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Abstract. Localized surface plasmons (LSP) on faceted surfaces of gold nanoparticles enable 

carbon monoxide disproportionation to be driven at room temperature. In order to expand the 

known surfaces that catalyze this reaction, we explore the adsorption of carbon dioxide at top, long 

bridge, short bridge, and hole sites on gold (100), (110), (111), (211), and (311) faceted surfaces, 

as well as the reaction barriers for disproportionation at the lowest energy adsorption site on each 

surface and edges between two (311) surfaces and (100) and (110) surfaces. Generally, the less 

atomically dense higher index facets promote both good adsorption and reactivity, and the edges 

show lower barriers for disproportionation. For most of the explored surfaces, adsorption directly 

on top of a gold atom is most favorable. The lowest activation energy for carbon monoxide 

disproportionation to amorphous carbon and carbon dioxide is predicted for two carbon monoxides 

adsorbed on top of atoms on the (311)/(311) edge.  

Keywords. Quantum mechanics, catalysis, gold nanoparticles, local surface plasmon, CO 

disproportionation.  
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1. Introduction 

The controlled decomposition of carbon monoxide (CO) provides a way to generate amorphous 

carbon[1,2] from industrially generated CO rather than allowing its release. The disproportionation 

of carbon monoxide (eqn. 1) typically takes place between 400 °C and 600 °C in industrial settings, 

[2,3] often with the help of metal catalyst. Different transition metal surfaces have been explored 

to improve the efficiency of CO decomposition, including iron, [4,5] aluminum/iron, [6] copper 

[7], and metal-oxides [8]. Each of these catalysts still require significant temperature or pressure 

[9] to drive the reaction. However, the reaction can also be mediated by light-induced localized 

surface plasmons (LSPs) on gold nanoparticles at room temperature [1,10,11].  

2CO(g)→C(s) + CO2(g) (1) 

The LSP originates from the confinement of light in metallic nanoparticles, which induces 

collective motion of many electrons in unison at the material interface [12]. The LSP provides 

“hot” electrons or extra energy that can catalyze CO conversion [1,13–15]. The ability to drive CO 

disproportionation with light at room temperature provides a new level of control over the reaction, 

possibly minimizing side products and enabling direct CO catalysis at the source without needing 

to provide or contain large amounts of heat. These properties provide opportunities to expand CO 

decomposition in more diverse applications like car exhaust and ventilation systems.  

The initial demonstration of CO disproportionation on gold [1] revealed that favorable 

adsorption locations of the CO and the localization of the LSP energy are critical factors for the 

generation of amorphous carbon. The initial computational analysis provided insights only into the 

adsorption of CO directly on top of a gold atom on the (100), (110), and (311) surfaces [1,16].  

Other low index facets have also been previously studied for CO adsorption experimentally and 

computationally [17–23], however these studies focus on adsorption energies as a proxy of 
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reactivity. While a strong adsorption of the reactant can promote the required association to start 

the reaction, it is clear that the complex interplay of electronic factors along the reaction profile 

are still critical to study for each reaction because the most stable adsorption energies do not always 

translate to the most reactive surfaces [1,23–27]. In fact, the initial demonstration of this reaction  

[1] concluded that the location of the reactivity was driven mostly by the LSP concentration. 

Here, we further explore adsorption and reactivity directly on these and other low index facets 

to better understand the role of thermodynamics in the reactivity and find additional reactive gold 

surfaces that could guide design of new catalytic particles for CO conversion. This work focuses 

on the (100), (110), (111), (211), and (311) gold surfaces, as well as the top, bridge, and hole sites 

of each surface. Both the adsorption energy and decomposition of CO on each surface are 

calculated using density functional theory (DFT). In particular, this work not only identifies more 

adsorption sites, but also directly compares disproportionation reaction barriers of two neighboring 

CO molecules using nudged elastic band (NEB) [28] to explore the potential energy surface of this 

reaction directly. In addition, the facet edges that were measured to be reactive in ref. [1] are 

explored to investigate the difference in catalytic mechanism between facets and edges. By 

mapping possible catalytic sites on a range of gold facets and edges, the fundamental properties of 

adsorption sites that promote reactivity are characterized. 

