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Metallic nanoparticles have been used to harvest energy from a light source and transfer it 

to adsorbed gas molecules resulting in reduced chemical reaction temperature. However, 

most reactions reported, such as ethylene epoxidation, ammonia decomposition, and H-D 

bond formation, are exothermic and only H-D bond formation has been achieved at room 

temperature. These reactions require low activation energies (< 2 eV), which are readily 

attained using visible frequency localized surface plasmons (from ≈ 1.75 eV to ≈ 3.1 eV). Here, 

we show that endothermic reactions requiring higher activation energy (> 3.1 eV) can be 

initiated at room temperature using localized surface plasmons in the deep-UV range. As an 

example, by leveraging simultaneous excitation of multiple localized surface plasmon (LSP) 

modes of Al nanoparticles using high-energy electrons, we initiate reduction of CO2 to CO 

by carbon, at room temperature. We employ an environmental transmission electron 

microscope to excite and characterize Al LSP resonances, and simultaneously measure the 

spatial distribution of carbon gasification near the nanoparticles in a CO2 environment. This 

approach opens a path towards exploring other industrially relevant chemical processes 

initiated by plasmonic fields at room temperature. 
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Plasmonic nanoparticles have been shown to harvest energy from a photon source to drive 

chemical reactions at lower temperatures and/or higher rate, mimicking photocatalysis1. It has been 

proposed that the localized surface plasmons (LSP), generated by the resonant excitation of free 

surface valence electrons of certain metal nanoparticles, such as Au, Ag, Cu or Al, is responsible 

for driving low temperature reactions during the dephasing process2-6. Indirect photocatalysis, 

where the photon energy harvested by plasmonic particles is transferred to a nearby semiconductor 

to create high energy electron-hole pairs to drive endothermic reactions such as water splitting and 

CO2 conversion, have been studied extensively7-12. Recently direct photocatalysis, where LSP 

energy is directly transferred to adsorbed reactants on a metal nanoparticle surface, has also been 

employed to overcome or reduce the activation energy barrier for various chemical reactions, such 

as ethylene epoxidation2, H-D bond formation4, ammonia decomposition13, by compensating for 

the otherwise needed thermal energy14,15. Moreover, electron beam excited LSP resonance energy 

of Au nanoprisms has recently been reported to initiate room temperature CO disproportionation, 

generally known as the Boudouard reaction (2CO(g) → CO2(g) + C(s))
16. This reaction is of 

particular interest as the reverse reaction (CO2(g) + C(s) → 2CO(g)) may provide an alternative path 

for CO2 reduction. Without LSP resonance energy, the CO disproportionation reaction is reported 

to occur at temperatures between 400 °C to 600 °C and reverses as the temperature is increased 

above 700 °C.17 Also, the activation energy of the reverse Boudouard reaction has been reported 

to be between 2.91 eV and 3.9 eV18,19. Therefore, Al nanoparticles with multimode LSP resonance 

energies spanning from the visible to the deep-ultraviolet, approximately between 2 eV and 8 

eV20,21, can be used as a route for CO2 reduction by carbon. Moreover, Al is readily available and 

cheaper than noble metals, making it a potential candidate for channeling energy from light to 

perform large scale CO2 reduction. We tested our hypothesis by leveraging an electron beam to 
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simultaneously excite the various LSP modes of Al nanoparticles in an environmental scanning 

transmission electron microscope (ESTEM), operated at 80 kV and equipped with a 

monochromated electron source (80 meV energy resolution). We characterized the spatial 

distribution of LSP modes using electron energy-loss spectroscopy (EELS) and measured the 

resulting carbon gasification near the nanoparticles in a CO2 environment to estimate the reaction 

rate. Finally, to support this hypothesis, in situ gas chromatograph-mass spectrometer (GCMS) 

measurements during electron beam illumination were utilized to directly detect CO as a reaction 

product. Simultaneous excitation of various modes on Al nanoparticles by high energy electrons 

mitigates the need for a broadband photon source extending into the deep-UV to investigate LSP 

induced reactions. Moreover, ESTEM enables the spatial distribution of LSP modes and the 

dynamic behavior of the plasmonic nanoparticles to be characterized simultaneously.   

 

Suspensions of Al nanoparticles and graphite flakes, loaded on lacey carbon TEM grids, were 

introduced in the ESTEM column (see Methods). Representative annular dark-field (ADF) images, 

acquired in the STEM mode, of an Al nanoparticle attached to graphite are shown in Fig. 1a and 

Extended Data Fig. 1a. Core-loss EELS maps of the nanoparticle, acquired using L-edges of Al, 

and K-edges of O and C (Extended Data Fig. 1b), reveal a core-shell structure with an Al core (Al 

map, Extended Data Fig. 1c) surrounded by an Al2O3 shell (≈ 4 nm thick) as indicated by the 

oxygen map (Extended Data Fig. 1d). Carbon is limited to the graphite support region (Extended 

Data Fig. 1e) and the overall elemental distribution is shown in Extended Data Fig. 1f. LSP 

resonances were excited using an electron beam (≈ 1 nm diameter) positioned ≈ 2 nm away from 

the surface of the nanoparticle (magenta dot, Fig. 1a). A low-loss EELS response with multiple 

peaks representing the various LSP resonance modes and the electrostatic plasmon mode is shown 
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in Fig. 1b, black curve22. Our rigorous modeling and analysis suggest that the energy-loss peak of 

highest intensity located at 7.280 eV ± 0.003 eV (error represents one standard deviation of 

Gaussian profile fitting) is a broad feature that, given their proximity, contains both a high order 

resonance mode and an electrostatic mode. For EELS acquired using the electron beam positioned 

outside nanoparticles of different diameters (aloof-mode), the LSP resonance modes are always 

located at lower energies than the electrostatic mode and tend to redshift for larger nanoparticle 

diameters (Extended Data Fig. 2). The elemental distribution of the nanoparticle was used to build 

a meshed three-dimensional (3D) model (Fig. 1c) for the metallic nanoparticles boundary element 

method (MNPBEM) simulations23 (see Methods). Simulated EELS spectral features (Fig. 1b, blue 

curve) for the polarization of charges on the nanoparticle surface match reasonably well with the 

experimental data, except that the full width at half maxima of the measured ≈ 7.28 eV peak is 

slightly broader. The spectral peaks, centered at ≈ 2.95 eV and ≈ 5.45 eV, corresponding to the 

dipole and quadrupole LSP modes of the nanoparticle, can also be identified by comparing the 

measured EELS to the simulated loss probability (Fig. 1b)24. The peak energies of the resonance 

modes are associated with the nanoparticle size, whereas that of the electrostatic is governed by 

the Al/Al2O3 interface. As we learn from the simulated electron energy-loss probability for 

nanoparticles of different diameters (Extended Data Fig. 3), for a larger nanoparticle, an increase 

in surface area (assuming a constant Al2O3 shell thickness) results in longer wavelengths for the 

LSP resonances, and sustains high order resonance modes, such as a hexapole mode for the 

nanoparticle shown in Fig. 1a. 

