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Abstract 10 

Pristine graphene is widely considered to be chemically inert, but recent 11 

experimental studies have suggested that it can provide frustrated Lewis pairs (FLPs) 12 

for activating H2 under mild conditions. Using density functional theory (DFT) and ab 13 

initio molecular dynamics (AIMD) calculations, we explore in this work the possibility 14 

that corrugation in pristine graphene is responsible for the formation of FLPs and thus 15 

its observed catalytic activity. Our DFT results demonstrate that the ease of H2 16 

activation is proportional to the degree of corrugation of graphene. For corrugated 17 

graphene, the two catalytic para-carbon sites show clear sign of transient Lewis 18 

acid/base properties along the reaction coordinate, a pre-requisite for FLPs. 19 

Furthermore, the two dissociating H atoms carry opposite charges, suggesting 20 

heterolytic activation of H2. This behavior is confirmed by AIMD simulations at room 21 

temperature, which show that fluctuations of the corrugated graphene lead to C sites 22 
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with diverse distances and varying charges. These observations offer a plausible 23 

rationalization of the experimental observations and possible design principles for FLP 24 

catalysts using homogenous two-dimensional materials. 25 
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1. Introduction 30 

Two-dimensional (2D) graphene (Gr) has attracted significant interest in many 31 

fields due to its unique properties compared to bulk-phase materials.1-2 However, unlike 32 

bent carbon nanotubes with misaligned orbitals, defect-free Gr has traditionally been 33 

considered chemically inert for catalytic reactions due to its uniform sp2 carbon atoms 34 

and delocalized π-electrons in the basal plane. A common approach to endow pristine 35 

Gr with catalytic activity is to introduce exotic active sites, such as supporting metals 36 

and surface-functionalized doping.3-5 Although there have been extensive 37 

investigations of the active sites of such modified Gr, little attention has been paid to 38 

pristine graphene itself as a catalyst.   39 

In 2014, Primo et al. reported for the first time that pristine Gr possesses catalytic 40 

activity for hydrogenation of unsaturated hydrocarbons comparable to, or even better 41 

than, commercial Pd/C, Pt/C and new Ni/C catalysts.6 On the other hand, N/P/S doping 42 

of Gr was found to significantly reduce the overall activity, in sharp contrast to previous 43 

reports of Gr catalysis through doping.7-8 A key finding of that study is the isotopic H/D 44 

scrambling in thermal programmed desorption (TPD) after dosing with H2 and D2, 45 
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indicating the crucial H2 (D2) dissociation for subsequent hydrogenation catalysis. 46 

More interestingly, the overall catalytic performance of Gr can be reversibly affected 47 

by the addition of CO2 (a Lewis acid)/NH3 (a Lewis base) to the reaction stream. It was 48 

argued that the NH3 and CO2 molecules can reversibly adsorb onto the Gr surface, 49 

implying that some carbon species of Gr may exist as Lewis acids and bases, which are 50 

neutralized by the external ones. Based on these observations, these authors 51 

hypothesized that this unexpected activity of Gr is attributable to the presence of 52 

frustrated Lewis pairs (FLPs) on its surface, although the exact mechanism remains 53 

unknown. 54 

Catalysis by FLPs is a new and vibrant field.9-11 The basic premise is that a 55 

sterically hindered Lewis acid and base pair can provide an active site that polarizes a 56 

molecule such as H2, leading to its dissociation and formation of protonic and hydridic 57 

species.12-13 This FLP mechanism, originally suggested in homogeneous catalysis,13 has 58 

recently found numerous applications in heterogeneous catalysis.14-16 Since an FLP 59 

typically consists of an electron rich and an electron poor species,17-18 it is not 60 

immediately clear how Gr can provide FLPs. 61 

It is well known that the conformation of a material strongly influences its 62 

electronic structure, which controls its physical and chemical properties.19 Since the 63 

