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Abstract 15 

Electrochemical reactivity is known to be dictated by the structure and composition of the 16 

electrocatalyst–electrolyte interface. Here, we show that optically generated electric fields at this 17 

interface can influence electrochemical reactivity insofar as to completely switch reaction 18 

selectivity. We study an electrocatalyst comprised of gold–copper alloy nanoparticles known to 19 

be active toward the reduction of CO2 to CO. However, under the action of highly localized 20 

electric fields generated by plasmonic excitation of the gold–copper alloy nanoparticles, water 21 

splitting becomes favored at the expense of CO2 reduction. Real-time time-dependent density 22 

functional tight binding calculations indicate that optically generated electric fields promote 23 

transient-hole-transfer-driven dissociation of the O–H bond of water preferentially over 24 

transient-electron-driven dissociation of the C–O bond of CO2. These results highlight the 25 

potential of optically generated electric fields for modulating pathways, switching reactivity 26 

on/off, and even directing outcomes. 27 

  28 
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Significance Statement 29 

Quantized excitations produced by energetic stimuli such as plasmonic excitation 30 

potentially provide access to new chemical reaction and catalytic pathways on surfaces. 31 

However, most examples in the areas of plasmon-induced chemistry and hot-electron catalysis 32 

are limited to rate enhancements. We demonstrate how photoexcitation of metal nanoparticle 33 

catalysts overturns reaction selectivity in a classic electrochemical reaction. Theoretical 34 

modeling elucidates that the selectivity change is the result of bond activation and dissociation 35 

induced by transient charge transfer under the action of optically-generated electric fields. This 36 

work represents an important frontier for optical control of chemical and electrochemical 37 

reaction pathways on surfaces, the use of solar photons for chemical manufacturing, and insight 38 

into the role of electric fields in molecular activation and catalysis. 39 

  40 
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Introduction 41 

 Plasmon-induced chemistry constitutes a remarkably interesting class of phenomena. 42 

Myriad reports have shown that optical excitation of localized surface plasmon resonances 43 

(LSPRs)—collective oscillations of charge carriers—in metal nanoparticles produces energetic 44 

species, induces energetically demanding chemical reactions, and enhances catalytic and 45 

electrocatalytic activity. Nevertheless, the mechanisms of these phenomena have not been fully 46 

elucidated, especially because of the confluence of multiple effects that can enhance chemical 47 

reactivity: generation of excited-state carriers by the relaxation of LSPRs,1–3 photothermal 48 

heating of the nanoparticle surface by non-radiative dissipation of the excited-state carriers,3–7 49 

and intense electric near fields generated at the nanoparticle surface.3,8–11 The relative 50 

contribution of the first two effects has been the subject of considerable debate and discussion in 51 

the community,4–6,12 whereas the third effect has received less attention.     52 

 Here, we show that plasmonic excitation of a metal nanoparticle-based electrocatalyst 53 

leads to a complete switch in reaction selectivity under aqueous CO2 reduction reaction (CO2RR) 54 

conditions. We synthesize Au–Cu alloy nanoparticles and investigate the effect of plasmonic 55 

excitation on their electrocatalytic activity while properly accounting for the effect of 56 

photothermal heating. In addition to a non-thermal boost in the overall kinetics of 57 

electrochemical reactions on the nanoparticles, plasmonic excitation switched the selectivity of 58 

the electrocatalysis in favor of H2O splitting at the expense of CO2 reduction. Modeling by a 59 

real-time time-dependent density functional tight binding (RT-TD-DFTB) method shows that 60 

strong near-fields generated on the nanoparticle surface by plasmonic excitation selectively 61 

promote hole-driven dissociation of the O–H bond of H2O over electron-driven dissociation of 62 

the C–O of CO2. This effect induces a switch in selectivity in favor of H2 production over CO 63 
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production. The near-field effect uncovered here advances our understanding of plasmon-64 

induced chemistry and informs the design of plasmonic catalysts and processes. 65 