 

These observations are further confirmed using numerical calculations based on the Mie scattering 

theory and rigorous fully three-dimensional electromagnetic simulations based on the 
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Discontinuous Galerkin Time-Domain (DGTD) method25. The extinction spectra calculated using 

the Mie theory for Al nanoparticles with diameters ranging from 50 nm to 150 nm (coated with a 

4 nm thick Al2O3 shell) clearly shows the evolution of various LSP modes (Extended Data Fig. 4) 

that are consistent in trend with the experimental results (Extended Data Fig. 2) and MNPBEM 

calculations (Extended Data Fig. 3). Noticeably, for a nanoparticle of 100 nm diameter, the three 

peaks in the extinction spectra correspond to the dipole, quadrupole and hexapole modes with their 

corresponding field distributions, calculated using the DGTD technique, shown in Extended Data 

Fig. 5. The discrepancy in the precise location of these peaks can simply be attributed to the 

presence of graphite in the proximity of the Al nanoparticle in experiments causing further 

redshifts in the observed peaks. Note that the broad peak in the experiments at ≈ 7.28 eV consists 

of both a higher order plasmon mode and the electrostatic plasmon mode. 

 

Spatial distribution of the electric field near the Al nanoparticle and graphite interface (circled by 

the green, dashed box in Fig. 1c) was simulated using MNPBEM by placing the electron beam ≈ 

2 nm away from the surface of the Al nanoparticle (marked by the magenta point in Fig. 1c). The 

simulated electric field amplitude map associated with the hexapole mode at ≈ 7.28 eV (Fig. 1d) 

clearly illustrates that the induced electric field is distributed on the side of nanoparticle in contact 

with the graphite. The evanescent field amplitude gradients (Fig. 1e) into the graphite (in the 

direction of the arrow in Fig. 1d), resulting from the LSP resonance dipole mode (≈ 2.95 eV), 

quadrupole mode (≈ 5.45 eV) and hexapole mode (≈ 7.28 eV), indicates the possibility of using 

the LSP resonance mode energies to initiate the local reaction between CO2 and carbon when the 

electron beam is positioned at the far side of the nanoparticle. The spatial range of the local reaction 
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is then presumably affected by the decay length of the evanescent fields, the estimation of which 

is provided in the Supplementary Information.  

 

Fig. 1 | Electric field distribution of electron beam excited LSP resonance. a, ADF image 

showing an Al nanoparticle attached to a graphite flake. The magenta dot and red square show the 

location of the electron beam and the area, used for the acquisition of EELS spectrum and an EELS 

map, respectively. b, Experimental (black line) and simulated (blue line) energy-loss probability 

from the electron beam placed at the magenta dot in a and c, respectively. c, A 3D model 

constructed based on the Al, O and C distribution in a (Extended Data Fig. 1, c-f). The green dotted 

square and the magenta dot indicate the area from where the electric field distribution is simulated 

and the location of the electron beam, respectively. d, Electric field distribution of the area 

indicated by the green dashed square in c, simulated using the MNPBEM toolbox at 7.3 eV, with 

the electron beam placed at magenta dot shown in c. e, Blue, yellow and green line profiles show 

electric field amplitude for 2.95 eV, 5.45 eV and 7.3 eV, respectively, in graphite as a function of 

distance away from the Al nanoparticle, extracted from the location and direction indicated by the 

white arrow in d. The scale bars are 25 nm. 
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Experiments were performed in a controlled CO2 environment using the Al-graphite configuration 

as shown in Fig. 2a with the electron beam in the aloof mode. The nanoparticle is partially attached 

to the graphite flake on lacey carbon support (Fig. 2b), and an aloof mode was chosen to mitigate 

the possibility of direct interaction of the electron beam with either Al or graphite. We introduced 

CO2 at a partial pressure of ≈ 50 Pa with the electron beam (magenta dot, Fig. 2b) placed ≈ 6 nm 

away from the surface of the Al nanoparticle (dotted red line, Fig. 2b). The beam position was 

chosen to ensure that it stays in aloof mode for the duration of the experiment (see Methods). After 

≈ 150 min of continuous exposure, the recession of carbon/graphite boundary with respect to the 

original position, marked by a blue dashed line in the ADF image (Fig. 2c) confirms the etching 

of both the lacey carbon support and graphite. The Al nanoparticle was also observed to move with 

the receding graphite edge as it continues to stay in contact with it. The distance between the 

nanoparticle edge and electron beam position increased at the rate of ≈ 0.173 nm·min-1 finally 

reaching ≈ 32 nm after 150 minutes. We expect that after ≈ 150 minutes the electric field amplitude 

is too weak to continue the reaction. 

 

The relative etching rate of graphite was monitored by acquiring spectrum images in the STEM 

mode (see Supplementary Information): both in vacuum, one before the reaction (Vi, Fig. 2d) and 

the other after the reaction post-evacuation of CO2 (Vf, Fig. 2e). Two separate t/λ maps were 

extracted from the spectrum images, where t is the thickness of the material and λ is the inelastic 

mean free path (MFP) defined as the average distance traveled by an electron between successive 

collisions in a constituent material. The line profile of carbon thickness, up to ≈130 nm from the 

surface of the Al nanoparticle into the graphite, averaged over 5 pixels, was measured from the 

areas marked as 1 (Fig. 2d) and 2 (Fig. 2e). The carbon etching profile (curve 3, Fig. 2f) was 
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obtained by subtracting the measured thickness after the reaction (curve 2, Fig. 2f), from the one 

acquired before the reaction (curve 1, Fig. 2f). The etch profile (curve 3) clearly shows a decrease 

in etching of graphite away from the nanoparticle surface, reducing to nearly zero at ≈ 100 nm. 

The largest reduction in graphite thickness is at the nanoparticle surface and decreases away from 

it. This is consistent with the decay of the electric field (Fig. 1e), indicating that the electric field 

associated with the LSP mode at the interface where Al nanoparticle is in contact with graphite, is 

causing the carbon etching in the presence of CO2
26.  

