i::n ... {A]CH' QJ 0.0 C 
QJ \ 
QJ \ 
QJ -0 .2 \ ... ... \ 

\ 
QJ \ > ' +i -0.4 ' Ill ' ai {A]'+ CH' ' ',,+ H"' a: 

' ' -0.6 ' 

>, 
i::n ... {A/CH2* QJ o.o C ' QJ ' ' QJ ' ' 
QJ ' ' ... -0.2 ... ' ' QJ ' > ' ,~w 
+i - 0.4 ' ' {A}H + CH2* Ill 
ai a: 

-0.6 

{A]H + CH' 

Reaction coordinate 
Reaction coordinate 

https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.4c08009?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as


616 methanation. Additionally, the free energy diagrams at 
617 temperatures of 300 and 600 K are shown in Figures S5 and 
618 S6, respectively. 
619 As depicted in Figure 6, the only distinction between the 
620 amine-bound and the nonamine-bound pathways regards the 
621 presence of the amine ligand, denoted as [A]. It is essential to 
622 note that differences exist at the beginning and the end of the 
623 pathway. Specifically, there are a few steps associated with the 
624 CO2 capture by the amine, as well as with the reformation of 
625 the original amine [A]H at the conclusion of the pathway. The 
626 presented comparative free energy diagrams (Figure 6) offer 
627 significant initial insights into the impact of the amine ligand 
628 on the energetics involved in the conversion of CO2 to 

629 methane. Already, we can observe that the presence of the 
630 amine ligands tends to stabilize certain types of steps in the 
631 reaction process. These findings provide a promising starting 
632 point for further investigations and a deeper understanding of 
633 the catalytic role of the amine ligand in the CO2 methanation 
634 reaction. First and foremost, the amine ligands promote the 
635 adsorption of CO2 by 0.30 eV (steps 0−2, Figure 6) in the 
636 form of carbamic acid. However, the *COOH formation from 
637 the carbamic acid and dissociated H2 is slightly uphill (0.40 
638 eV) in the presence of the amine ligands. The step is 
639 thermoneutral otherwise. A kinetic barrier calculation may be 
640 necessary for further comparative analysis of the initial 
641 adsorption and the reaction of the *COOH species. This 
642 species then dissociates into *CO and *OH and the energetics 
643 are downhill in both pathways. As pointed out earlier, the 
644 amine ligand already stabilizes both the intermediate *COOH 
645 and the product species CO*, therefore, the dissociation is less 
646 downhill with the assistance of the amine ligands. The exact 
647 kinetics of dissociation have not been considered since that is 
648 widely covered in the literature.47−49 

649 The key differences can also be seen in the subsequent 
650 dissociation step CO* ↔ C* + O* (steps 4−6 in the energy 
651 diagram, Figure 6). The step is significantly stabilized by the 
652 presence of the amine ligand and therefore, the thermody- 
653 namics are considerably reversed for the two cases (−0.13 eV 
654 in the amine bound vs 0.81 eV in the amine-free pathway). 
655 Moreover, as discussed in the respective sections earlier, the 
656 amine ligands also lower the barrier by more than 1 eV (Figure 
657 3). Higher stability of CO in the amine-free pathway increases 
658 the likelihood of CO poisoning3 than in the amine-pathway 
659 where CO can spontaneously dissociate due to lower barriers. 
660 Another considerable difference is in the destabilization of the 
661 hydrogenation reaction step C* + H* ↔ CH* (steps 8−11 in 
662 the energy diagram, Figure 6). The step may seem less 
663 favorable in the presence of the amine (0.48 eV in the amine 
664 bound vs −0.18 eV in the amine-free pathway). However, the 
665 reaction barrier is similar regardless of the presence of the 
666 amine (Figure 4b). As for the second hydrogenation step, the 
667 reaction energy is favorably lower in the amine-bound case 
668 (Figure 4a). After this step, the amine must unbind from the 
669 carbon atom for further hydrogenation to occur. Therefore, the 

Figure 6. Free energy diagrams for conventional (nonamine-bound: --
(black)) and amine-assisted (amine-bound: -- (orange)) CO2 
methanation reaction pathways on the Ru(0001) surface. The 
mechanisms are aligned so that the states at the same reaction 
coordinate are identical up to amine-binding (for example, [A]CO* is 
aligned with CO*, and [A]CH* is aligned with CH*). [A] refers to 
the methylamine missing one hydrogen, or the methylamine ligand 
(CH3NH−). All energies are reported relative to CO2(g) + 8H* at a 
temperature of 450 K and the experimental operating pressure (0.85 
bar). The reaction coordinate corresponds to those from the Tables 1 
and 2 with the elementary steps noted for the amine-assisted pathway. 
The H2 dissociation reactions are therefore excluded from the 
reaction energy diagram for simplicity (and to reference the four 
dissociated H2). TS⧧ denotes the transition states. 