Materials and methods 66 

 As a model system, we chose an alloy of Au and Cu. These coinage metals are not only 67 

plasmonic in the visible region12–15 but are also the best known for their electrocatalytic CO2 68 

reduction activity.16–19 Cu and Cu-rich Au–Cu alloy nanoparticles produce a variety of gas and 69 

liquid-phase products, including CO, H2, methane, ethylene, formate, acetate, and ethanol, with 70 

the product profile  dependent on the applied potential.19 On the other hand, Au and Au-rich Au–71 

Cu alloy nanoparticles generate CO and H2 as the major products.19 The simpler product profile 72 

of Au and Au-rich Au–Cu alloy nanoparticles is preferable for rigorous tracking of product 73 

selectivity and its dependence on plasmonic excitation. As an additional consideration, Au-rich 74 

Au–Cu alloy nanoparticles exhibit the highest mass activity for CO outperforming Au 75 

nanoparticles19 making the former best suited for reliable tracking of changes in product 76 

selectivity.  77 

The Au–Cu alloy nanoparticles were synthesized using a seed-based method.20,21 The 78 

mean diameter of these nanoparticles was 2.4 nm with a standard deviation of 0.8 nm as 79 

measured by transmission electron microscopy (TEM) imaging (Fig. 1a, 1b, S1a, and S1b). X-80 

ray diffraction (XRD) of these nanoparticles show a structure with an FCC unit cell with a lattice 81 

constant of 3.93 Å (Fig. S1c) consistent with an alloy of 68 mol % Au and 32 mol % Cu. 82 

Elemental analysis by X-ray fluorescence (XRF) spectroscopy shows a composition of 55 mol % 83 

Au and 45 mol % Cu. The discrepancy between XRD and XRF results suggests that the material 84 

contains a fraction of Cu in an amorphous or oxidized form. 85 

  86 
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 87 

Figure 1| Structural and optical characteristics of Au–Cu nanoparticle catalysts. (A and B) High-resolution 88 
transmission electron microscopy (HRTEM) images of (A) multiple Au–Cu nanoparticles showing crystallinity; (B) 89 
an example showing multiple domains within a nanoparticle. Scale bars are 5 nm and 2 nm in length in (A) and (B) 90 
respectively. (C and D) Extinction spectrum of Au–Cu nanoparticles dispersed in hexane (C) acquired under an Ar 91 
atmosphere, and (D) after several hours of standing in air. Blue dashed lines indicate the approximate peak 92 
maximum wavelength of 550 nm for the LSPR peak and the red dashed lines indicate the extinction at this 93 
wavelength.  94 

  95 

 Further, the Au–Cu alloy nanoparticles were plasmonic with an LSPR band centered 96 

around 550 nm (Fig. 1c). The nanoparticles were also resistant to oxidation in air as seen from 97 

the stability of the LSPR absorption (Fig. 1d) unlike monometallic Cu nanoparticles, which 98 

undergo oxidation when exposed to air resulting in a redshift of the LSPR of the Cu core due to 99 

the formation of an oxide shell.22–26  100 

By leveraging the LSPR absorption of the Au–Cu nanoparticles, we explored the effect of 101 

plasmonic excitation on electrocatalytic CO2RR on these nanoparticles in an aqueous 102 

environment. Working electrodes were prepared by depositing nanoparticles on glassy carbon 103 

electrodes (GCE) and subjecting them to electrochemical oxidation–reduction cycling to remove 104 

ligands and expose metallic active sites (Fig. S2). We also determined by X-ray photoelectron 105 
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spectroscopy (XPS) the composition of nanoparticles on the electrode following electrochemical 106 

cycling and found it to be 82 mol % Au and 18 mol % Cu (Fig. S3) suggesting that Cu partially 107 

dissolved during electrochemical cycling; however, Au was maintained as both the primary 108 

plasmonic and CO2RR-active component.  109 

Electrocatalysis, with and without plasmonic excitation (Fig. S4), was studied at applied 110 

potentials of –1.44 V or –1.54 V vs Ag/AgCl, saturated (sat.) KCl in a CO2-saturated electrolyte 111 

consisting of 0.1 M K2SO4. The operating window of potentials is restricted by two 112 

considerations. A potential sufficiently more negative than the onset potential in the dark (see 113 