2. Theoretical Methods 

Each surface slab was obtained by cutting the gold surface of interest into the smallest possible 

orthorhombic unit cell. Unit cells were constructed such that at least 15 Å of vacuum space 

separated periodic images to prevent artificial interactions. Carbon monoxide was added on chosen 

sites (e.g., top, bridge, long bridge, and hole) and optimized. 
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First-principles calculations using spin-polarized DFT in Quantum ESPRESSO [28] were 

performed in order to determine the lowest energy adsorption on each of the surface sites. Spin 

polarization was used to allow spin to localize to the adsorbates and more accurately model the 

reaction mechanism [29]. The generalized gradient approximation (GGA) of Perdew–Burke-

Ernzerhof (PBE) [30] and ultrasoft psuedopotentials were used for all optimizations [31]. The 

optimizations were converged to a force less than 0.05 eV/Å using a k-point grid of 10 x 10 x 1 in 

the Monkhorst-Pack scheme. The criterion for electronic convergence was set at 10-6 Ry. A kinetic 

energy cutoff of the wave functions of 40 eV and augmentation charge of 240 eV were required to 

converge all surfaces with adsorbates with respect to the size of the basis. Final energy calculations 

were accomplished using the hybrid HSE06 [32,33] functional, which has been specifically 

designed to be computationally efficient with periodic systems and providing more accurate 

electronic structures. 

NEB [34,35] was used to obtain the minimal energy path (MEP) between the reactants (2 CO 

molecules) and the products (adsorbed carbon and a free CO2). The initial image is 2 CO molecules 

optimized on the same surface site (e.g., top) and the final image is an adsorbed carbon atom and 

a CO2 molecule > 2.5 Å from the surface. The seven-image MEP obtained from the NEB 

calculation was then used to construct a reaction energy profile for the different surfaces. To 

achieve a path convergence threshold of 100 meV/Å, the NEB calculations required a higher 

kinetic energy cutoff of the wave functions of 60 eV, with a corresponding augmentation charge 

of 480 eV and a 10 x 10 x 1 k-point mesh. For calculation of the MEP on the (110)/(100) and 

(311)/(311) edge structures, the Vienna Ab Initio Simulation (VASP)[36] program was employed. 

This set up mirrored those conditions described above, utilizing the projector augmented wave 

(PAW) method [37] with the following core/valence configurations: Au:[Xe]4f/5d6s, C:[He]/2s2p, 
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O:[He]/2s2p. Zero-point energy and entropic contributions at 298.15 K were calculated using 

VASPKIT [38]. Frequencies were derived from perturbation theory where the Au atoms were frozen and 

only the adsorbate molecules were calculated, 

which is a reasonable approximation 

considering the large mass difference between 

the metal and adsorbed atoms. 

 3. Results and Discussion 

3.1 Surface Adsorption of Carbon 

Monoxide 

CO adsorption was considered on top of a 

surface Au atom, in surface holes (hollows 

between more than 2 atoms), and bridging 

two surface atoms, on the (100), (110), 

(111), (211), and (311) Au surfaces (Table 

S1), with adsorption being generally 

favorable (Table 1). The adsorption energies 

and structures are very similar to other 

reported calculations [23,39–42]. The PBE 

(Table S2) adsorption energies match those 

reported for CO adsorption using PBE 

[23,39,41] and PW91 [40,42,43] 

functionals. Previous work showed HSE06 

adsorption energies slightly higher than 

those for PBE across a range of Au 

Figure 1. Lowest energy adsorption site on 

each Au facet. All sites studied are summarized 

in Table 1 and Figures S1-S5. 
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coordination number [44]. Our HSE06 energies (Table 1) show the same adsorption favorability 

ordering as PBE (Table S2) but the actual energies shift to more stability for the most favorable 

adsorption geometries, with only the least favorable structures showing higher energies at the 