Figure 7. CO2 conversion (a) and Arrhenius plots (b) for CO2 methanation over Ru/TiO2 and diamine-Ru/TiO2 catalysts in the 110−200 °C 
temperature range with a 6.67:1 H2:CO2 molar ratio. 
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670 amine-bound and conventional CO2 methanation pathways 
671 can be compared up until this point, after which the pathways 
672 share the final two hydrogenation steps from CH2 to methane. 
673 Furthermore, the possibilities of amine ligands unbinding from 
674 the carbon at any intermediate stage in the pathway have been 
675 discussed in earlier sections (Figure 5). With few exceptions, 
676 the pathways are favorably downhill in all cases. 
677 In summary, the comparative free energy diagrams presented 
678 in Figure 6 provide a very valuable preliminary overview into 
679 the influence of the amine ligand on the energetics of the CO2 
680 to the methane conversion process. However, microkinetic 
681 modeling is necessary for a quantitative analysis of its impact 
682 on the overall kinetics as discussed in Section 3.4. Never-
683 theless, our analysis shows a shift in the likely rate-determining 
684 steps: CO dissociation (CO* ↔ C* + O*) and the 
685 hydrogenation reaction step (C* + H* ↔ CH*) over the 
686 two pathways. This, in itself, is sufficient to paint a qualitative 
687 picture for the CO2 reactive conversion and production to CH4 
688 assisted by the presence of amine ligands, as shown 

f7 689 experimentally (Figure 7b). 
690 3.3. Experimental CO2 Uptake and Methane Con-
691 version. The experimental CO2 methanation data over the 
692 Ru/TiO2 and Diamine-Ru/TiO2 catalysts are displayed in 
693 Figure 7b. The Ru/TiO2 sample exhibited slightly higher 
694 conversion at all temperatures than the Diamine-Ru/TiO2 
695 sample. This could be due to the partial blockage of Ru active 
696 sites by the diamine coating.42 The calculated activation 
697 energies for both samples were similar, with 50.7 kJ/mol for 
698 Ru/TiO2 and 58.1 kJ/mol for diamine-Ru/TiO2. These values 
699 are in good agreement with previously reported activation 
700 energies for the Sabatier reaction over Ru/TiO2 catalysts 
701 (typically 50−70 kJ/mol).3,23,57,58 These observations on the 
702 product selectivity, CO2 conversion, and the CH4 production 
703 rates over the two catalysts will be discussed from the theory 
704 standpoint in Section 3.4. 
705 3.4. Microkinetic Studies for Comparative Methana-
706 tion. In the earlier sections, DFT energetics indicated a lower 
707 energy pathway (with a lower activation barrier) through the 
708 amine-assisted mechanism compared to the conventional 
709 (amine-free) pathway. However, experimental results showed 
710 a lower conversion and a reduced CH4 production rate over 
711 the diamine-Ru/TiO2 catalyst compared to the Ru/TiO2 
712 catalyst. To reconcile this discrepancy, we utilized DFT 
713 energetics to propose a microkinetic (MKM) simulation to 
714 model the overall CO2 reactive uptake facilitated by the amine 
715 ligands. This simulation includes steps such as amine 
716 adsorption, amine−carbon complex (AC) formation and 
717 adsorption, CO2 direct adsorption on Ru surface, methanation 
718 reactions, and hydrogen adsorption through both the amine-
719 bound and nonamine-bound routes. The simulation consid-
720 ered only lumped methanation reaction steps M1−M7 (C−O 
721 dissociation and C hydrogenation, Table S1) for a quick 
722 analysis since these have the highest activation barriers among 
723 all the steps. It was assumed that all other intermediate steps 
724 were pseudoequilibrated. The adsorbed amines were consid-
725 ered as an inactive species since, as per our DFT analysis 
726 (Section 3.1.1), the amine-grafted carbon’s reactivity toward 
727 methanation is tuned only after the amines form the amine− 
728 carbon complex (carbamic acid) and adsorb on the surface. 
729 Moreover, the amines easily block surface sites by forming 
730 nitrogen-surface bonds, thereby rendering the amine group 
731 incapable of CO2 capture.