discovery of Gr, the intrinsic properties of pristine Gr have been hotly debated because 64 

different synthesis techniques lead to different morphological features (e.g., number of 65 

layers, degree of smoothness, and defect concentration), making it a serious challenge 66 

to establish a unified structure-activity relationship.20-23 A growing number of studies 67 
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has shown that the presence of deformation of the planar Gr can directly influence its 68 

electronic structure,24-27 leading to a variety of applications.28-30 For example, Hu et al. 69 

reported that wrinkles in exfoliated Gr monolayer can break the 6-fold symmetry of 70 

ideal lattice and affect its electrical conductance.31 Kundalwal et al. demonstrated using 71 

density functional theory (DFT) that the symmetry of the π-orbital of pristine Gr can be 72 

broken by bending.32 Following this finding, Duggen et al. developed a mathematical 73 

model of polarization dynamics of bent Gr and demonstrated the piezoelectric effect, 74 

which originates from a dynamically generated surface charge density proportional to 75 

the local curvature of the Gr layer.33 More recently, Huang et al. reported that the 76 

chemical reactivity of carbon atoms in wrinkled multilayer Gr is much higher than that 77 

in flat regions, as seen from hydrogen plasma etching results.34 This is understandable 78 

as the prevalence of corrugations in pristine Gr transforms the isotropic carbon sites to 79 

acquire different physicochemical properties. These studies have clearly pointed out the 80 

non-negligible influence of corrugation on mechanical and chemical properties of 81 

pristine Gr, enabling various applications.  82 

Under realistic conditions, it is almost impossible for defect-free Gr to remain 83 

completely flat.35 Indeed, we note that in Ref. 6, the TEM images of the Gr used in 84 

catalyzing hydrogenation of acetylene have extensive nonplanarity and wrinkles. As 85 

discussed above, the effects of corrugation on catalysis should be investigated. In this 86 

work, we explore the possibility of FLP formation on corrugated Gr and its role in 87 

activating H2 in hydrogenation catalysis. To this end, we constructed a series of 88 

corrugated Gr models and studied their catalytic activity by DFT and ab initio 89 
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molecular dynamics (AIMD) calculations in relation to planar Gr.  90 

Our investigation starts with an ideal planar Gr monolayer adopted to represent 91 

the flat region of the pristine Gr and its properties were investigated as the reference. 92 

This is followed by the investigation of corrugated Gr models. Our results clearly show 93 

that the H2 dissociation barrier has a negative correlation with the degree of corrugation 94 

in Gr, revealing its catalytic potential. Further investigations of the entire acetylene 95 

hydrogenation process revealed that the activation of H2 is the rate-determining step 96 

while the subsequent hydrogenation catalysis is facile. More importantly, charge 97 

distributions in the catalytic site show clear signs of a transient FLP formation along 98 

the reaction coordinate. This is supported by AIMD simulations at finite temperatures 99 

which revealed unique dynamical behaviors of the catalytic C sites on corrugated Gr, 100 

particularly the formation of different C–C distances and various charge states, 101 

underscoring different electron gain/loss abilities of the C sites as the system 102 

approaches the transition state (TS). Such a transient FLP polarizes H2, leading to the 103 

formation of protonic and hydridic species. These observations substantiate the FLP 104 

hypothesis of Primo et al. in Gr catalyzed hydrogenation of unsaturated hydrocarbons 105 

and offer insights into the catalytic potential of this seemingly inert material. 106 

2. Computational Details 107 

All spin-polarized DFT calculations were carried out by using the Vienna Ab initio 108 

Simulation Package (VASP).36 The exchange-correlation functional was described by 109 

the Perdew-Burke-Ernzerhof (PBE) functional within the generalized gradient 110 

approximation (GGA),37-38 while the core electrons were described by the projector-111 
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augmented wave (PAW) method.39 The wave functions of valance electrons were 112 

expanded in plane waves with cut-off energy of 400 eV. A correction of the van der 113 

