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Abstract: Plasmonic picocavities enable extreme light confinement at the atomic scale, 

making them highly promising for solar photochemical reactions. Here, ultrafast dy-

namics of CO2 dissociation in a plasmonic picocavity is explored using time-dependent 

density functional theory (TDDFT). Atomic-scale structure in the picocavity has a 

strong influence on plasmon-driven reaction, and introducing a gold adatom signifi-

cantly lowers the dissociation threshold. We identify that the reaction is dominated by 

direct charge transfer (DCT) rather than local field enhancement (FE). The gold adatom 

in the picocavity not only acts as a direct electron donor but also establishes a critical 

charge-transfer bridge across the gap, strongly enhancing transient population of CO2 

antibonding (AB) orbitals and thereby facilitating the reaction. Time-resolved analysis 

further reveals sequential charge-transfer channels between the nanoparticles (NPs), 

adatom, and CO2, clarifying how atomic-scale junction structure controls the reaction 

dynamics. These findings uncover a single-atom-regulated plasmonic catalytic mecha-

nism and provide microscopic insight into ultrafast photocatalytic processes in pico-

cavities.  

Keywords: Plasmonic picocavity · CO2 dissociation · Charge-transfer bridge · TDDFT 

Plasmonic photocatalysis has emerged as an effective strategy for harvesting visi-

ble light and converting it into chemical energy, attracting increasing attention in the 

field of solar-driven chemical transformations [1-3]. Owing to the ability to induce 

strong light–matter interactions at the subwavelength scale, plasmonic systems have 

been extensively explored for a broad range of photocatalytic reactions, including water 
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splitting [4,5], nitrogen reduction [6], CO2 conversion [7,8] and H2/O2 dissociation [9-

11]. Specially, plasmon-mediated CO2 dissociation has attracted particular attention due 

to its potential significance for carbon-neutral energy conversion and mitigation of 

greenhouse gas emissions [12,13]. However, the activation of CO2 remains intrinsically 

challenging due to its linear geometry and the high activation energy required for C=O 

bond cleavage, leading to low energy utilization efficiency and restricted control over 

reaction pathways [14,15].  

Plasmonic picocavities recently proposed offer a promising route to address these 

challenges. By compressing metallic gaps to sub-nanometer or even atomic dimensions, 

picocavities could sustain extremely localized plasmonic modes with electromagnetic 

responses that are highly sensitive to atomic-scale structural variations [16-18], ena-

bling applications such as single-molecule spectroscopy and ultrasensitive optical de-

tection [19-21]. Such picocavities are typically formed by atomic protrusions or ada-

toms within metallic nanogaps, generating optical cavities with ultrasmall mode vol-

umes and extraordinarily strong FE. These features provides a unique platform for prob-

ing light–matter interactions and hot-carrier processes at the atomic scale. Despite these 

advances, the role of picocavities in plasmonic photocatalysis, particularly in governing 

reaction dynamics and pathway control, remains unclear. In this sense, we construct a 

picocavity to investigate how atomic-scale structures regulate electron dynamics and 

charge-transfer processes in plasmon-mediated CO2 dissociation.  

Here, we investigate CO2 dissociation in a plasmonic picocavity irradiated by 

femtosecond laser pulses using real-time TDDFT [22,23]. A comparative analysis re-

veals that the presence of the gold adatom in the picocavity is the critical for initiating 

CO2 dissociation, whereas the adatom-free system remains non-reactive. Analysis of 

the local FE and electron transitions into CO2 AB state shows that DCT dominates the 

reaction in the plasmonic picocavity. Specifically, multiple metal components contrib-

ute to charge injection through spatially distinct charge-transfer channels with a clear 

temporal sequence. These findings provide a deep understanding of the decisive role of 
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atomic-scale structures in plasmonic picocavity-induced molecular reaction.   

First-principles calculations are performed with a real-space and real-time TDDFT 

code, OCTOPUS [24]. The interaction between atomic core and valence electrons is 

described by Troullier−Martins pseudopotentials [25] in the local density approxima-

tion (LDA) [26]. The simulation zone is defined by assigning a sphere around each 

atom with a radius of 15 Å and a spacing of 0.3 Å between grid points. Coupled elec-

tron–ion dynamics are treated within the Ehrenfest approximation [27]. In electron dy-

namic simulations, Kohn−Sham (KS) eigenstates are propagated with a time-dependent 

Hamiltonian. The system is evolved for 31000 steps with a time step of 0.0026 fs. A 

delta function for electromagnetic pulse is also used in order to obtain optical absorp-

tion spectrum [28,29].  