Fig. 2a) is needed to ensure large enough rates of CO and H2 production for statistically reliable 114 

measurements of selectivity changes induced by plasmonic excitation. At the same time, we 115 

must avoid potentials that are too negative; because at considerably large overpotentials, H2 116 

bubbles are produced at the electrode surface, which interfere with plasmonic excitation and 117 

mass transport and impede systematic measurements.  118 

In plasmon-assisted electrocatalysis, the working electrode coated with the plasmonic 119 

nanoparticles was irradiated with a 532 nm laser with an incident power of 1.45 W and an 120 

irradiation spot 0.7 cm in diameter.  121 

Results and discussion 122 

Two main products were detected in the headspace of the electrochemical cell following 123 

8 h of reaction. CO was produced by CO2 reduction as ascertained by 13C-labeling (Fig. S5) and 124 

control experiments without CO2 (Fig. S6). Only a minor rate of CO production was detected 125 

without the Au–Cu nanoparticles confirming that the nanoparticles were the active 126 

electrocatalysts (Fig. S6). H2 generated by electrochemical reduction of water was the other 127 

major product. 128 
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To determine plasmonic effects, the results of plasmon-assisted electrocatalysis were 129 

compared with those of electrocatalysis on these working electrodes without any laser excitation 130 

(referred to here as “dark” electrocatalysis). The dark experiments were performed at an 131 

electrolyte temperature of 45 °C to match the highest measured surface temperature of the 132 

working electrode under plasmonic excitation. This accounts for the photothermal effect of 133 

plasmonic excitation4–6 and ensures that any differences between plasmon-assisted and dark 134 

electrocatalysis could be attributed primarily to non-thermal photochemical effects resulting 135 

from plasmonic excitation. Secondly, as the electrochemically active surface area (ECSA) varies 136 

from one electrocatalyst sample to another, we scaled activity metrics (electrochemical current, 137 

rate of CO production, and rate of H2 production) measured in each trial by the ECSA of the 138 

sample used in that trial.   139 

 Under plasmonic excitation, the current density, i.e., current scaled by ECSA, was 140 

enhanced relative to dark conditions at all potentials more negative than –1 V vs Ag/AgCl, sat. 141 

KCl (Fig. 2a). This indicates non-thermal plasmonic enhancement of rates of electrochemical 142 

reduction reactions occurring on the nanoparticles. The average current density in an 8 h 143 

chronoamperometry (CA) scan was enhanced under plasmonic excitation by ~1.7× at –1.44 V 144 

and ~4× at –1.54 V vs Ag/AgCl, sat. KCl (Fig. 2b and 2c). 145 
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 146 

Figure 2| Non-thermal plasmonic enhancement of electrochemical reduction reactions. (A) Linear sweep 147 
voltammetry (LSV) of a Au–Cu nanoparticle-coated GCE in CO2-saturated 0.1 M K2SO4 from –2.0 to 0 V vs 148 
Ag/AgCl, sat. KCl at a scan rate of 50 mV/s acquired under plasmonic excitation achieved by 532 nm laser 149 
irradiation of a power of 1.45 W (red) and under dark conditions at an electrode surface temperature of 45 °C (blue). 150 
The data used in the plot is a mean of 6 measurements on separate samples at each condition. The measured current 151 
was scaled by the ECSA to obtain the current density, which was then averaged. (B and C) Average current density 152 
in an 8 h CA scan of a Au–Cu nanoparticle-coated GCE in CO2-saturated 0.1 M K2SO4 at an applied potential of (B) 153 
–1.44 V and (C) –1.54 V vs. Ag/AgCl, sat. KCl under plasmonic excitation achieved by 532 nm laser irradiation of a 154 
power of 1.45 W (light bars) and under dark conditions at an electrolyte temperature of 45 °C (dark bars). Each data 155 
point is a mean of 3 trials on separate samples; the error bar denotes the propagated standard error.  156 