 

Fig. 2 | Carbon etching with the aloof electron beam. a, A schematic showing the desired 

configuration of an Al nanoparticle and a graphite flake and the expected carbon etching volume 

around the nanoparticle. b, ADF image showing an Al nanoparticle attached to graphite and lacey 

carbon film in vacuum. The magenta dot shows the drift corrected position of the electron beam 

with a beam current of ≈ 1.5 nA (equivalent flux ≈ 0.12 nA·nm-2), ≈ 6 nm away from the 

nanoparticle surface, (see Methods). c, ADF image of the same region after the electron beam 

excitation for ≈ 150 min in CO2 at a partial pressure of ≈ 50 Pa, recorded after evacuating the CO2 

from the sample area. The red dotted and blue dashed lines in b and c represent the outline of the 

Al nanoparticle and the carbon, respectively, at the beginning of the reaction. d-e, t/λ maps (see 

Supplementary Information) showing the thickness distribution in the area shown in b and c, 
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respectively. f, Line profiles acquired from the locations marked (dashed rectangles 1 and 2, the 

direction indicated by a red and magenta arrow, respectively) in d and e. Line profiles are averaged 

in the direction perpendicular to the red and magenta arrows with a width of 5 pixels. Error is one 

standard deviation of 5 measurements from each pixel. Line 3 is the sample thickness change 

obtained by subtracting values in line 1 from line 2. The scale bars are 50 nm.  

 

For the LSP driven reduction of CO2 with the electron beam in the aloof-mode, the average 

measured carbon etching rate of ≈ 0.222 nm·min-1, appears to be low (see Supplementary 

Information) for practical applications. The low etching rate can be attributed to the weak electric 

field amplitude associated with the LSP mode at the nanoparticle-graphite interface when using 

the aloof mode excitation (Fig. 1, d-e). In contrast, for parallel beam excitation, mimicking the 

case of unpolarized photon excitation, the induced plasmonic field is expected to be distributed 

over the entire nanoparticle surface, driven by the passing swift electrons within the parallel beam. 

This configuration should therefore result in a concurrent increase in the reaction volume for Al 

nanoparticles loaded on graphite leading to a higher etching rate (Fig. 3, a-b). An example of a 

single Al nanoparticle continuously etching graphite away under in situ TEM observation in a CO2 

environment at a partial pressure of ≈ 50 Pa is shown in Extended Data Movie 1. Time resolved 

TEM images of multiple Al nanoparticles located at the edge of graphitic flake, acquired using 

parallel beam illumination, further illustrate the graphite etching process (Fig. 3c). Red dotted and 

blue dashed lines mark the initial positions of the nanoparticles and the edge of graphite flake, 

respectively (Fig. 3c).  Subsequently, a new receded edge of the graphite flake (yellow dotted line, 

Fig. 3d) formed after ≈ 7 min of electron beam excitation at a flux of ≈ 9.1 × 10-6 nA·nm-2. Note 

that the nanoparticles also moved (original position marked by red dotted line in Fig. 3d) during 

the exposure as they continued to stay in contact with the receding edge of the graphite film. Such 

movements of the nanoparticles may result from the attractive forces by the presence of induced 

fields from the LSP resonance modes driven by the electron beam. Using the same method as the 
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aloof beam experiment, the average carbon etching rate for a single nanoparticle is measured to be 

≈ 4.31 nm·min-1 which is an increase by a factor of ≈ 20 compared to the aloof-beam case 

(Extended Data Fig. 6). The parallel beam illumination also allows multiple nanoparticles to be 

illuminated simultaneously (red dotted line, Fig. 3e). As expected, after ≈ 16 min of electron beam 

illumination, the graphite around multiple nanoparticles also etched away (yellow dashed line, Fig. 

3f). By systematically varying the number of simultaneously illuminated nanoparticles (n) and the 

electron flux (j), the measured carbon depletion rate from graphite was found to increase linearly 

with both (Fig. 3g, Extended Data Fig. 7). The latter result is consistent with the observed linear 

increase in the peak intensity of the LSP resonance at ≈ 6.4 eV with the electron flux (Extended 

Data Fig. 8). Both the increase in carbon etching with increase LSP peak intensity and its decrease 

as a function of distance away from the nanoparticle (Fig. 2f) are consistent with the electric field 

dynamics of LSP resonances in a nanoparticle.  

 

  

Fig. 3 | Carbon etching as a function of nanoparticle number and electron flux. a-b, A 

schematic showing the desired configuration of Al nanoparticle on a graphite flake and the 

expected carbon etching volume (b) in a parallel beam configuration. c-f, Time-resolved TEM 
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images showing etching of graphite in CO2 partial pressure of ≈ 50 Pa with four nanoparticles c-

d, as well as a cluster of multiple nanoparticles (e-f) attached to the graphite, illuminated with an 

electron flux (j) of ≈ 9.1 × 10-6 nA·nm-2. The blue and yellow dashed, and red dotted lines indicate 

the outline of the graphite at the beginning and the end of the reaction, and the Al nanoparticles, 

respectively. g, number of carbon atoms (N) etched, obtained from the graphite thickness change 

(see Supplementary Information) as a function of j for one Al nanoparticle illuminated for ≈ 6 min 

(black data points), and number of Al nanoparticles (𝑛) illuminated with j ≈ 9.1 × 10-6 nA·nm-2 for 

≈ 6 min (red data points). The black and red lines show the linear fitting of the data. The scale bars 

are 100 nm. The error represents a single standard deviation of the thickness change statistics 

surrounding the nanoparticle. 

 

As expected from the dependence of carbon etching on LSP amplitude described above, a spatial 

variation in carbon etching around the nanoparticles was also observed due to the local field 

enhancement of coupled LSP resonances (hot spots) between two or more nanoparticles in close 

proximity to each other. Thickness maps of an area including a three-nanoparticle cluster (Fig. 4a) 

were acquired before (Fig. 4b) and after electron beam illumination (flux ≈ 9.1 × 10-6 nA·nm-2) for 

≈ 15 min in a CO2 environment at a partial pressure of ≈ 50 Pa (Fig. 4c). The measured thickness 

variation of carbon etched from the graphite (vertical bars, Fig. 4d) in different regions within the 

illuminated area clearly shows that the highest carbon etching region is confined to an area close 

to the interface where the nanoparticles are in contact. Electric field maps for gap modes ranging 

from 2.3 eV to 7.04 eV (Fig. 4e and Extended Data Fig. 9) were simulated by creating a model for 

three nanoparticles on graphite (Extended Data Fig. 9a), resembling the experimental images (Fig. 