Waals dispersion was considered with the DFT-D2 method of Grimme.40  114 

A periodic orthorhombic 3√3 × 4 supercell of Gr monolayer consisting of 48 C 115 

atoms was used to model the Gr. A k-mesh of 3 × 3 × 1 was adopted to sample the 116 

Brillouin zone, which was tested to be converged. The separation between different 117 

images of the periodic slab in the z-direction was kept at 15 Å to avoid the interaction 118 

between periodic slabs. The lengths of lattice vectors of the xy plane of ideal Gr (a0 and 119 

b0) are 12.78 and 9.84 Å. To simulate corrugated Gr, we have followed a commonly 120 

used procedure in which the unit cell lengths are scaled. Specifically, a scaling factor (s 121 

= a/a0 = b/b0) was applied to the lattice vectors a and b. In order to release the strain in 122 

the model, all the structures underwent NVT equilibration (2 ps) at 300 K before 123 

carrying out further calculations. Snapshots were taken near the end of the equilibration 124 

trajectories and the corresponding structures are relaxed by minimizing the total energy, 125 

with convergence criteria for energy and force set to 10-4 eV and 0.02 eV/Å, respectively. 126 

The atomic charge was calculated based on Bader charge analysis,41 although other 127 

schemes (e.g., Mulliken) have been tried and yield qualitatively the same results. The 128 

definition and calculation details related to the Fukui function are presented in S1 of 129 

the Supporting Information (SI). 130 

The climbing image-nudged elastic band (CI-NEB)42 method and the dimer 131 

method43 were used to determine TSs of H2 activation and acetylene hydrogenation. In 132 

this case, the convergence criteria for energy and force were set to 10-7 eV and 0.02 133 
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eV/Å, respectively. Meanwhile, the slow-growth (SG) approach44 was used to shed 134 

light on the dynamic behaviors of Gr and H2, as the system approaches the TS of H2 135 

dissociation along a collective variable (CV) that defines the reaction coordinate. 136 

Details can be seen in S2 of SI (Figure S1-S3 and Table S1).  137 

 138 

3. Results 139 

3.1 Flat graphene 140 

Due to the sp2 hybridization characteristics of carbon atoms, defect-free Gr 141 

exhibits a hexagonal honeycomb structure, which is usually modeled as a completely 142 

planar layer.45-46 Here, we first performed a 2 ps NVT simulation at room temperature 143 

to examine the structural fluctuations and the results are shown in Figure 1a. For flat 144 

Gr, we found that the structural deformation was very slight, as evidenced by the 145 

relatively small fluctuations in Gr thickness, which is defined as the height difference 146 

between the highest atom and the lowest atom in the z-direction, in the range of 0.24 to 147 

0.75 Å.  148 
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 149 

Figure 1. Fluctuations of planar and corrugated Gr. (a) Thickness evolution (the solid 150 

lines) in the last 1 ps after the system reached equilibrium of NVT equilibration and 151 

average thickness (dashed lines). (b) Radial distribution functions of C-C pairs in 152 

optimized corrugated Gr after the NVT equilibration. (c) Sample structures of 2 × 2 153 

optimized Gr-s (s = 1.00 to 0.95) after the NVT simulation, colored according to z-154 

coordinates (heights) of atoms.  155 

 156 

Subsequently, we investigated the capacity of flat Gr for H2 activation at different 157 

sites. Two C sites in the same six-membered ring on defect-free Gr are required for H2 158 

dissociation. Three C-C site combinations were considered (Figure 2a), i.e., ortho-C-C, 159 

meta-C-C and para-C-C, with the corresponding C-C distances of 1.42, 2.46, and 2.84 160 
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Å, respectively. The H2 dissociation barriers at these three C-C combinations are shown 161 

in Figure 2b. It can be seen that the H2 dissociation has the lowest barrier of 2.88 eV at 162 

the para-C-C site, while the other two C-C sites have higher barriers (up to 3.73 eV). 163 