  157 

Since there are two major products, CO and H2, we were able to go beyond overall 158 

electrochemical rates and examine the effect of plasmonic excitation on the product branching. 159 

At both potentials applied in our study, the ECSA-scaled rate of H2 production was enhanced 160 

under plasmonic excitation (Fig. 3a), three-fold and seven-fold relative to dark conditions at –161 

1.44 V and –1.54 V vs Ag/AgCl, sat. KCl, respectively. The ECSA-scaled rate of CO production 162 

was suppressed two-fold under plasmonic excitation at –1.44 V vs Ag/AgCl, sat. KCl (Fig. 3a) 163 
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and enhanced three-fold under plasmonic excitation at –1.54 V vs Ag/AgCl, sat. KCl. An 164 

ordinary photothermal heating effect—for instance, via a decreased CO2 solubility in the 165 

electrolyte at elevated temperature—cannot account for the opposite trends observed at the two 166 

potentials.  167 

Since the overall electrochemical charge consumption rate is always higher under 168 

plasmonic excitation (Fig. 2), it is more instructive to examine the Faradaic efficiency (FE). 169 

Plasmonic excitation boosts the FE of H2 production while suppressing the FE of CO production 170 

at both applied potentials (Fig. 3b). Thus, even though plasmonic excitation enhances charge 171 

harvesting, plasmonic excitation induces a greater fraction of the charge to be channeled toward 172 

H2 production and a smaller fraction toward CO production. This preference for the H2 173 

production pathway is also evident in the larger relative H2:CO yield observed under plasmonic 174 

excitation at both applied potentials (Fig. 3c). In effect, plasmonic excitation promotes water 175 

reduction at the expense of CO2 reduction.  176 
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 177 

Figure 3| Plasmonic modulation of selectivity. (A) ECSA-scaled rate of H2 production (left) and CO production 178 
(right) in an 8 h reaction on Au–Cu nanoparticle-coated GCE at –1.44 V and –1.54 V vs Ag/AgCl, sat. KCl under 179 
plasmonic excitation achieved by 532 nm laser irradiation of a power of 1.45 W (light bars) and under dark 180 
conditions at an electrode surface temperature of 45 °C (dark bars). (B) FEs (%) of H2 production (left) and CO 181 
production (right) in an 8 h reaction on Au–Cu nanoparticle-coated GCE at –1.44 V and –1.54 V vs Ag/AgCl, sat. 182 
KCl under plasmonic excitation achieved by 532 nm laser irradiation of a power of 1.45 W (light bars) and under 183 
dark conditions at an electrode surface temperature of 45 °C (dark bars). FEs are provided and further analyzed in 184 
Table S1 in the supporting information. (C) Relative H2:CO yield, obtained by taking the ratio of the H2 production 185 
rate to the CO production rate, in an 8 h reaction on Au–Cu nanoparticle-coated GCE at –1.44 V (left) and –1.54 V 186 
(right) vs Ag/AgCl, sat. KCl under plasmonic excitation achieved by 532 nm laser irradiation of a power of 1.45 W 187 
(light bars) and under dark conditions at an electrolyte temperature of 45 °C (dark bars). Each data point is a mean 188 
of 3 trials on separate samples; the error bar denotes the propagated standard error.   189 
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Thus, the excitation of LSPRs of Au–Cu nanoparticles switches their electrocatalytic 190 

selectivity. Plasmon-induced changes in reaction selectivity have been previously reported,27–32 191 

although the mechanism is not always well resolved. Because we accounted for photothermal 192 

effects, the observed plasmon-induced modulation of selectivity is non-thermal.  193 

 194 
Figure 4| RT-TD-DFTB modeling of adsorbate photoactivation. (A) Optimized geometry of Au365CO2H2O, (B) 195 
calculated absorption spectra for Au365 and Cu365, and (C) map of the difference in charge density (yellow for 196 
positive and cyan for negative) for Au365CO2H2O with respect to the initial charge density at t = 0 when the system 197 
is driven by a Gaussian laser pulse (linearly polarized along the y-axis) that extends between [0, 50] fs, with 198 
parameters ߱଴ = 2.5 eV, and ܧ଴ = 1.5 V/Å. Snapshots at 25 and 90 fs showing CO2 activation through transient 199 
electron transfer and snapshot at 26 fs showing H2O activation through transient hole transfer induced by the 200 
oscillating electric field. In (A), Au atoms are shown in brown, H in light pink, C in green, and O in red. 201 