4a). The strongest electric field distribution (Fig. 4e) that approximates the spatial variation in 

carbon etching (Fig. 4d) is found to maximize at the resonance energy between 6.77 eV and 7.27 

eV (Fig. 4f), when monitoring the field amplitude (√𝐸 ∙ 𝐸∗) at the area marked by a blue square in 

Fig. 4e. We applied a Gaussian fit in Fig. 4f and determine that the strongest field enhancement 

took place when a gap mode was coupled at 7.04 eV ± 0.01 eV. The gap mode is likely coupled 

by a roughly parallel field driven by the swift electrons located away from the gap. Although this 
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is dipolar in nature, our results for one nanoparticle shown in Fig. 1 suggests that coupling to high 

order modes (such as quadrupole and hexapole) is driven by the aloof electron beam. Additionally, 

the narrow gap causes the strong plasmon hybridization between the various modes from each of 

the adjacent nanoparticles, and therefore, allows the parallel field to couple with the nondipolar, 

high-order modes, such as the hybridized quadrupole and hexapole modes, since they carry a finite 

dipole moment and become dipole-active27. For the three nanoparticles, the plasmon hybridization 

is expected to redshift the dipole energy of individual nanoparticle (≈ 2.94 eV, Fig. 1b), which 

may be insufficient to overcome the reported energy barrier for the reverse Boudouard reaction, 

similar to our control experiment using Au nanoparticles (Extended Data, Fig. 11), where the 

resonance energies present (approximately 2 eV to 2.4 eV) are lower than the activation energy 

needed, resulting in no preferential carbon etching near the nanoparticles. These indicate that the 

field enhancement of high-order mode at about 7.04 eV is viable resulting from the plasmon 

hybridization at the narrow gap and is essential to provide the activation energy to initiate the 

endothermic reaction. 
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Fig. 4 | Correlation between the reaction rate distribution and the electric field distribution 

of the LSP resonance. a, TEM image showing three nanoparticles, each in contact with the other 

two, forming a triangular arrangement. b-c, t/λ maps acquired in vacuum before (b) and after the 

reaction (c) in vacuum again (post-evacuating CO2) d, Carbon depletion map acquired to 

quantitatively determine the spatial distribution of carbon etched. The value of each pixel of the 

map in (d) shows the change of carbon thickness after the electron beam illumination. Four color-

coded bars placed at different locations indicate the difference in carbon thickness change. e, The 

simulated electric field distribution of the LSP resonance at 7.04 eV, obtained using the plane-

wave excitation without a specific polarization direction that imitates a parallel electron beam 

illumination. f, the electric field enhancement is calculated from the location marked by the blue 

square in e for energies ranging from 6.77 eV to 7.27 eV. The red curve indicates the Gaussian 

fitting profile used to find the peak center (7.04 eV ± 0.01 eV). The scale bars are 50 nm. 

 

We also performed various control experiments to eliminate any other parameters triggering the 

etching of graphite at room temperature. Although the absence of appreciable etching away from 

the nanoparticles in the parallel beam experiments eliminates any significant direct effect of the 

electron beam, we illuminated graphite with and without the Al nanoparticles, in vacuum, CO2 and 

N2 environment for quantitative comparisons (Extended Data Fig. 10). The measured etching rates 
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with and without Al nanoparticle in various environments are given in Extended Data Table 1. 

While uniform etching of the graphite, consistent with radiation damage often reported in TEM 

experiments28, was always present (Fig. 5a, Extended Data Table 1), significant preferential 

etching was not observed after ≈ 6 min of illumination near the Al nanoparticles in vacuum or in 

N2, as opposed to in CO2 (Fig. 5b, Extended Data Fig. 10e), indicating that both Al and CO2 play 

an active role in the observed phenomenon.  

   

Fig. 5 | Measurement of graphite etching under control experiments. a, comparative graphite 

etching rate due to electron beam irradiation, with and without Al nanoparticles, in CO2, N2 and 

vacuum. Note that background etching in all conditions except for Al nanoparticles in CO2 remains 

around 1 nm·min-1. b, graphite thickness change as a function of distance from the surface of the 

Al nanoparticles in CO2, N2 and vacuum indicating the localized increase in graphite etching near 

the Al nanoparticle in CO2. The data processing was performed following the same procedure as 

used for Fig. 2. 

 

Furthermore, we irradiated Au and Al nanoparticles on amorphous carbon, respectively, in a CO2 

environment for the same period of time, and found preferential carbon etching near the Al 

nanoparticles, but not the Au nanoparticles (Extended Data Fig. 11). We also measured the 

temperature of the Al nanoparticle, using the bulk plasmon peak position of the Al (see Methods), 

remained at 25 °C ± 5 °C during the etching process (Extended Data Fig. 12), which is much lower 

than the reverse Boudouard reaction temperature (> 700 °C)17. Finally, core-loss EELS maps show 
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no carbon signal within the Al nanoparticle after the reaction (Extended Data Fig. 13), confirming 

that neither CO2 nor graphite reacted with the Al nanoparticle. We can therefore conclude, within 

the temporal resolution of our measurement (milliseconds), that a non-thermal process energized 

by the Al nanoparticles is driving the observed reaction of CO2 with carbon. 

To further confirm the proposed reaction pathway, we used a gas-cell TEM holder (nanoreactor) 

coupled to a GCMS in the ETEM to analyze the post-reaction gas composition under reaction 

conditions (see Methods). The peak positioned at ≈ 1.9 min (Fig. 6a), as determined using a 0.05% 

CO/CO2 mixture, was assigned to CO and was monitored in the following four nanoreactor 

environments: pure CO2 (Fig. 6b, red line), 0.01% CO in CO2 (Fig. 6b, yellow line), after heating 

pure graphite at 900 °C in ≈ 104 Pa of CO2 (Fig. 6b, blue line), and finally, after illuminating 

multiple areas of graphite loaded with Al nanoparticles by an electron flux of 9.1 × 10-6 nA·nm-2 

at room temperature in ≈ 104 Pa of CO2 (Fig. 6b, green line). Measurable CO was detected in the 

latter three cases, but not in pure CO2. Detection of CO after heating pure graphite in CO2 as well 

as after illuminating Al/graphite sample in CO2 at room temperature, respectively, confirms that it 

is a product of the reverse Boudouard reaction in both cases. A semi-quantitative relationship 

between the amount of carbon etched and the measured CO/CO2 ratio was found to be linear (Fig. 

6c). 
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Fig. 6 | Detection of CO as reverse Boudouard reaction product using the GCMS. a, A mixture 

of 0.05% CO in CO2 was introduced into the ETEM-GCMS to produce standard MS spectra and 

the peak observed at ≈ 1.9 min was assigned to CO. b, Observed GCMS spectra of CO from pure 

research grade CO2 (red), 0.01% CO in CO2 (yellow), after heating graphite at 900 ˚C in CO2 

(blue), and after electron beam illuminating multiple areas of Al on graphite in CO2 at room 

temperature (green). Note that the CO signal is clearly present in the latter three cases except for 

the research grade CO2 used in our experiments. Each spectrum was smoothed with a moving 

average of four data points, normalized by the minimum and stacked for visual clarity. c, 

Relationship between the ratio of CO/CO2 detected and the measured amount of graphite etched 

after illuminating 6, 15, and 16 equivalent areas at room temperature (determined by the diameter 

of the electron beam) for 30 min each with the electron beam.  