Structurally, the C active sites in the TS and final state (FS) at the para-site are slightly 164 

pulled up by the H species, due apparently to their conversion from sp2 to sp3 165 

hybridization. The inflexibility of the active sites (see Figure 1a) due to planarity 166 

enforced by the delocalized π bonds is likely responsible for the high energy barrier. 167 

Clearly, such large energy barriers render the direct catalytic dissociation of hydrogen 168 

on flat Gr very difficult if not impossible, especially at the temperature reported by 169 

Primo et al. (~120 °C).6 These results are also consistent with the conventional wisdom 170 

that pristine Gr is chemically inert. 171 

 172 

Figure 2. H2 dissociation on planar Gr. (a) Different catalytic sites on Gr consisting of 173 

an arbitrary carbon represented by the black dash circle and blue dash circle of a nearby 174 

carbon site denoted as para, meta, or ortho carbon. (b) The corresponding energy 175 

barriers and FS structures. Color code: grey, carbon; green, hydrogen. 176 

 177 
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3.2 Corrugated graphene 178 

3.2.1 Models 179 

As discussed above, flat Gr has negligible structural deformation and thus limited 180 

ability for catalyzing dissociation of H2. It is thus natural to ask the question of whether 181 

the more pronounced deformation in synthesized Gr, which have been widely reported 182 

in the literature,35 may lead to catalytic activity. Such deformation could potentially 183 

provide sites with unconventional properties, which might lower the barrier of H2 184 

activation. To answer this question, we use a common method for constructing surface 185 

corrugations in both experiments and theoretical simulations, namely by applying an 186 

external strain to the basal plane.28, 47-49 In our models, a scaling factor (s = a/a0 = b/b0) 187 

was introduced to describe the degree of lattice contraction. After applying s to lattice 188 

vectors, a 2 ps NVT equilibration was carried out for each model to sample the 189 

configuration space. In the NVT simulation, significant out-of-plane vibrations of the 190 

constituent carbon atoms were observed. Finally, corrugations were formed with the C–191 

C bond lengths ranging from 1.35 to 1.45 Å, in good agreement with the experimentally 192 

reported average value of 1.41 Å for a monolayer Gr.50 The resulting Gr monolayers 193 

with different degrees of corrugation are denoted as Gr-s (s is the scaling factor). Figure 194 

1a shows the thickness variation of several Gr-s models in the last 1 ps of simulation, 195 

in comparison with that of the planar Gr (Gr-1.00). Comparing to Gr-1.00, the 196 

fluctuation becomes substantially more pronounced when the s value is reduced to 0.98 197 

and 0.95. Indeed, the average thickness of Gr in the last 1 ps simulation is negatively 198 

correlated with the s value, as discussed below.  199 
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After the NVT simulations, all structures were subjected to energy minimization 200 

for the subsequent analysis. The C-C distance distribution of the optimized Gr-s is 201 

shown in Figure 1b, where it can be seen that the range of the C-C distance distribution 202 

at the para-sites (~2.80 Å) becomes wider as the Gr corrugation increases with 203 

decreasing s, demonstrating the structural diversity of the potential active sites on 204 

corrugated Gr. The trend can be clearly seen from the optimized structures that shown 205 

in Figure 1c. The relationship among s, Gr-s thickness, and catalytic activity is analyzed 206 

in the next section. 207 

Next, we examine the electronic structures of Gr-1.00 (Figure S4) and Gr-0.95 208 

(Figure 3a-b and Figure S5) as examples. Interestingly, as shown in Figure S4a, the 209 

charges of all C atoms on Gr-1.00 are almost equal to zero, as expected. However, C 210 

atoms on Gr-0.95 show significant charge differences (Figure 3a), suggesting that 211 

charges are no longer uniformly and symmetrically distributed on the constituting C 212 

atoms in the corrugated Gr. Indeed, some of the C atoms are positively charged, while 213 

others are negatively charged. Correspondingly, the Fukui functions 𝑓𝑓+/−(𝐫𝐫) for Gr-214 