 202 
 203 

To elucidate the mechanism of non-thermal action, we performed calculations using the 204 

RT-TD-DFTB method implemented in the DFTB+ code33,34 to simulate the effect of plasmonic 205 

excitation on the activation of H2O and CO2 molecules on the surfaces of the nanoparticles. First, 206 
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we optimized Au and Cu nanocubes each containing 365 atoms (with an overall charge of +1), 207 

which approximates the 2-nm diameter of the synthesized nanoparticles. Calculated absorption 208 

spectra for the bare Au and Cu nanoparticles are shown in Fig. 4b. A prominent plasmon peak 209 

appears for the Au nanoparticle at around 2.5 eV (496 nm), whereas for the Cu nanoparticle, the 210 

absorption spectrum is dominated by interband transitions, and the overall absorbance is smaller 211 

compared to the case of Au. As the nanoparticles under plasmon-assisted electrocatalysis 212 

conditions are 82 mol % Au in composition, our further calculations focused on pure Au 213 

nanoparticles. Cu was not included due to the difficulty of obtaining Slater-Koster parameters 214 

required to parametrize the Hamiltonians for a Au–Cu alloy. To generate geometries of 215 

nanoparticle–adsorbate complexes, we located H2O or CO2 on the flat surface of the 216 

nanoparticles and optimized the geometries of these adsorbates while keeping the atoms of the 217 

nanoparticle frozen. The distance between the O (C) atom and the nearest Au atom is about 3.67 218 

Å (3.66 Å) for H2O (CO2). Both molecules are nearly charge-neutral in the adsorbed state. The 219 

optimized geometry for Au365CO2H2O is shown in Fig. 4a.  220 

   221 
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 222 
Figure 5| Dynamics of dissociation. Real-time trajectories (different replicas shown by different colors) for the (A) 223 
change in O–H bond distance ݀߂ with ܧ଴ = 1.5 V/Å, (B) change in C–O bond distance ݀߂ with ܧ଴ = 1.5 V/Å and 224 
(C) change in C–O bond distance ݀߂ with ܧ଴ = 2 V/Å. Corresponding trajectories for the (D–F) change in 225 
molecular charge ܳ߂ and (G–I) change in molecular energy ܧ߂, with the same color code from panels A–C, 226 
respectively. The change is defined with respect to the initial value at t = 0 when a Gaussian laser pulse extending 227 
between [0, 50] fs and with a central frequency ߱଴ = 2.5 eV is applied to drive the system. In panel (D), an inset 228 
with a magnified view of the 10–30 fs range is provided. In (G–I), the trajectories for the change in energy ܧ߂ for 229 
the entire nanoparticle and per Au atom are shown by gray and magneta lines, respectively. (J) Snapshots of 230 
molecular geometries along a trajectory (top row) at ܧ଴ = 1.5 V/Å showing the dissociation of H2O and another 231 
trajectory (bottom row) at ܧ଴ = 2 V/Å showing the dissociation of CO2. Examples of dissociated states are circled in 232 
green. Au atoms are shown in yellow, H in white, C in gray, and O in red.   233 

 234 

Next, we study the response of the optimized Au365CO2H2O system to an incident optical 235 

field. The system is driven with a Gaussian laser pulse that extends between [0, 50] fs with a 236 

peak position at 25 fs and central frequency ߱଴ of 2.5 eV (Fig. S7). Such pulsed excitation 237 

allows the study of ultrafast dynamics that underlies the photoactivity observed in experiments. 238 
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The pulse is linearly polarized along the y-axis (orientation indicated in Fig. 4a). We use the 239 