 

In conclusion, we show that the reverse Boudouard reaction (CO2(g) + C(s) → 2CO(g)) can be 

initiated by high-energy LSP resonances of Al nanoparticles at room temperature. In our approach, 

an electron beam is used as a broadband “light source” to excite various LSP resonances of Al 

nanoparticles to drive the reaction. The amount of CO produced in our experiments is small (≈ 

ppm level) due to the small reaction volume (≈ 108 nm3) and is therefore outside the range of the 

GCMS calibration curve so clear quantification could not be made. Instead, the measured carbon 

thickness change is used to quantify the conversion of reactant to product near the nanoparticle 

surface. Furthermore, a correlation between the local field enhancement of coupled LSP 

resonances (with an energy of ≈ 7 eV) and the highest amount of carbon etched for the three-

nanoparticle cluster indicates that high-energy plasmons are responsible for driving the reaction. 

As the most earth-abundant metal, the use of Al promises a novel path for CO2 reduction by any 

form of carbon. Our approach also showcases electron-excited LSP resonances in an ESTEM 

provide a direct observation and quantification method to initiate and probe chemical reactions at 

the nanoscale and opens a pathway towards investigating other similar reactions in situ, with 

unprecedented detail. 

 

 Data availability 
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The data that support the findings of this study are available from the corresponding author upon 

reasonable request. 
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Preparation of Al covered graphite on lacey carbon TEM grids  
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Graphite (99.99% purity) and Al nanoparticle (99.7% purity) suspensions are prepared separately 

by dispersion in ethanol followed by ≈ 20 min of sonication. Graphite was chosen as the carbon 

source because its thickness change can be quantified in terms of number of carbon atoms 

consumed during the reaction, i.e., a measure of the reaction rate (see Supplementary Information). 

To prepare the Al covered graphitic TEM grids, first the graphite suspension is drop cast onto a 

lacey carbon TEM grid, followed by ≈ 10 min of heating under an infrared lamp to dry out the 

residual ethanol. The Al nanoparticle suspension is then drop cast onto the dried lacey carbon grid 

with the graphite deposit, followed by ≈ 10 min of heating under the infrared lamp to dry out the 

residual ethanol.  

 

Simulations of LSP modes excited by electron beam  

LSP modes of Al nanoparticle excited by an electron beam are simulated using the metallic 

nanoparticle boundary element method (MNPBEM) toolbox29. The boundary element method 

(BEM) approach is designed to solve Maxwell’s equations in a dielectric environment where 

materials with homogeneous and isotropic dielectric functions are divided by discretized 

interfaces. In this work, we use this approach to simulate: (i) the electron energy-loss probability 

and (ii) the electric field distribution near the Al nanoparticle surface. The simulated electric field 

distribution at resonance represents the enhancement of electric field amplitude resulting from the 

LSPs excited by either a static electron beam outside one Al nanoparticle (aloof electron beam) or 

a parallel electron beam illuminating multiple Al nanoparticles simultaneously. The plane-wave 

excitation without a specific polarization direction is only used for the simulations that imitate a 

parallel electron beam. 
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Environmental scanning transmission electron microscope (ESTEM) measurements 

Al nanoparticles covered graphitic flakes on the lacey carbon TEM grid is transferred to the 

ESTEM, operated at 80 kV. CO2 and N2 gas (research grade: 99.999% purity) under controlled 

pressures were introduced in the sample area using mass flow controllers30. A monochromated 

electron beam, with energy resolution of ≈ 0.08 eV, is used to excite LSP modes, and to collect 

images and EELS data. During EELS acquisition, a convergence semi-angle of ≈ 7.8 mrad and the 

collection semi-angle of ≈ 15.2 mrad is used. EELS spectrum images, three-dimensional (3D) data 

cubes that contain energy-loss information in the z-direction at each pixel of a STEM-ADF image, 

were acquired by scanning the electron beam across a region of interest while recording a spectrum 

for each pixel. The thickness maps (see Supplementary Information) were acquired in vacuum (≈ 

10-5 Pa), before introducing CO2 and after reaction period followed by evacuation of the sample 

area back to vacuum, using either energy filtered TEM, or EELS spectrum images acquired in 

STEM mode. The carbon depletion amounts, in terms of thickness change, are obtained by 

subtracting the value of each pixel of the thickness map acquired after the reaction from the one 

acquired before the reaction. Before subtraction, the two thickness maps are aligned using an image 

cross-correlation based algorithm to determine and remove the relative offset between them. The 

temperature of the Al nanoparticles is measured using the Al bulk plasmon peak acquired using 

EELS31. 

 

Drift corrected aloof excitation of localized surface plasmon resonance 

To excite the localized surface plasmon resonance of Al nanoparticle without exciting bulk 

plasmon or other ionizing events in Al or graphite, the electron beam is placed at an aloof position 

near an Al nanoparticle that is partially attached to the graphite flake. Drift correction is applied to 
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maintain the beam position with respect to the graphite flake during the long illumination time. 

The area used in drift correction as a reference is chosen such that it’s further away from the Al 

nanoparticle of interest, and that the path between the reference area and the aloof potion does not 

overlap with the Al nanoparticle of interest. Care was taken to make sure the allowed drift of the 

beam position is less than the distance between the aloof position and the Al nanoparticle surface 

(≈ 6 nm). The drift interval was chosen such that between two corrections the specimen drifts less 

than 0.5 nm.  

 

Detection of the reaction product: 

A MEMS Nano-Reactor inside an in situ TEM holder was used as a sample carrier in the ETEM. 

The holder was coupled to a home build gas supply system and to a gas chromatograph-mass 

spectrometer (GCMS) that was used to detect CO in the post-reaction exhaust. First, we identified 

the peak position of the instrument using 0.05% CO in CO2 flowing through the gas-cell which 

gave us a peak at ≈ 1.9 min for CO. To ensure our research grade CO2 did not provide a false 

positive, we measured pure CO2 which did not give a measurable CO peak. We then incrementally 

reduced the CO concentration in the mixture gas of CO and CO2 to establish a standard CO 

calibration curve. Our limit of detection was determined to be approximately 100 ppm (0.01 %) 

CO in CO2. Finally, we performed two types of reverse Boudouard reaction based experiments. 