The geometry of plasmonic picocavity consisting of two Au NPs and a gold atom 

adsorbed on one Au NP is shown in Fig. 1(a). We use a jellium sphere with electron 

density rs = 4.5 a.u. to simulate the Au NPs with the diameter = 1nm. This approxima-

tion is commonly used in the literature as it captures the most important properties of 

metallic NPs [30,31]. A CO2 molecule is placed in the gap with the carbon atom 3.28 

Å away from the gold atom and the lower Au NP. In detail, the surface-to-surface gap 

spacing between the upper and lower Au NPs is tested. When the gap spacing is 7 Å or 

less, chemisorption between the gold atom and the CO2 molecule occurs, directly in-

ducing CO2 dissociation. Whereas at the gap spacing of 9–10 Å, the plasmonic coupling 

between the NPs is significantly weakened, making it difficult to drive the reaction. 

Based on molecular stability and coupling strength, we chose the gap spacing of 8 Å in 

our study.  

We first explore the absorption spectra of the configuration to determine plasmonic 

resonant energy in Fig. 1(b). The dominant peak at 2.32 eV red shifts 0.01 eV and the 

linewidth is broaden, compared with adatom-free system. Induced charge distributions 

of the adatom-free system at dominant peak in Fig. S1 reveals dipolar oscillations of 

plasmonic response. Laser pulse in a Gaussian wave packet in Fig. 1(c) is explored to 



4 

 

the system and expressed as  
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where τ is set to 3.3 fs and the energy ℏω = 2.32 eV. Laser field reaches the maximum 

intensity Emax = 2.15 V/Å at t0 = 10fs.  

 

Fig. 1 (a) Schematic diagram of a CO2 molecule and plasmonic picocavity consisting of two coupled 

Au nanoparticles (diameter = 1nm) and a gold adatom with the laser field polarized along the z 

direction. (b) Optical absorption spectra of the gold-adatom system and adatom-free system. (c) 

Time evolved laser field (ℏω = 2.32 eV), with Emax = 2.15 V/Å at the time t0 = 10 fs. (d) Time 

evolution of the C=O bond length of CO2 for the gold-adatom system and adatom-free system 

Dynamic response of CO2 in the picocavity under the laser pulse is investigated in 

Fig. 1(d). The C=O bonds begin to oscillate following the laser excitation, and an os-

cillatory distortion of the bond length occurs at t = 10 fs, as the laser field reaches its 

peak intensity. At t = 15 fs, the bond length is re-stretched instead of decreasing, while 
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after the laser pulse vanishes at t = 20 fs, the oscillation gradually returns to a regular 

pattern. At t = 30 fs, the two C=O bonds exhibit asymmetric distortion in Fig. S2(a) and 

(b), leading to asymmetric and asynchronous dissociation due to the Jahn–Teller effect 

[32,33]. For t > 50 fs, the C=O bonds elongate significantly, reaching the dissociation 

criterion of 2.0 Å at 62.4 fs and 68.9 fs, respectively [34,35]. As a result, CO2 dissoci-

ates into one carbon atom and two oxygen atoms and the motion of all atoms occurs 

mainly in the xz plane (Fig. S3). In contrast, the CO2 molecule in the adatom-free sys-

tem under the same laser illumination never splits throughout the dynamics. We further 

examine the adatom-free system under a stronger field (Fig. S2 (c), (d)) and find that 

CO2 dissociation occurs above a threshold of Emax = 5 V/Å. To exclude the distance 

effect, we also consider a configuration in which the CO2 molecule is located 3.28 Å 

away from both Au NPs in the adatom-free- symmetry system and find that dissociation 

occurs only at Emax = 3 V/Å (Fig. S2(e), (f)). Therefore, introducing a gold adatom in a 

plasmonic picocavity significantly lowers the dissociation threshold.  

 

Fig. 2 (a) Time-evolved occupation of the CO2 antibonding state for the gold-adatom system and 

adatom-free system under the laser with Emax = 0.05 V/Å. (b) Field enhancement factor along the 

laser polarization direction in the gap region. D denotes the sampling positions, starting 0.3 Å above 

the upper surface of the lower Au NP. Green point denotes the position of CO2 molecule 

To further elucidate the critical role of atomic-scale gold structure in plasmonic 

picocavity-driving CO2 dissociation, we analyze the time-dependent occupation of AB 

state in CO2 and local FE in the gap in Fig. 2. AB state of CO2 molecule corresponds to 
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π* orbital, which exhibits distinct hybridization with the lower NP (Fig. 3(b)). Under 

the laser excitation, the occupation of the AB state exhibits an overall oscillatory evo-

lution. The occupation increases rapidly from initial time and reaches a maximum of 

0.19 at t = 15 fs. This maximum coincides with the re-stretching of the C=O bond at t 

= 15 fs, indicating that the nucleus motion in the CO2 is modulated by the evolution of 

electronic excitation. After t = 20 fs with the pulse vanishing, the occupation continues 

to oscillate but gradually decays.  