Ehrenfest approximation to describe electron–nuclear dynamics, and for each choice of pulse 240 

parameters, several trajectories sampled from a 300 K canonical ensemble are calculated using 241 

the DFTB+ code. The real-time trajectories for the O–H (for H2O) and C–O (for CO2) bond 242 

distances (plotted in terms of Δ݀ = (ݐ)݀ − ݀଴ where ݀଴ is the initial bond distance) are shown in 243 

Fig. 5a–c. It is important to note that isolated molecules (without the nanocube) do not dissociate 244 

even at a very high laser intensity (Fig. S11). H2O dissociation has a threshold field amplitude ܧ଴ 245 

of 1.5 V/Å on the Au nanocube surface, and it dissociates into H(adsorbed) + .OH. As seen from the 246 

trajectories (Figs. 5a and 5j, top row), the molecule shows a coherent oscillation around the 247 

equilibrium geometry for an initial 25–30 fs followed by dissociation (orange and green 248 

trajectories in Fig. 5a) at around 35 fs. The generated H atom adsorbs to the surface of the 249 

particle after the dissociation at around 40 fs. However, CO2 does not dissociate at this field 250 

amplitude, only showing a coherent oscillation due to the vibrational motions of the molecule, 251 

and the average bond length is slightly elongated compared to the initial geometry (Fig. 5b). 252 

When the field amplitude is further increased to 2 V/Å, the CO2 molecule dissociates into O + 253 

CO as seen in Fig. 5c and 5j. At this high field amplitude, both bonds in H2O dissociate. 254 

Interestingly, compared to the case for H2O, the dissociation is slower for CO2, which dissociates 255 

>30 fs after the interaction with the laser pulse has ended. After 40 fs, the CO2 transitions to a 256 

bent geometry, and subsequently the C–O bond dissociates at around 90 fs. 257 

To obtain further insights into the dissociation mechanism,35 we calculated along the 258 

trajectories the change in the charge for the molecular fragment and the change in the energy for 259 

the nanoparticle and molecule fragments separately. Trajectories for the change in molecular 260 

charge (Δܳ = (ݐ)ܳ − ܳ଴ where ܳ଴ is the initial molecular charge) are shown in Fig. 5d–f. As 261 
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seen in Figs. 4c and 5d, there are hole transfers from the nanoparticle to H2O in the first 25–30 fs 262 

as seen by the molecule becoming partially positively charged (ܳ௠௢௟௘௖௨௟௘ ≈ +0.3e). After the 263 

dissociation at ~35 fs, the additional charge is transferred back to the nanoparticle. This indicates 264 

that the dissociation of H2O is triggered by transient hole transfer. A similar hole-driven H2O 265 

dissociation mechanism is also observed in simulations with the Cu system (Fig. S8). 266 

In contrast, for the CO2, there is net electron transfer for the first few femtoseconds, 267 

followed by hole transfer, and after 35 fs, substantial electron transfer occurs, as seen by the 268 

molecule becoming partially negatively charged (ܳ௠௢௟௘௖௨௟௘ ≈ –0.6e). Due to this charge transfer, 269 

the linear molecule transforms into a bent geometry, which eventually leads to the dissociation of 270 

a C–O bond at ~90 fs (Fig. 4c and 5e–f). This means the CO2 dissociation is driven by transient 271 

electron transfer. The hole transfer for H2O and electron transfer for CO2 are clearly illustrated in 272 

Fig. 4c, indicating which orbitals on these molecules are active in the photoexcitation and 273 

involved in transient charge transfer from the nanoparticle to the adsorbed molecule. During the 274 

interaction of the system with the laser pulse, the energy of the nanoparticle rises rapidly (within 275 

2–3 fs) compared to the molecular fragment; but following a small time-delay of around 10 fs, 276 

the energy of the molecular fragment increases due to the energy transfer mechanism (Fig. 5g–i). 277 