Prior to any measurements, pure CO2 was purged through the lines including the nanoreactor. 

Negative controls were obtained to ensure the system was clear of any gases from previous 

measurements. Then, for the first experiment, the nanoreactor was loaded with graphite only, 

inserted in the ETEM column and filled with ≈ 104 Pa of CO2. The sample was heated to 900 ˚C 

without illumination in static mode (outlet valve closed). After 3 hours, the reactor valve to the 
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GCMS sample loop was opened and an injection was made to detect gas products. The presence 

of CO strongly supports that, as expected, the reverse Boudouard reaction had taken place. Next, 

we loaded another chip containing both Al nanoparticles and carbon in the nanoreactor and filled 

the same amount of CO2 (≈ 104 Pa). This time we illuminated multiple areas (each with the size of 

≈ 1.5 × 106 nm2) of the sample with an electron flux of ≈ 9.1 × 10-6 nA·nm-2 for 30 min each, 

without heating. We once again opened the valve to the GCMS after illuminating 24 areas and the 

effluent gas was found to contain CO on the order to 100 ppm, but outside the range of the 

calibration curve so clear quantification could not be made. The amount of carbon etched, and CO 

produced was also measured after illuminating 6, 15 and 16 equivalent areas under identical 

illumination conditions for 30 minutes each. 
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Morphology, elemental distribution and EELS map  

Extended Data Fig. 1a shows an annual dark field (ADF) image of a typical Al nanoparticle 

attached to the graphite flake. Electron energy-loss spectra (EELS) extracted from the spectrum 

image acquired from an area containing an Al nanoparticle (green dashed box, Extended Data Fig. 

1a) indicates the presence of aluminum (Al), oxygen (O), and carbon (C) (Extended Data Fig. 1b). 

Elemental maps for aluminum metal (Al0) (Extended Data Fig. 1c), O (Extended Data Fig. 1d), 

and carbon C (Extended Data Fig. 1e), obtained from the core-loss EELS spectrum image show 

an Al/Al2O3 core-shell structure (Extended Data Fig. 1f), with the shell being ≈ 4 nm thick Al2O3 

mailto:renu.sharma@nist.gov
mailto:David.yang@nist.gov
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(yellow), and the core being Al0 (magenta). Carbon (blue) is confined to the graphite flake. This 

information was used to construct a model (Fig. 1c) to represents the Al nanoparticle attached to 

the graphite flake for electron energy loss probability and electric field distribution simulation 

using metal nanoparticle boundary element (MNPBEM) toolbox32.  

 

Preferential carbon etching around Al nanoparticle and field decay 

A plasmonic field decays exponentially away from the nanoparticle surface, with a 1/e decay 

length in the surrounding dielectric environment given by33: 

𝑧𝑑 =
𝜆0

2𝜋
√|

𝜖𝑚
′ + 𝜖𝑑

𝜖𝑑
2 | 

where 𝜖𝑚
′  is the real part of the dielectric permittivity of metal, and 𝜖𝑑  is the permittivity of 

dielectric medium surrounding the metal. For free-space (𝜖𝑑 = 1), the calculated values for the 

plasmon decay length of the dipole, quadrupole and the hexapole modes for Al using both the 

Palik34 and the CRC35 permittivity database are calculated to be: 

 

 3.9 eV (317 nm) 5.8 eV (215 nm) 7 eV (177 nm) 

Al – Palik 186 nm 79 nm 47 nm 

Al – CRC 186 nm 79 nm 48 nm 

 

In the presence of graphite, the corresponding decay length of the fields associated with these three 

modes using a wavelength dependent dielectric function36 are given by:  

 

 3.9 eV (317 nm) 5.8 eV (215 nm) 7 eV (177 nm) 

Al – Palik 

Graphite36 
79 nm 29 nm 12 nm 
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These values provide a first order estimate of the spatial extent over which plasmon fields are 

present around the nanoparticle in point-contact with a graphite support. These values are also 

consistent with the mode calculations performed using the DGTD technique (see Extended Data 

Fig. 5) and the MNPBEM simulations (Fig. 1), and clearly illustrate that there are optical fields 

present at distances larger than a few 10’s of nm away from the nanoparticle surface.  

 

Quantification of carbon etching 

The intensities in the EELS spectrum were used to obtain the thickness of the specimen, 𝑡, using 

the log-ratio method37: 

𝑡 = 𝜆 ln (
𝐼𝑡

𝐼0
) 

where, λ is the mean free path (MFP), defined as the average distance traveled by a moving electron 

between successive collisions in the specimen, 𝐼𝑡  is total transmitted electrons, 𝐼0  represents 

inelastically scattered electrons. The value of 𝜆  depends on the energy of incident electrons, 

scattering and collection angles for the spectrum, and the nature of the sample. We collected 

images using a 14-eV slit around the zero-loss peak (𝐼0) and without a slit using all electrons (𝐼𝑡). 

A 𝑡/𝜆 map was then obtained using a log-ratio of the two images acquired based on the above 

equation. The value of 𝜆 for graphite under our experimental condition was calculated to be ≈ 

109.91 nm38 and was used to obtain the value of 𝑡 in nm. 

The etching rate of carbon was determined by measuring the carbon thickness change using 

EFTEM or STEM-EELS data. A 𝑡/𝜆 map is first acquired in vacuum (Extended Data Fig. 6a). 

After the reaction in CO2, the sample chamber was evacuated (to avoid the contribution of CO2 
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gas to the thickness measurement) before acquiring the second 𝑡/𝜆 map (Extended Data Fig. 6b). 

A thickness change map (carbon depletion map) can then be acquired by subtracting the 𝑡/𝜆 map 

acquired after the reaction from the one acquired before the reaction (Extended Data Fig. 6c). 

Cross-correlation was applied to align the before and after reaction maps to correct for possible 

drift of the specimen between the data acquisition of the two maps.  

 

The measured decrease in graphite thickness was then converted to the number of carbon atoms 

used in the reaction by calculating the volume of the carbon etched as follows: 

V = 𝑡′ ⦁ a 

where V is the volume, 𝑡′  is average thickness difference obtained from the thickness maps 

(described above) and a is the selected area that included the etched region. The number of carbon 

atoms etched either in terms of mass or number of molecules can then be obtained by taking the 

density of graphite into consideration, using the following equations: 

𝑚 = 𝜌𝑔 ∙ 𝑉 

𝑛 =
𝑁𝐴 ∙ 𝑚

𝐴𝑟,𝑠𝑡𝑑
 

where 𝑚 is the amount of carbon etched in terms of mass, 𝜌𝑔 is the density of graphite, 𝑛 is the 

number of carbon atoms, 𝑁𝐴 is the Avogadro constant, and 𝐴𝑟,𝑠𝑡𝑑is the standard atomic weight. 