1.00 show good symmetry (Figure S4b), while those in Gr-0.95 are apparently 215 

asymmetric (Figure 3b), implying that corrugation promotes diversity in the electronic 216 

structure and charge distribution at surface C sites. Also, as can be seen in Figure 3b, 217 

the profiles of Δf(r) show different shapes around the Gr-0.95 surface, suggesting 218 

different electron affinity of C atoms, which can be contrasted to near uniform Δf(r) on 219 

Gr-1.00 (Figure S2b). Globally, the differing nucleophilicity and electrophilicity are 220 

clearly seen from the fluctuating atomic condensed dual descriptor in Gr-0.95 (Figure 221 
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S5), which is in sharp contrast to the nearly equal ones on Gr-1.00 (Figure S4c). These 222 

observations strongly suggest that carbon atoms on corrugated Gr have increased 223 

electron gain/loss capabilities, which could potentially provide FLP sites for H2 224 

activation.    225 

3.2.2 Catalytic activity 226 

In this section, the catalytic performance of a series of Gr-s models is investigated. 227 

We first focus on the hydrogen adsorption and dissociation on the Gr-0.95 surface, as 228 

shown in Figure 3c and Figure S1. The most stable adsorption state of H2 on Gr-0.95 is 229 

used as the IS for the CI-NEB calculation. The results show that the TS, featuring an 230 

elongated H–H bond and two puckered-up carbons, yields an energy barrier of 1.74 eV, 231 

which is significantly lower than that on pristine Gr as discussed above (2.88 eV). In 232 

the FS, the two dissociated hydrogens adsorb on para-C-C sites, respectively, forming 233 

two C–H species. Structure b is further converted to lower energy structure c without a 234 

barrier. The much lower dissociation barrier for H2 on Gr-0.95 than the flat Gr suggests 235 

that the corrugation helps to promote the catalysis.  236 

To gain insight into the origin of the catalytic activity, we have plotted the charges 237 

of the two carbon atoms at the active site and the hydrogen atoms for several CI-NEB 238 

images. As mentioned above, the two carbon atoms at the active site have opposite 239 

charges, but both become negatively charged after H2 adsorption (IS). As shown in 240 

Figure 3d, they regain opposite signs in some CI-NEB images between the IS and TS, 241 

suggesting the emergence of a sterically frustrated Lewis acid-base pair. This is 242 

accompanied by the opposite charges in the two hydrogens, implying that the H2 243 
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activation followed a heterolytic mechanism and led to protonic and hydridic species. 244 

Interestingly, the final charges of the H species at the TS become positive, apparently 245 

dictated by the difference between the electronegativity of H and C. Nonetheless, the 246 

transient protonic and hydridic characters strongly suggest that the H2 is polarized by 247 

the transient FLP provided at the para-site. This ability to form a transient FLP can be 248 

attributed to the ability of the C active sites to gain/loss electrons facilitated by the 249 

corrugation and the flexible C-C distances during dynamics. 250 

We have repeated the CI-NEB calculation for H2 dissociation on corrugated Gr 251 

with several scaling factors. As shown in Figure 3e, the barrier is positively correlated 252 

with the scaling factor, which is negatively correlated with the thickness of the Gr. In 253 

other words, the larger the strain in the Gr, the thicker it becomes, and the lower the 254 

activation barrier. Specifically, the energy barrier of H2 activation decreases 255 

significantly from 2.88 eV at Gr-1.00 to 1.74 eV at Gr-0.95. (See Table S2 for energy 256 

barriers and imaginary frequencies for other s values in between.) It is worth noting 257 

from the TS configurations shown in Figure S6 that the smaller s values, which 258 

correspond to larger corrugation, results in shorter C-C distance of the para-active site.  259 
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 260 