H2O dissociates when its energy reaches a threshold value of around 3–6 eV, whereas CO2 278 

dissociates at a much higher energy threshold of around 8–10 eV. Only the trajectories where 279 

threshold energies are reached involve dissociation, although all of them interact with identical 280 

laser fields. The transient-charge-transfer-mediated energy transfer from the nanoparticle to the 281 

adsorbed molecule is the driver for the dissociation as isolated molecules are nearly transparent 282 

to 532 nm excitation light and do not undergo dissociation (Fig. S11).  283 
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 To account for the effect of the external DC bias applied in the experiments, we study the 284 

dynamics of optical-pulse-induced dissociation of CO2 and H2O in the presence of a static field 285 

applied across the nanoparticle–adsorbate system. Even without the optical pulse, the static 286 

electric field polarizes the nanoparticle creating positive and negative poles along the 287 

polarization direction (Fig. S9a). This also induces a charge on the adsorbate (Fig. S9c, d) with 288 

H2O acquiring a partial positive charge under negative static fields along the y-axis. On the other 289 

hand, CO2 acquires a partial positive or negative charge respectively under positive or negative 290 

static fields. Secondly, the Fermi energy of the nanoparticle increases with the applied field 291 

strength as expected (Fig. S9b). We find that optical-pulse-induced O–H and C–O bond 292 

dissociation is enhanced in the presence of a static field. The fastest dissociation is observed for 293 

the O–H bond of H2O when the static field is negative and the induced charge on the H2O is 294 

positive (Fig. S10).    295 

 Taken together, the RT-TD-DFTB simulations show that optically-generated electric 296 

fields induce transient charge transfer across the metal nanoparticle–adsorbate interface (Fig. 4c), 297 

which in turn induces the dissociation of H2O and CO2 molecules at the surface of the 298 

nanoparticles. Transient hole-transfer-induced dissociation of the O–H bond of H2O is 299 

energetically more favorable than the transient electron-transfer-induced dissociation of the C–O 300 

bond of CO2. Analysis of the Kohn-Sham orbitals36,37 of the Au365CO2H2O system suggest that 301 

hole transfer from Au to the highest occupied molecular orbital (HOMO) of H2O requires an 302 

excitation energy of 2.91 eV, which is considerably lower than the energy of 4.92 eV required 303 

for electron transfer from Au to the unoccupied ߨ∗ orbitals of CO2 (Fig. S12). The preferential 304 

activation of H2O relative to CO2 is responsible for the H2-producing H2O reduction reaction 305 
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being favored over the CO-producing CO2 reduction reaction under plasmonic excitation of the 306 

electrocatalytic nanoparticles.  307 

Conclusions 308 

 Plasmonic excitation of Au–Cu nanoparticles boosted the overall rate of electrochemical 309 

reactions catalyzed on the nanoparticles under aqueous CO2RR conditions. More crucially, 310 

plasmonic excitation switched the selectivity of the electrocatalysis in favor of H2O splitting at 311 

the expense of CO2 reduction. By properly accounting for photothermal heating, we confirm that 312 

the observed modulation of selectivity is a non-thermal effect. With the aid of simulations, we 313 

deduce that intense electric fields generated by plasmonic excitation induce transient charge 314 

transfer across the metal nanoparticle–adsorbate interface. Transient-hole-driven dissociation of 315 

H2O is energetically favored over the electron-driven dissociation of CO2, which causes a switch 316 

in selectivity in favor of H2 production over CO production. It is worth investigating if this 317 

switch in selectivity is influenced by the nanoparticle alloy composition and/or the nature of 318 

excitation (plasmon-resonant vs interband excitation); these questions represent avenues for 319 

future work. The evolution and fate of the nanoparticle size and alloy composition in the 320 

plasmon-assisted electrocatalytic reaction is also worthy of a study. In a recent in-situ TEM 321 

study of these nanoparticles supported on a carbon substrate and subjected to 532 nm laser 322 

irradiation, we found that plasmonic excitation triggers the Ostwald ripening of Au–Cu 323 

nanoparticles.38 Plasmon-induced Au nanoparticle coalescence has also been inferred by time-324 

dependent dark field scattering spectroscopy.39 The optical field-induced modulation of 325 

reactivity uncovered here furthers our mechanistic understanding of plasmon-induced chemistry 326 

and sets the stage for the use of optically generated electric fields for controlling chemical 327 

reactivity.  328 
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