HSE06 level of theory. This shows that the adsorption of CO on gold is a complex electrostatic 

interaction that requires a well localized electron density to accurately describe [45].  For most 

surfaces, the most stable adsorption (Eads, eqn. 2, Table 1) occurs on top of an atom (
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Figure 1) except on the (211) surface where the 

short bridge (Figure S4) between neighboring surface atoms is slightly more favorable (Table 1). 

The top site is highly favorable due to the stronger interaction between the CO and a single surface 

atom compared to the bridging and hole sites. The CO is closer to the surface in most bridge sites, 
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(Figures S2-S6) however it is still ~ 2 Å from the nearest Au atoms as it is between two surface 

sites.  

𝐸𝑎𝑑𝑠 = 𝐸𝑠𝑙𝑎𝑏+𝐶𝑂 − 𝐸𝑠𝑙𝑎𝑏 − 𝐸𝐶𝑂 (2) 

Au (100) and (111) are the densest surfaces with no hole sites large enough to accommodate CO 

adsorption on the surface. On these surfaces the top adsorption is clearly favored (Table 1). In 

contrast, the stability of (110) sites switch order between PBE and HSE06 (Table S2). The top site 

is favored by PBE, but the hybrid description predicts the top and short bridge nearly isoenergetic. 

The long bridge starting geometry optimizes the CO closer to one Au surface atom (Table S2) 

making it unrepresentative.   

 Au (110), (211), and (311) facets have wider spaced surface atoms that seem to stabilize 

adsorption of CO at those sites in which the CO interacts with multiple surface atoms, e.g., bridging 

and hole sites. This contributes to the fact that 

the short bridge and hole sites are nearly 

degenerate on the (211) surface at −1.01 and 

−1.03 eV, respectively. Previous calculations 

focused solely on the bridge sites of (211) 

confirming the preference for adsorption of 

CO not at top sites. [40,42,43]  Both sites are 

more favorable than the top site on the (211) 

surface (Table 1). In both the short bridge and 

hole binding, the CO’s close interaction with 

the surface results in surface reconstruction 

that stabilizes the multi-atom (Au‒C‒Au) 

Table 1. The HSE06 adsorption energies for 

one adsorbed CO molecule per unit cell. 

surface site energy (eV) 

(100) top −3.88 

 short bridge 0.39 

(110) top −1.15 
 short bridge −1.21 
 long bridge −1.16 

 hole −0.02 

(111) top −0.62 
 long bridge −0.28 
 bridge 0.02 

(211) top −0.70 
 hole −1.03 
 long bridge 0.57 
 short bridge −1.01 

(311) top −1.01 

 long bridge 0.18 

 short bridge −0.59 
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interaction. Such an effect is also observed on the (311) surface, where short bridge binding is 

favorable at −0.59 eV. Binding at the long bridge on this surface is unfavorable. Top site binding 

on the (311) surface remains the most favorable at -1.01 eV. 

3.2 Disproportionation Reactivity 

After the preferred adsorption sites for CO were identified for each surface, the MEP and 

transition state for CO disproportionation (eqn. 1) were determined. Often adsorption is used as a 

measure of the reactivity of particular surfaces but this often does not correctly order the reactivity 

of surfaces, indicating that it misses nuances in the reaction mechanism. While it is clear that the 

CO disproportionation on gold requires the LSP, there is still debate about if the LSP provides 