 

Quantification of graphite etching with and without Al nanoparticle in vacuum, N2 and CO2: 

As negligible etching of graphite was observed away from the Al nanoparticles during all 

experiments performed and reported here, the ionization effect of high energy electrons cannot be 

ruled out. Therefore, graphite samples with and without the Al nanoparticle were illuminated by 

the same electron flux in vacuum (Extended Data Fig. 10, a-b), N2 (Extended Data Fig. 10, c-d) 
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and CO2 (Extended Data Fig. 10, e-f), for comparison. Significant preferential etching was not 

observed after ≈ 6 min of illumination near the Al nanoparticles in vacuum or in N2, as opposed to 

in CO2 (Fig. 3, Fig. 5, Extended Data Fig. 10e,), indicating that both Al and CO2 play an active 

role in the observed phenomenon. The etching of carbon further away from the Al nanoparticle is 

comparable to the etching when Al is not present or with the Al nanoparticle in vacuum or N2 

environment (Fig. 5b), and therefore can be attributed to the ionization effect of the electron beam. 

The total etching rate in CO2 environment is ≈ 7 times higher when the Al nanoparticle is present 

(Fig. 5a, Table 1). After factoring in the carbon etching due to ionization, we attribute the higher 

etching rate near the Al nanoparticles to the reverse Boudouard reaction initiated by the LSP 

resonance of the Al nanoparticles. Therefore, the amount of carbon etching due to the reverse 

Boudouard reaction can be measured by selecting only the area near the Al nanoparticle, with an 

additional step of subtracting the amount of carbon etching contributed by ionization. 

 

LSP resonance energy versus reaction activation energy  

Aluminum nanoparticles are chosen for the proposed reaction pathway because they support 

localized plasmon modes at energies greater than the reaction barrier. To prove this hypothesis, 

we performed a negative control experiment with Au nanoparticles of diameter ≈ 50 nm. The 

dominant plasmon mode supported by the Au nanoparticle is at an energy of ≈ 2.3 eV which is not 

sufficient to trigger the reverse Boudouard reaction. Indeed, whereas uniform etching of 

amorphous carbon due to radiation damage is present, no preferential etching around the Au 

nanoparticles is observed (Extended Data Fig. 11). Furthermore, as additional evidence of this 

mechanism, the observed preferential etching near the Al nanoparticle only occurs in the presence 

of CO2, but not in other gases. 
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Temperature measurement during the reverse Boudouard reaction:  

The position of plasmon the peak in the EEL spectrum has been shown to be sensitive to the 

temperature of the nanoparticle31. First, we verified the robustness of this temperature 

measurement technique by intentionally heating the system while measuring the plasmon peak 

position shift (Extended Data Fig. 12a) with temperature. We then acquired the bulk plasmon peak 

of the Al nanoparticle in vacuum and in CO2 (Extended Data Fig. 12b). The temperature calculated 

based on the Al bulk plasmon peak position indicates that the temperature of the nanoparticle 

remained within the measurement error of ± 5 °C during the reaction7. It has also been estimated 

that the electron beam induced temperature increase in the case of carbon film is less than 1.5 ℃ 

under the illumination electron flux used in our experiments8. 

 

Chemical composition of the sample before and after the reaction 

EELS maps of an Al nanoparticle on graphite in the vacuum, in CO2, and after evacuating CO2 are 

acquired. Elemental maps of the Al nanoparticle can then be extracted from these EELS maps and 

show the elemental distribution of the nanoparticle before (Extended Data Fig. 13a), and after 

(Extended Data Fig. 13b) the reverse Boudouard reaction. The comparison of the elemental maps 

shows that after the carbon etching, there is not a measurable amount of carbon present in the 

nanoparticle, i.e. carbon is not reacting with the Al oxide shell or the Al core.  
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Extended Data Fig. 1 | Electron microscopy characterization of the morphology and the 

elemental distribution of an Al nanoparticle. a, ADF image of two Al nanoparticles attached to 

a graphite flake. The green dashed box shows the area used to acquire the EELS spectrum images. 

b, EELS spectra extracted from the spectrum image acquired. The highlighted magenta, blue and 

yellow regions mark the Al L-edge, C K-edge and O K-edge, used to extract the elemental maps, 

respectively. c-e, Elemental maps extracted from the spectrum image acquired for (c) aluminum 

metal (magenta, Al0), (d) oxygen (yellow, O), and (e) carbon (blue, C). f, Composite map of O, 

Al0 and C. The elemental maps show an Al/Al2O3 core-shell structure, with the core being Al metal, 

and the shell being a thin layer of Al2O3. The scale bars are 50 nm. 
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Extended Data Fig. 2 | Nanoparticle size effect on electron beam excited LSP resonance 

modes. Measured EELS for nanoparticles of different diameters: 61 nm (turquoise), 112 nm (blue), 

131 nm (red), with a uniform Al2O3 shell of ≈ 4 nm, which form an antenna configuration on 

graphite. The aloof electron beam for the EELS measurements was located at the far side of the 

nanoparticles away from the graphite, equivalently illustrated in Fig. 1a. The simulated LSP 

resonance mode energies of dipole (DP), quadrupole (QP), and hexapole (HP) are indicated by the 

black, solid markers, respectively. The simulated locations of the electrostatic plasmon mode are 

indicated by the black, dashed lines. The intensity has been normalized to the strongest peak of 

each spectrum for the ease of comparison. 
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Extended Data Fig. 3 | Numerical calculation of electron beam excited LSP resonance modes. 

Simulated electron energy-loss probability for Al/Al2O3 nanoparticles of different Al core 

diameters: 45 nm, 75 nm, 100 nm, and 125 nm, with a uniform Al2O3 shell of 4.3 nm, using 

MNPBEM. In the 3D meshed model, the nanoparticle forms an antenna configuration with the 

graphite. The aloof electron beam is located at the far side of the nanoparticle away from the 

graphite. The LSP resonance mode energies of dipole, quadrupole, and hexapole are indicated by 

the dashed lines. 

 

 
Extended Data Fig. 4 | Numerical calculation of optically excited LSP resonance mode. 

Extinction spectra for Al nanoparticles of diameters ranging from 50 nm to 150 nm calculated 
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using the Mie scattering theory. The Al nanoparticles are coated with a 4 nm thick shell of Al2O3. 

DP, QP, HP and QP in the plots correspond respectively to the dipole, quadrupole, hexapole and 

octupole modes supported by the nanoparticle. 