 

Fig. 3 Time-evolved transition coefficients |CAB,i(t)|2 from all occupied states to the AB state under 

the laser with Emax= 0.05 V/Å in (a) the gold-adatom system and (c) the adatom-free system. Two 

dominant contributing orbitals are highlighted, and all other transitions shown in gray lines. Corre-

sponding wave functions for (b) the gold-adatom system and (d) the adatom-free system. Isosurface 

value of wave functions is set to 0.008 Å⁻³  

In contrast, in the adatom-free system, the AB state is out of phase with the Au NP 
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surface p states in Fig. 3(d), which weakens their electronic coupling. Throughout the 

photoexcitation process, the AB state occupation in the gold-adatom system remains 

significantly higher than that in the adatom-free system. This indicates that the presence 

of atomic-scale gold structures enables plasmon-induced electrons injection into the AB 

orbitals of CO2 molecule more efficiently, thereby weakening the C=O bond stability 

and driving the molecular dissociation.  

We quantitatively assess the role of plasmon-induced FE in CO2 dissociation by 

analyzing the spatial distribution of the FE within the picocavity gap in Fig. 2(b). Here, 

the local FE factor is defined as: 

 ff eff

ext

( ) ( )
( ) e

V x x V x
FE x

e xE



+ −

=  (2) 

where x denotes the spatial position, δx is the grid spacing along the polarization direc-

tion, Veff is the effective potential, and Eext is the external field strength. The FE was 

sampled at ten positions along the z direction starting 0.3 Å above the upper surface of 

the lower Au NP with an interval of 0.6 Å. Overall, the local FE in the gap region is 

weaker than that in the adatom-free system. In particular, the FE at the position of the 

CO2 molecule reaches 598 in the adatom-free system, but decreases to 202 in the gold-

adatom system. These results indicate that CO2 dissociation in the gold-adatom system 

is primarily governed by plasmon-induced charge transfer rather than local FE. 

To illustrate the dynamics of plasmonic response, we display the transition coeffi-

cients |CAB,i(t)|2, defined as the time-dependent occupied KS orbital |i(t)> projected onto 

the initial AB state with laser intensity Emax = 0.05 V/Å in Fig. 3. Two dominant con-

tributing orbitals and their corresponding wave-function distributions are highlighted. 

In the gold-adatom system, the dominant contributions to the AB state of CO2 molecule 

arise from HOMO−9 and HOMO−7 (Fig. 3(a)). Transition coefficients keep oscillation 

following the laser pulse, and the contribution from HOMO−9 reaches maximum value 

of 0.11 at t = 16 fs. After the laser pulse vanishes, the transition coefficient from 

HOMO−9 continues to oscillate but gradually decays, while that for HOMO−7 in-

creases to maximum of 0.14 at t = 27 fs. This indicates that HOMO−7 continues to play 



8 

 

an important role in the electron-injection process for dissociation dynamics after laser 

annihilating.  

The charge density of HOMO−9 and HOMO−7 is mainly distributed on the upper 

Au NP and the gold atom with a minor part on the CO2 molecule, and that of the AB 

state is distributed on the Au NPs and the CO2 molecule as shown in Fig. 3(b). This 

indicates that DCT from the upper Au NP and the gold atom to the CO2 molecule and 

intramolecular charge transfer (ICT) within CO2 coexist. By comparison, in the adatom-

free system, the dominant transitions to the AB state originate from HOMO and 

HOMO−8 (Fig. 3(c)). The wave functions of both orbitals are localized on the lower 

Au NP, while the AB state is primarily distributed on the lower Au NP and the CO2 

molecule with minor contributions from the upper Au NP in Fig. 3(d). Therefore elec-

trons are mainly transferred from the lower Au NP to CO2 in the adatom-free system. 

In fact, some orbitals such as HOMO−8 and HOMO−3 (Fig. S4(a)) with charge density 

distributed on the lower Au NP are also present in the gold-adatom system, indicating 

that charge transfer from the lower Au NP to CO2 also occurs, although its contribution 

is smaller than that from the upper Au NP.  

To further distinguish quantitatively the contributions of DCT and ICT to the AB 

state of CO2 molecule, we define the contribution of ICT and DCT respectively as 
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where 𝑃௜஼ை2 , 𝑃௜௠௘௧௔௟ and 𝑃஺஻஼ை2 are as the ratio of the component local density of states 

(LDOS) to the total density of states (TDOS), evaluated at the corresponding occupied 

orbital i and the AB state, respectively. All contributions are normalized in the denom-

inator [36,37]. The time is chosen at t = 15 fs, when the occupation of AB reaches its 

maximum in Fig. 2(a). DCT contribution is ηDCT = 96.4% and ICT within CO2 is ηICT 
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= 3.6%. These results indicate that DCT from the Au NPs and the gold atom to the CO2 

dominates the reaction, while ICT contributes only a minor fraction due to the intrinsic 

chemical inertness of CO2. 