“hot” electrons, driving the reaction through a reduction pathway, or extra energy, like a traditional 

catalyst, or through some more complex excited state processes [1,13–15]. In initial calculations 

of reduced CO adsorbed unit cells (i.e. adding an additional electron to the unit cell) showed that 

they were less stable than the ground state structure. In fact, in optimizations of reduced unit cells 

the CO often moved away from the Au surface indicating an unfavorable reaction. Thus, rather 

than exploring a reduction mechanism, this work focuses on the thermodynamics of the gold 

surfaces acting like a traditional catalyst that allows reactions with higher barriers to occur. As 

nano-Au LSP energies have been measured to be ~ 2 – 4 eV [1,46], we assume that reaction 

energies and barriers in this range are reasonable. Excited state pathways would require 

multireference computational methods beyond DFT.  
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The reaction barriers for two adsorbed COs were determined for all sets of “nearest neighbor” 

sites of the lowest energy adsorption site (Figure S7). While not every NEB-calculated path 

resulted in a true transition state, the reaction always 

proceeds by both CO molecules tilting towards the 

surface until the oxygen of one CO binds to the C of the 

other, followed by a linear CO2 moving away from the 

surface. Previous studies have focused on CO2 adsorption 

on gold surfaces but then the CO2 is kept close to the 

surface to find a maximum interaction, here the CO2 is at 

least 2 Å from any Au atoms. The oxygen transfer occurs 

when the two CO molecules either align linearly (211) or 

in a V-shaped geometry (110, 111, 311) in the transition 

states (Figure 2, top view) depending on how far the 

adsorption sites are from each other, with V-shaped being 

driven by closely adsorbed COs.  

On the (110) surface there are two nearest neighbor top 

sites: one set along the x-axis where the Au atoms are 

4.08 Å apart and one along the y-axis 2.88 Å apart. 

 
Figure 2. Transition states for CO 

disproportionation on each surface. 

Full paths are shown in Figures S7-

S12.  
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Formation of the new C–O bond requires an energy barrier of 3.97 or 5.52 eV for adsorption along 

the x- and y-axis respectively (Figure 3). Subsequent dissociation of the CO2 releases ~ 2 eV. The 

overall reaction on 

the (110) surface is 

endothermic with 

fairly high activation 

energy (> 5.5 eV), 

which is higher than 

the typical Au LSP 

energy (~ 2 eV) 

[1,46].  We were 

unable to optimize 

the reaction profile 

on the (110) short 

 
Figure 3. The HSE06 energy profile of the reaction 2CO(g)→C(s)+CO2(g) on the (110) nearest 

neighbor top sites along the x-axis (4.078 Å apart, left) and y-axis (2.884 Å apart, right). Each 

image geometry is seen from the side to show the overall reaction pathway, larger images (Figures 

S7 & S8) and top views of CO adsorption geometries (Figure S6) and the transition states (Figure 

2), support the same mechanism. 

 

 
Figure 4. The HSE06 energy profile of the reaction 2CO(g)→C(s)+CO2(g) 

on the (111) nearest neighbor top sites along the x-axis (2.884 Å apart, 

left) and the x+30⁰ diagonal (4.96 Å apart, right). Each image geometry 

is seen from the side to show the overall reaction pathway, larger images 

(Figures S9 & S10) and top views of CO adsorption geometries (Figure 

S6) and the transition states (Figure 2), support the same mechanism. 
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bridge sites due to the large unit cell needed 

for convergence. However, the short bridge 

Au‒Au and Au‒C distances on the (110) 

surface are very similar for to the short 

bridge on the (211) facet, and therefore the 

(110) short bridge reactivity is expected to 

look similar to the (211) reaction profile.  

On the (111) surface, the two nearest 

neighbor top sites are along the x-axis (Au 

atoms 2.88 Å apart) and along the x+30⁰ 

diagonal (4.96 Å apart, Figure 4). In both 

reaction paths, the carbon product embeds 

into the surface rather than remaining on the 

top site.  Multiple product geometries were 

optimized to attempt to find a structure 

where the carbon remained on the surface. 