34 The readers can refer to Section 

732 Supporting Information Note S5 for elaborate details on the 
733 MKM, the considered steps, and their energetics. 
734 The MKM simulations were conducted at the experimental 
735 reaction and feed operating conditions of CO2/He/H2 as 
736 1:9:6.67 at 0.85 bar pressure for a range of the reactor 
737 temperatures around the experimental values (373−473 K). 
738 The initial amine population was represented by an amine 
739 concentration corresponding to the experimental grafting 
740 concentration of 2.46 × 10−20 moles of amines per Ru 
741 nanoparticle (see Supporting Information Note S5, Impact of 
742 Amine Coverage on Methanation). The simulations provided 
743 data on the coverage of reactants and intermediates at the 
744 various temperatures considered, as well as the CH4 
745 production rates on both the amine-grafted and Ru (amine- 
746 free) surfaces. When these production rates are multiplied by 
747 the surface coverage of CH4-producing sites on a Ru 
748 nanoparticle, they are converted into turnover frequency 
749 (TOF), representing the moles of CH4 produced per mole 
750 of Ru catalyst per unit time. The methodology follows our 
751 cross-scale catalyst modeling approach.59 

752 The MKM results reveal minimal coverage of the amine− 
753 carbon complex ([A]COOH, the reactive species in the amine- 
754 bound pathway) and high CO2 coverage at all reaction 
755 f8 temperatures (Figure 8a). Furthermore, the surface predom- 
756 inantly remains covered with dissociated hydrogen (H*) for 
757 facilitating hydrogenation, although their coverage decreases 
758 with increasing temperature as the adsorbed H desorbs from 

Figure 8. (a) MKM simulated coverage (θ) of adsorbed species 
amine ([A]) shown in the inset, amine−CO2 complex ([A]COOH or 
AC) and CO2 on the amine-grafted Ru(0001) surface, and (b) MKM 
simulated CH4 production turnover frequency (TOF) via the amine-
assisted (amine-bound: orange) and the conventional pathway 
(nonamine-bound/amine-free:black) toward CO2 methanation on 
the Ru(0001) surface. The feed operating conditions are simulated at 
the experimental feed conditionsCO2/He/H2 as 1:9:6.67 at the 
experimental operating pressure of 0.85 bar. The y-axis is on a log 
scale in both plots as well as the inset plot in (a). 
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759 the surface (S7). Additionally, the surface coverage of amines, 
760 modeled as inactive species, remains low across all temper-
761 atures and decreases further at higher temperatures. 
762 Though the DFT simulations indicate that amines offer a 
763 lower energy pathway (lower C−O dissociation), they are 
764 present in lower quantities on the surface to facilitate the 
765 conversion. Consequently, less CO2 follows the amine-bound, 
766 lower-energy pathway, while the amine-free CO2 adsorbed 
767 species are more readily available for methanation. This leads 
768 to significantly lower CH4 production via the amine-bound 
769 pathway compared to the nonamine pathway (Figure 8b), with 
770 the difference becoming more pronounced at higher temper-
771 atures as nonamine-bound production surpasses the amine-
772 bound CO2 conversion. The decreased CO2 uptake and a 
773 decreased conversion on the aminated catalyst also align with 
774 our experimental observations (Figure 7b) on CO2 con-
775 versions and the CH4 production rates, showing only similar 
776 methanation rates on nonamine-bound pathways despite being 
777 suggested by our theoretical calculations. Interestingly, both 
778 the CO2 conversions and the CH4 production rates are slightly 
779 higher for the nonamine bound case. This can be explained via 
780 higher coverage of CO2 on the surface than the amine−carbon 
781 complexes. 
782 Our DFT calculated energetics are also in agreement with 
783 the widely reported high selectivity of Ru for CH4 production