 

 
 

Extended Data Fig. 5 | Numerical calculation of electric field distributions for Al 

nanoparticles. Electric field intensity distribution calculated using a full three-dimensional 

electromagnetic Maxwell’s equation solver based on the DGTD technique. The three panels 

correspond to the intensity distribution for the dipole, quadrupole and hexapole modes of a 100 

nm Al nanoparticle. The scale bars are 100 nm. 

 

 

Extended Data Fig. 6 | Measurement of carbon etching using EFTEM during the reaction. a, 

Thickness (t/λ) map of an Al nanoparticle on graphite acquired in vacuum. b, t/λ map of the same 

area acquired in vacuum after ≈ 6 min of electron beam excitation (j ≈ 9.1 × 10-6 nA·nm-2) in CO2 

with a partial pressure of 50 Pa. After the reaction in CO2, the gas was evacuated before acquiring 

the second t/λ map to avoid the contribution of the gas to the thickness measurement. Note that the 

graphite thickness dropped from ≈ 1.5 λ in a to ≈ 1.2 λ in the area around Al nanoparticle. c, Carbon 

depletion map, acquired by subtracting the value of each pixel in b from a. The micrographs are 

masked based on the circular shape of the electron beam. The scale bars are 200 nm. 
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Extended Data Fig. 7 | Etching of carbon as the number of nanoparticle increases. a-d, Time-

resolved TEM images showing etching of graphite in ≈ 50 Pa CO2 environment with one 

nanoparticle (a-b), and three nanoparticles (c-d), attached to the graphite, illuminated with an 

electron flux of ≈ 9.1 × 10-6 nA·nm-2 for a duration of ≈ 12 min. The red dotted, blue and yellow 

dashed lines indicate the outline of Al nanoparticles and the graphite at the beginning and the end 

of the reaction respectively. The etched area increases with nanoparticle number. The scale bars 

are 50 nm.  

 

 

Extended Data Fig. 8 | a, EELS spectra showing excitation of LSP resonance under varying 

electron beam flux. b, The linear relationship between the electron beam flux and the intensity of 

the peaks at ≈ 6.4 eV and ≈ 3.2 eV. Error bar is one standard deviation from fitting the peaks to a 

Gaussian function.  
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Extended Data Fig. 9 | Simulated electric field distribution maps of the three-nanoparticle 

cluster. a, Simulated electric field distribution map around a three-particle cluster at 7.04 eV 

obtained using the MNPBEM simulations (23), in the early stage of carbon etching, assuming the 

graphite is tangent to the two large Al nanoparticles. Although the field amplitude under the Al 

nanoparticle cannot be seen in the projected view, the field enhancement between the two 

nanoparticles is visible. b-f, The electric field at 2.3 eV (b), 3.3 eV (c), 4.3 eV (d), 5.3 eV (e), 6.3 

eV (f), is distributed on the graphite as the areas of graphite under the Al nanoparticle are etched 

away. The scale bars are 50 nm. 
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Extended Data Fig. 10 | Illuminating graphite with and without Al nanoparticle in vacuum, 

N2 and CO2. a-b, TEM images showing graphite with and without Al nanoparticles before and 

after ≈ 6 min of electron beam illumination in vacuum (≈ 1 × 10-5 Pa). c-d, TEM images showing 

graphite with and without Al nanoparticles before and after (≈ 6 min of electron beam illumination 

in N2 (≈ 50 Pa). e-f, TEM images showing graphite with and without Al nanoparticles before and 

after ≈ 6 min of electron beam illumination in CO2 (≈ 50 Pa). The electron flux used in all cases is 

≈ 9.1 × 10-6 nA·nm-2. No significant etching of graphite in the vicinity of nanoparticle is observed 

except for the case where the Al is present in a CO2 environment (marked by green arrows). The 

etched regions forming ‘pits’ marked by red arrows in other environments is due to electron beam 

effect. The scale bars are 100 nm. 
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Extended Data Fig. 11 | Etching of carbon with Au and Al nanoparticles in CO2 under 

electron beam illumination. a-d, TEM images showing carbon loaded with Au nanoparticles (a-

b) and, a single Al nanoparticle (c-d), before and after ≈ 3.3 min of electron beam illumination in 

CO2 (≈ 50 Pa). No preferential etching is observed around the Au nanoparticles despite the uniform 

damage caused by the electron beam leading to shrinkage of the carbon film (b), however, 

additional preferential etching near the nanoparticle is observed in the case of Al (d). The scale 

bars are 100 nm. 
 

 

 

 

Extended Data Fig. 12 | Temperature measurement during the reverse Boudouard reaction. 

a, Bulk plasmon peaks of the Al nanoparticle were acquired while intentionally heating the system 

with a heating holder from room temperature to 900 °C. A total shift of 900 meV was observed 

between room temperature and 900 °C. b, Bulk plasmon peaks of the Al nanoparticle were 
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acquired both in vacuum and in CO2. The temperature calculated based on the Al bulk plasmon 

peak position indicates that the temperature of the nanoparticle remained within the measurement 

error of ± 5 °C during the reaction. The inset shows the high magnification data from the black 

dashed box. 

  

 

 

Extended Data Fig. 13 | Measurements of elemental distributions before and after the reverse 

Boudouard reaction. a, Composite elemental map (carbon: blue; oxygen: yellow; aluminum: 

magenta) of an Al nanoparticle acquired in vacuum and b, acquired in vacuum after electron beam 

illumination and CO2 evacuation. Comparison of the composite elemental maps acquired before 

a, and after b the reverse Boudouard reaction shows the etching of graphite, and the absence of 

carbon signal in the nanoparticle. The scale bars are 50 nm.  

 

 

Extended Data Table 1 | Change of thickness in graphite after electron beam illumination 

with an electron flux of ≈ 9.1 × 10-6 nA·nm-2 under different conditions 

 

The graphite is observed to etch under all conditions, even in ESTEM vacuum without the presence 

of Al nanoparticles. Under the 50 Pa of CO2 pressure, the value for the etching of graphite is ≈ 7 

times smaller in the absence of Al nanoparticle. The etch rate and the standard deviation is 

calculated based on at least 3 measured data points. Each data point is acquired from a ≈ 250 nm 

by ≈ 250 nm area using the quantification method described in the Supplementary Information. 
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Extended Data Movie 1 

Movie showing etching of graphite near the surface of an Al nanoparticle in a CO2 environment 

with a pressure of ≈ 50 Pa, illuminated with an electron flux of ≈ 9.1 × 10-6 nA·nm-2. The movie 

plays at 120 times normal speed. Note the formation of pillar shaped graphite structures due to 

the uneven etching rate resulting from spatial distribution of electric field around the 

nanoparticle. The scale bar is 25 nm.   
 

 