Figure 3. Electronic and catalytic properties of corrugated Gr. (a) Charge distribution 261 

in Gr-0.95 (top view), in which the charge is color coded with the scale on top. (b) 262 

Cross-sectional profiles of 𝑓𝑓+(𝐫𝐫) ,  𝑓𝑓−(𝐫𝐫)  and Δ𝑓𝑓(𝐫𝐫)  of Gr-0.95 (side view) in 263 

e/Bohr3. (c) Energy profile of acetylene hydrogenation catalyzed by Gr-0.95. Color 264 

Scheme: C, grey; H, green. (d) Bader charge evolution of the para-sites (C1, C2) and 265 

two H (H1, H2) from the IS to TS in H2 dissociation on Gr-0.95. 1 and 4 in reaction 266 

coordinates correspond to the IS and TS, respectively, while 2 and 3 correspond to the 267 

activated H–H species between IS and TS. Detailed CI-NEB energy profile with 268 

structures were shown in Figure S1. (e) Correlation between the thickness of corrugated 269 

Gr with the scaling factor and with the corresponding energy barrier for H2 activation. 270 

 271 

We have further reduced the scaling factor from 0.94 to 0.88, but for s < 0.94, the 272 

trend of increasing thickness starts to slow down and the difference between those at s 273 
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= 0.91 and s = 0.90 is merely 0.025 Å, as shown in Figure S7a. However, the energy 274 

barrier for hydrogen activation drops to 1.35 eV at s = 0.92. As s continues to drop, the 275 

energy barrier fluctuates around 1.40 eV, see Figure S7b. (Gr models with even smaller 276 

s were not considered for H2 activation due to severe deformation of these surfaces, as 277 

shown in Figure S8.) These results provided further evidence that Gr corrugation plays 278 

an important role in promoting catalytic H2 activation.   279 

We also studied the acetylene hydrogenation by the H* species formed from H2 280 

dissociation (C2H2* + 2H* → C2H4*). Taking Gr-0.95 as an example (Figure 3c), C2H2* 281 

is found to physisorb on the Gr surface with an adsorption energy of –0.11 eV. In the 282 

first hydrogenation step, it reacts with a nearby hydrogen atom to form the C2H3* 283 

intermediate (C2H2* + H* → C2H3), which has an energy barrier of 0.74 eV. In the 284 

second step, the C2H3 intermediate is spontaneously hydrogenated to C2H4* with no 285 

energy barrier. The C2H4 product has a small adsorption energy of –0.13 eV, which can 286 

be expected to desorb readily from the catalyst surface. The barrier for hydrogenation 287 

is much lower than H2 dissociation, making the latter rate limiting. The further 288 

hydrogenation of C2H4 by surface H has an energy barrier of 0.74 eV (Figure S9), which 289 

is difficult to compete with desorption. In addition, the acetylene hydrogenation 290 

catalyzed by Gr-1.00 have also been investigated (Figure S10). In this case, the 291 

hydrogenation takes place following the same mechanism with that over Gr-0.95 and 292 

the barrier is 0.60 eV. As a result, the H2 activation remains the rate-determining step.  293 

To be complete, the catalytic performance of Gr edge sites such as armchair and 294 

zigzag edges were also explored. It was found from Figure S11 that the H2 dissociation 295 
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at these edge sites has either an extremely small (0.06 eV) or null barrier, with energy 296 

releases of –5.34 and –5.43 eV, respectively, due to the strong binding of H to 297 

unsaturated C. However, the overly strong chemisorption of H species at C sites results 298 

in extreme endothermicity for the hydrogenation of acetylene at these defective sites 299 