However, in each case the carbon embeds 

itself between surface atoms. This is 

interesting since the (111) surface is a 

particularly dense Au surface (0.119 Au/Å, 

Table S1). While one might expect this 

embedding to be unfavorable, this optimized 

structure is lower in energy than the two 

 
Figure 5. The HSE06 energy profile of the 

reaction 2CO(g)→C(s)+CO2(g) on the (211) nearest 

neighbor bridge sites along the x-axis (2.88 Å 

apart). Each image geometry is seen from the 

side to show the overall reaction pathway, larger 

images (Figures S11) and top views of CO 

adsorption geometries (Figure S6) and the 

transition states (Figure 2), support the same 

mechanism. 

 
Figure 6. The HSE06 energy profile of the 

reaction 2CO(g)→C(s)+CO2(g) on the (311) nearest 

neighbor top sites along the x-axis (3.08 Å apart). 

Each image geometry is seen from the side to 

show the overall reaction pathway, larger images 

(Figures S12) and top views of CO adsorption 

geometries (Figure S6) and the transition states 

(Figure 2), support the same mechanism. 
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adsorbed COs by ~ 5 and ~ 10 eV with PBE and 

HSE06, respectively (Table S2).  The ~ 2 Å 

difference in the starting CO positions leads to a 

significant difference in the barrier to forming the 

new C–O bond (ΔΔEa ~ 2 eV). However, both MEPs 

show high variability in the energies of each image 

due to very slight structural changes of the surface 

Au atoms, indicating that computational models 

may not be able to describe the reactivity of this 

surface. 

The disproportionation on adjacent (211) short 

bridge sites (Figure 5) is similar to those on the top 

sites of other surfaces. However, the high energy 

transition state in which the new C–O bond is 

formed is the most linear of those predicted here 

(Figure 2). The barrier on this surface is slightly 

lower than most of those for the lower index facets, 

indicating that the less dense, higher index facets 

promote both good adsorption and reactivity. This is 

not totally surprising, as binding energy has been 

seen to correlate with surface atom coordination 

number in small gold clusters, with lower 

 
Figure 7. Edge unit cells with the exposed 

surfaces labeled. 

 
Figure 8. (311)/(311) edge with two 

adsorbed COs on nearest neighbor top sites. 

 
Figure 9. (110)/(100) edge with two 

adsorbed COs on nearest neighbor top sites 
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coordination leading to more favorable binding [47–49]. 

The reaction barrier to disproportionation on the (311) surface is intermediately sized among 

those calculated here.  The reaction on this surface proceeds through a different mechanism (Figure 

S12) where the two COs tilt in opposite directions, forming a ~ 41⁰ dihedral between the O‒C‒O‒

C (Figure 2) before one of the oxygen atoms jumps ~ 0.7 Å to form the new C–O bond (Figure 6).  

While the absolute energy of each of these reaction barriers is higher than the typical Au LSP, 

the relative trends reveal that the adsorption is most stable on (311), (211), and (110) surfaces and 

the reaction is most probable on the (211) surface.  

3.3 Modeling Au particle edges 

LSP builds up at corners and edges of prism particles based on their symmetry [1,50–52]. In 

order to understand if the edges of the particle are naturally more reactive because of 

undercoordination or because of the higher energy of the LSP in these areas, we built edge models 

for both the (311)/(311) and (110)/(100) intersections (Figure 7). Repeatable units for each edge 

resulted in a longer x-axis for the (311)/(311) edge (Figure S13) and a longer y-axis for the 

(110)/(100) (Figure S14). The (311)/(311) edge is two ridges of atoms running along the y-axis, 

whereas the (110)/(100) edge has a single atom wide ridge along the y-axis of the unit cell. 

Adsorption of two COs on the closest edge atoms optimize to  ~ 1.9 Å above the edge on both 

surfaces, but the two COs are 0.5 Å further apart on the (311)/(311) edge (Figure 8) than the 

(110)/(100) edge (Figure 10) because the nearest neighbor Au atoms are diagonal on the 

(311)/(311) edge. 