3 

784 and the thermodynamic equilibrium favoring CH4 over CO at 
785 these low reaction temperatures.4 This can be explained by the 
786 significant difference in energetics between the CO binding 
787 energy and the subsequent C−O dissociation step toward CH4 
788 formation in both the amine-bound and the conventional 
789 pathways. In the amine-bound case, CO binding energy is 
790 −2.39 eV vs −0.13 eV (subsequent C−O dissociation). These 
791 values are −4.35 and 0.81 eV, respectively for the conventional 
792 pathway. These suggest it is easier energetically (with kinetics 
793 considered) for CO to dissociate rather than desorb away from 
794 the surface, explaining the high CH4 selectivity in both 
795 pathways, as is commonly observed on Ru. 
796 Finally, the sensitivity of our MKM simulations toward the 
797 operating feed conditions for inlet H2 and CO2 ratios is 
798 detailed in the Supporting Information Note S5. At all feed 
799 conditions, the Ru surface is covered with amines, H2 and CO2 
800 (Figure S7), suggesting our analysis is not an artifact of the 
801 feed initialization conditions. Furthermore, Our MKM analysis 
802 shows that while increasing the initial amine concentration 
803 (experimental grafting concentration) enhances the amine-
804 assisted methanation TOF, the amine-free pathway consis-
805 tently exhibits a higher TOF, indicating that the exact amine 
806 distribution between the TiO2 support and Ru is not critical to 
807 our conclusions (Supporting Information Note S5, Figure 
808 S11). The readers should note that the absolute values for the 
809 CH4 production rates and the adsorbed species coverage are 
810 not to be interpreted and compared quantitatively with our 
811 experiments since the MKM does not explicitly consider 
812 adsorbate−adsorbate interactions and report the rates on per 
813 surface site basis. Neither is the exact reaction temperature at 
814 which the amine-free pathway surpasses the amine-bound 
815 pathway in production rates. The MKM simulations primarily 
816 serve to qualitatively bridge the gap between the theoretical 
817 DFT simulation-based insights and the experimental findings, 
818 which it successfully achieves. 

4. CONCLUSIONS 
819 Using DFT calculations with methylamine as a model amine, 
820 we proposed a series of elementary reaction steps for the 
821 catalytic conversion of amine-bound CO2 on a Ru(0001) 
822 surface, allowing us to identify distinct adsorbed intermediates. 
823 The primary goal of our simulations was to determine whether 
824 the amine functions mainly as a CO2 capture agent without 
825 significantly impacting catalysis, or if it actively alters the 
826 catalytic process. To assess this, we conducted a comparative 
827 analysis of the amine-bound and nonamine-bound pathways. 
828 Based on DFT energetics, including reaction energies and 
829 activation barriers, we found that carbon coordination governs 
830 its ability to dissociate and react. The presence of the amine 
831 ligand modifies the carbon coordination environment, 
832 promoting direct C−O dissociation. Additionally, it appears 
833 that amines may destabilize the CO* adsorbate compared to 
834 the nonamine-bound case, thereby reducing the risk of CO 
835 poisoning-a hypothesis previously suggested. Our results also 
836 indicate an energetic preference for hydrogenation, with the 
837 relative instability of C* and increased stability of [A]C* 
838 making hydrogenation more favorable, although more uphill in 
839 the amine-bound scenario. The likelihood of amine unbinding 
840 depends on the specific CHx configuration, with the amine 
841 ligand influencing this process. 
842 Despite theoretically predicting a lower energy pathway in 
843 the presence of amines, our experiments reported similar CO2 
844 conversion and CH4 production rates over both synthesized 
845 catalysts “Ru/TiO2” and the amine (N-(2-aminoethyl)-3- 
846 aminoproplytrimethoxysilane (“diaminosilane”)) deposited 
847 catalyst “diamine-Ru/TiO2”. A microkinetic model (MKM) 
848 was employed to reconcile these observations with exper- 
849 imental data, suggesting a lower surface coverage of amine− 
850 carbon complexes and relatively higher CO2 coverage at all 
851 temperatures to explain this anomaly. Overall, the findings 
852 from our DFT calculations provide qualitative insights into the 
853 amine-assisted CO2 uptake, consistent with experimental 
854 demonstrations. These results shed light on the mechanisms 
855 by which amine ligands, when stabilized on the catalyst surface, 
856 play a crucial role in facilitating CO2 conversion processes. Our 
857 DFT calculations offer qualitative insights into the amine- 
858 assisted CO2 uptake, aligning with experimental observations. 
859 These findings illuminate how amine ligands, when stabilized 
860 on a catalyst surface, play a pivotal role in facilitating CO2 
861 conversion. The strength of the interaction between amines 
862 and the substrate is key to optimizing such processes. By 
863 understanding the underlying mechanisms and strategies to 
864 enhance this binding, we can better leverage the role of amines. 
865 Certain transition metals, such as Fe, and Re, with partially 
866 filled d-orbitals, are known to exhibit stronger binding with 
867 nitrogen-containing groups.60 Functionalizing amines with 
868 electron-withdrawing groups (like fluorine or chlorine) can 
869 decrease the electron density on nitrogen, making it more 
870 electrophilic and improving its binding affinity to electron-rich 
871 metal surfaces, such as Pt.21,61 However, the binding strength 
872 should be balanced to avoid oversaturating the metal surface, 
873 ensuring that key catalytic sites, like those required for H2 
874 dissociation in methanation, remain accessible for optimal 
875 catalytic activity. 
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