 

Fig. 4 (a) Charge variation in different regions of the gold-adatom system under the laser with Emax 

= 2.15 V/Å. (b) Time evolution of charge density at the HOMO−1 and HOMO−7 orbitals in the 

gold-adatom system. Isosurface value is set to 0.004 Å⁻³. (c) Schematic illustration of the charge 

transfer sequence from the Au NPs and the gold atom to the CO2 molecule 

To reveal the charge-transfer dynamics between different metallic components and 

CO2, we examine the total charge variation of the system (Fig. 4(a)). From t = 5.3 fs to 

7.9 fs, the charges of the lower Au NP and the gold atom decrease, and those of the 

upper Au NP and CO2 increase. Similar behavior is observed in the charge density evo-

lution of occupied orbital (Fig. 4(b)). The HOMO−7 orbital shows charge depletion on 

the gold atom accompanied by charge accumulation on CO2, while the HOMO−1 or-

bital exhibits charge depletion on the lower Au NP and charge accumulation on CO2 
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during the timespan t = 2.6–3.9 fs. Hence there exists charge transfer from the gold 

atom and the lower Au NP to CO2 molecule.  

The charges of the upper Au NP further decrease, whereas those of the gold atom 

and the lower Au NP increase from the time t = 7.9 fs to 9.2 fs. Consistently, the 

HOMO−7 orbital at t = 3.9 fs exhibits charge depletion on the upper Au NP together 

with charge accumulation around the gold atom compared with the case at t = 5.3 fs. 

This implies that charge transfer from the upper Au NP to the gold atom appear. During 

the time range t = 9.2–10.5 fs, the charges of both the upper and lower Au NPs further 

decrease, while the charge of the gold atom changes only slightly and that of CO2 in-

creases. Correspondingly, the HOMO−7 orbital shows charge accumulation around 

CO2 at t = 5.3 fs with the accumulated charge mainly originating from the upper Au NP 

in contrast with the density at t = 3.9 fs. Therefore, charge from the upper Au NP to CO2 

molecule with the participation of the gold atom. 

The charge-transfer processes described above are not unique to HOMO−7 and 

HOMO−1. Analysis of the other occupied orbitals reveals similar charge-transfer be-

haviors (Fig. S4(a)). To further quantify the contributions of different metallic compo-

nents to the DCT, the same method based on Equation (4) is applied to the orbitals in 

Fig. S4(b). The result yields 12.6% from the gold atom and 83.9% from the Au NPs 

contributes to AB state of CO2 at t = 15 fs. The evolution of the charge-transfer path-

ways is further illustrated by the charge density difference in Fig. S4(c). During the 

time range t = 9.2–14.4 fs, a continuous charge-transfer channel forms between the 

upper Au NP and the gold atom. This channel further extends to CO2 from t = 23.6 fs 

to 30.2 fs, indicating efficient electron injection into the molecule. In contrast, no con-

tinuous charge transfer across the gap is observed in the adatom-free system. 

Based on the above analysis, three spatially distinct charge-transfer channels with 

a clear temporal sequence are identified in Fig. 4(c): charge transfer first occurs from 

the gold atom and the lower Au NP to CO2, followed by transfer from the upper Au NP 

mediated by the gold atom. In this process, the gold atom serves as both a direct electron 

donor and a charge-transfer bridge. Combined with the transition analysis discussed 
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above, the dominant contributions to the CO2 antibonding states originate from 

HOMO−9 and HOMO−7 in Fig. 3(b). The charge-transfer behavior associated with 

both orbitals mainly originates from the gold atom and the upper Au NP mediated by 

the gold atom, which are dominant charge-transfer channels.  

In conclusion, we employ real-time TDDFT to clarify the microscopic mechanism 

of plasmon-driven CO2 dissociation in a picocavity. We demonstrate that the presence 

of a gold adatom significantly lowers the dissociation threshold by establishing a 

charge-transfer bridge, even though the adatom-free system exhibits stronger local FE. 

Quantitative analysis reveals that DCT from the Au NPs and the gold atom to AB orbital 

of CO2 dominates the process with a 96.4% contribution. This originates from the 

strong electronic coupling between the gold atom and molecular orbitals, which signif-

icantly enhances the transient occupancy of CO2 AB state. Our results reveal three spa-

tially charge-transfer channels with clear temporal characteristics, highlighting the dual 

role of the gold atom as both a direct electron donor and a crucial charge-transfer bridge. 

These findings provide a feasible strategy for controlling plasmonic chemical reactivity 

through atomic-scale modulation of charge-transfer processes in picocavities. Further-

more, this study offers critical theoretical insights for the rational design of plasmonic 

catalysts and the development of next-generation ultrafast optoelectronic devices based 

on picocavity structures. 
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