(2.98 eV for armchair sites and 3.03 eV for zigzag sites, Figure S12). These results 300 

effectively rule out edge sites as the active sites for hydrogenation, confirming the 301 

argument made by Primo et al.6 The above results suggest that defect-free but 302 

corrugated Gr is more likely to provide the relevant active sites for the hydrogenation 303 

catalysis.  304 

3.2 Impact of dynamics on catalysis 305 

Since the morphology of Gr monolayers is constantly changing during the 306 

catalysis, studying the reaction process based only on static DFT calculations may not 307 

be sufficient to understand the dynamic behaviors in the catalysis.  308 

In this section, we discuss AIMD simulations of the H2 dissociation at 300 K with 309 

the slow-growth (SG) approach,51 using Gr-1.00 and Gr-0.95 as examples. In the SG 310 

approach, the IS is slowly switched to the TS along a collective variable (CV). The 311 

fluctuation of various properties is followed along the trajectory, which sheds light on 312 

the dynamics. As shown in Figure 4a, during the H2 activation catalyzed by Gr-1.00, 313 

the distance of para-C-C fluctuates and decreases from 2.82 to 2.69 Å until it reaches 314 

the TS, marked in the figure by the vertical gray line, while the H–H distance increases 315 

to 1.27 Å. However, as displayed in Figure 4b, for Gr-0.95, the initial C–C distance 316 

(2.76 Å) is slightly shorter than that (2.82 Å) of Gr-1.00, but decreases more rapidly to 317 
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2.50 Å at the TS, with a corresponding distance between H–H of 1.00 Å. In other words, 318 

compared with Gr-1.0, a Gr with larger corrugation (Gr-0.95) is more likely to generate 319 

a shorter para-C-C distance, which leads to a stronger interaction between the elongated 320 

H–H and Gr, thus reducing the energy barrier of H2 cleavage. 321 

 322 

 323 

Figure 4. Dynamics along the reaction coordinate. Evolution of the H–H and C–C 324 

distances along the CV for H2 dissociation catalyzed by (a) Gr-1.00 and (b) Gr-0.95, 325 

the highest point of the free energy (the TS) was labeled by grey dash line. Color scheme: 326 

C, grey; H, green. (c) Thickness evolution of Gr (s from 0.95 to 1.00) during H2 327 

dissociation. (d) Charge difference (QC1-QC2) between QC1 and QC2 and charge product 328 

(QH1 × QH2) of QH1 and QH2 in the process of H2 dissociation catalyzed by Gr-0.95. The 329 

negative value of QH1×QH2 means that the charge states of the two H species are 330 

opposite, while the positive value represents the same charge state.   331 
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 332 

In Figure 1a-b, we find that the larger thicknesses allow the C-C distance of Gr-s 333 

to fluctuate over a larger range in the absence of H2. Herein, the thickness of a series of 334 

Gr-s was investigated during H2 activation. As shown in Figure 4c, the thickness of Gr-335 

1.00, 0.99 and 0.98 show obvious increasing trends as the H2 is activated, and for the 336 

other three corrugated Gr (Gr-0.97, 0.96 and 0.95), which possess larger thickness, the 337 

trends are much weaker. This implies that the thickness of the less corrugated Gr varies 338 

more than that of highly corrugated Gr. Considering that the para-C-C distance 339 

decreases when H2 dissociates (Figure 4a-b), we regarded it as a reasonable 340 

phenomenon that the more corrugated Gr has more flexible C active sites and therefore 341 

the catalyst surface does not need much deformation, which requires extra energy, to 342 

catalyze the activation of H2. 343 

In addition to the dynamical structural features discussed above, the analysis of 344 

charge changes in the activation is essential for a deeper understanding of the 345 

mechanism. To test the FLP hypothesis of Primo et al., we analyzed the fluctuation of 346 

the charge (Q) of the two C atoms and two H atoms during H2 activation, as depicted 347 

in Figure 4d (upper panel). It is clear from the figure that the two carbons have 348 

significant transient charge differences (QC1-QC2). This charge imbalance signifies that 349 

the two C atoms could provide the FLP on a transient basis, which can polarize the H2 350 

and help its bond cleavage. Indeed, in Figure 4d (lower panel), the product of the H 351 

charges QH1×QH2 clearly shows transient protonic and hydridic characters, leading to 352 

the TS, consistent with the CI-NEB results shown in Figure 3.  353 
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4. Discussion and Conclusions 354 