3.4 Edge Reactivity 

The MEP for the 2CO(g)→C(s)+CO2(g) reaction was optimized on each edge (Figure 10 & Figure 

11), starting from two COs adsorbed on the closest edge sites for each edge. No true transition 
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state was found in either NEB 

path despite multiple attempts or 

adding additional images 

between the initially optimized 

steps. It is important to note that 

the energies for both edge 

reactions are given from the PBE 

paths as the SCF of the 

(311)/(311) edge did not 

converge with HSE06. The edge 

unit cells have the minimum 

number of atoms to generate a 

repeatable unit to minimize 

computational cost. This resulted 

in the (311)/(311) edge having a 

y-axis that is only 4.97 Å long. 

Because this axis is shorter than 

the range separation parameter in 

HSE06 and because the reaction was occurring along this axis the HSE06 energies of the images 

did not converge. We tried both using a 2x1x1 unit cell of the slab and decreasing the convergence 

criteria. The NEB MEP didn’t converge for the large unit cell with almost 2 months of runtime. 

Even with a lower converged solution as a starting guess, we were unable to get a reasonable 

 
Figure 10. The PBE energy profile of the reaction 

2CO(g)→C(s)+CO2(g) on the (311)/(311) nearest neighbor top 

sites along the y-axis (4.55 Å apart). Each image geometry is 

seen from the top to show the overall reaction pathway, side 

images (Figures S15) support the same mechanism. 

 
Figure 11. The PBE energy profile of the reaction 

2CO(g)→C(s)+CO2(g) on the (110)/(100) nearest neighbor top 

sites along the y-axis (4.08 Å apart). Each image geometry is 

seen from the top to show the overall reaction pathway, side 

images (Figures S16) support the same mechanism. 

 

 



 16 

converged electronic solution using HSE06. However, like all the faceted reactions, the energy 

differences along the path changed very little with HSE06 for the (110)/(111) edge (Table S8). 

Each MEP shows the formation of the new C‒O bond to generate CO2 is nearly isoenergetic 

with the final products. The activation barriers are both ~ 3.3 eV; much lower than those seen on 

the flat facets, and well within the LSP energy that is measured on these types of edges. The barrier 

for the reaction on the (311)/(311) edge is slightly lower so it would be expected to be more 

reactive. Electron energy loss spectra (EELS) of these particles indicate that experimentally carbon 

accumulates on only the (110)/(100) edge of a titania supported particle [1]. Analytical models of 

the LSP indicated that the buildup comes from the orientation of the particles on the titania, as the 

edges with the highest electrostatic interaction with the titania, the (311)/(311) in the prismatic 

particle [1], preferentially lay along the surface of the support reducing their catalytic activity. The 

free particles would therefore be expected to be more reactive on all edges. Or to take advantage 

of the inherent catalytic properties of the edges, particles that orient on a support with all edges 

free should be designed.  

4. Conclusions  

Here the reactivity of CO disproportionation is explored on a range of gold surface sites directly. 

The adsorption energies are predicted for a single CO on gold (100), (110), (111), (211), and (311) 

faceted surfaces at top, long bridge, short bridge, and hole sites using a hybrid functional, so that 

they are directly comparable. Overall, most surfaces show preferential adsorption on top of surface 

atoms, with the most favorable adsorption at the top site of the (100) surface. The CO 

disproportionation activation energies on each surface are directly calculated to capture the 

complex interplay of electronic effects. The barriers are within ~ 1 eV of each other, with the 

lowest activation energy predicted for the (211) short bridge sites. In general, the less dense, higher 
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index facets promote both good adsorption and reactivity. The (311)/(311) and (110)/(100) edges 

both showed the lowest reaction barriers overall confirming that the experimental reactivity of the 

edges is from both higher LSP energies based on the shape of the particle and the open coordination 

of the edge atoms. 
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