Gr materials consisting of sp2 C atoms are traditionally considered to be inert to 355 

H2 activation. Numerous efforts have been made to introduce new active sites (e.g., 356 

noble metal doping) in Gr to catalyze reactions. We in this work are concerned with the 357 

recent discovery by Primo et al.,6 who reported the surprising reactivity of pristine Gr 358 

in acetylene hydrogenation. Despite strong circumstantial evidence presented by these 359 

authors, however, it was unclear what are the mechanism and factors affecting the 360 

reactivity. Our premise in this work is that the surface morphology of Gr is not always 361 

planar under realistic conditions, including the experiment by Primo et al.6 Indeed, 362 

corrugations could exist under many practical conditions, such as different synthesis 363 

temperatures and pressures. Such surface corrugations could conceivably lead to 364 

catalytic sites. This hypothesis has so far attracted little attention.  365 

In this current work, we constructed several Gr monolayers with different degrees 366 

of corrugation to investigate H2 activation using static and dynamical methods. The 367 

DFT results show that the introduction of corrugations can indeed significantly reduce 368 

the energy barrier for H2 activation compared to flat Gr. Indeed, the degree of 369 

corrugations correlates well with the energy barrier. The origin of this correlation 370 

derives from the fact that the presence of corrugations generates surface C-C sites with 371 

diverse structure fluctuations, which alter the electronic properties. These active sites 372 

possess significant charge fluctuations, which can efficiently polarize the H2 molecule 373 

to form active surface H species for the subsequent hydrogenation steps, very similar 374 

to the mechanism of FLP catalysis. Our results suggest that the activation of H2, a rate-375 
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determining step in acetylene hydrogenation, can be effectively regulated by controlling 376 

its surface morphology without the introduction of any exotic active site. 377 

We stress that the catalysis discussed in this work is difficult to be classified as an 378 

FLP in the conventional sense, because the two carbon atoms in the catalytic para-site 379 

do not possess opposite charges before hydrogen binding. Rather, a sterically hindered 380 

Lewis acid-base pair emerges transiently during the H2 activation. Fontaine and 381 

Stephan have extensively discussed the non-conventional definition of FLP chemistry, 382 

in which the FLP does not have to be a pre-existing condition.11 The case discussed 383 

here seems to be such a case and can probably be best described as a transient FLP. 384 

Nonetheless, the catalytic effect is quite apparent, evidenced by the drastic reduction of 385 

the reaction barrier.  386 

Admittedly, the theory-experiment comparison is not as quantitative as one would 387 

wish. Despite the clear demonstration of significant lowering of the barrier by Gr 388 

corrugation in this work, the calculated barrier for H2 dissociation is still quite high. 389 

This could presumably be due to various uncertainties in our model, such as the DFT 390 

functional used in the calculation and nuclear quantum effects. Indeed, the overcome 391 

of the H2 dissociation barrier might involve significant tunneling, which further reduces 392 

the activation energy. Nonetheless, the qualitative conclusions reached by our 393 

investigation are robust and offer a unique perspective on how to manipulate structure 394 

of materials to create chemical reactivity. 395 

The insights gained in this work enrich our understanding of the potential capacity 396 

of 2D materials, including but not limited to Gr monolayers, as catalysts. The present 397 
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work also provides a new perspective to understand FLPs, i.e., asymmetric sites 398 

composed of the same elements can form FLPs to activate small molecules, further 399 

expanding the scope of applications in the field of FLP catalysis. 400 
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