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ABSTRACT 

Photocatalysis with optically active “plasmonic” nanoparticles is a growing field in 

heterogeneous catalysis, with the potential for substantially increasing efficiencies and selectivities of 

chemical reactions. Here the decomposition of nitrous oxide (N2O), a potent anthropogenic greenhouse 

gas, on illuminated aluminum-iridium (Al-Ir) antenna-reactor plasmonic photocatalysts, is reported. 

Under resonant illumination conditions, N2 and O2 are the only observable decomposition products, 

avoiding the problematic generation of NOx species observed using other approaches. Because no 

appreciable change to the apparent activation energy was observed under illumination, the primary 

reaction enhancement mechanism for Al-Ir is likely due to photothermal heating, rather than plasmon-

induced hot-carrier contributions. This light-based approach can induce autocatalysis for rapid N2O 

conversion, a process with highly promising potential for applications in N2O abatement technologies, 

satellite propulsion, or emergency life-support systems in space stations and submarines.  

 

KEYWORDS: photocatalysis, plasmon, nitrous oxide, antenna-reactor, autocatalysis 



 2 

Metallic nanoparticles can exhibit strong interactions with light through excitation of collective 

electronic oscillations, known as localized surface plasmons. This strong optical coupling is beneficial 

for many applications, such as tailored drug release,1 surface-enhanced spectroscopies,2,3 water 

purification,4 and plasmon-mediated catalysis.5 Particularly, in plasmon-mediated chemical reactions 

the inclusion of complementary materials has been shown to enhance photoreactivity.6–8 The recently 

introduced concept of ‘antenna-reactor’ photocatalysis demonstrates that by combining plasmonic 

metallic ‘antenna’ nanoparticles with nearby catalytic ‘reactors,’  the optical absorption in the reactor 

nanoparticle can be increased, fundamentally transforming a catalyst into a photocatalyst.9 Adjusting 

the size, composition, or shape of the plasmonic antenna allows for independent control of the optical 

properties of the nanoparticle complex. Changing the composition and surface chemistry of the reactor 

material controls its affinity for specific adsorbates and influences the overall reactivity of the structure.  

Plasmon-mediated chemical reactions may proceed through either electronic or photothermal 

pathways. Once excited, plasmons can decay by the generation of hot carriers (electrons or holes), which 

may interact with molecules adsorbed to the nanoparticle surface. Hot electrons can be injected into 

partially occupied or unoccupied molecular orbitals of an adsorbate resulting in transient negative ions 

(TNIs), which can subsequently undergo bond breaking. The direct charge injection mechanism has 

been used to describe the dissociation of bonds in small molecules such as O2,
10 H2,

11 and CO2.
12 

Adsorbate degradation from electron injection into holes beneath the Fermi level may also lead to 

chemical transformations.13,14 Nonthermal electronic contributions by means of  resonant energy transfer 

have also been predicted to induce bond breaking in molecules adsorbed to plasmonic nanoparticles.8,15 

However, plasmons also decay through electron-phonon interactions which can lead to strong 

photothermal effects upon illumination, driving chemical reactions through more traditional thermal 

processes.16–18 
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Here we investigate how the surface chemistry of a reactor material in an antenna-reactor 

nanostructure influences the mechanistic pathway of a plasmon-mediated chemical reaction. The 

decomposition of nitrous oxide (N2O) was chosen as a model reaction because of its facile 

decomposition upon electron attachment 19 and because of the contribution of N2O to anthropogenic 

climate change. N2O is the third most abundant anthropogenic greenhouse gas in our atmosphere (~330 

ppb), behind CO2 (~440 ppm) and methane (CH4; 1850 ppb). The lifetime of N2O in the Earth’s 

atmosphere exceeds 114 years; its long lifetime translates into a global warming potential nearly 300 

times higher than CO2.
20 N2O is also the top stratospheric ozone-depleting substance, behaving similarly 

to chlorofluorocarbons (CFCs).20,21 Anthropogenic N2O emissions are anticipated to double by 2050 

without strategic mitigation plans and the development of effective technologies for N2O abatement.22 

The decomposition of N2O into benign atmospheric gases, e.g., O2 and N2, is therefore of tremendous 

general interest both to the scientific community and the public at large, although CO2 remains the 

primary contributor to anthropogenic climate change. 

Various traditional catalysts for N2O decomposition have been developed over the last several 

decades, including supported noble metals,23 non-noble metal bare oxides,24 and zeolite catalysts.25,26 

Due to limited regeneration of active sites at low temperatures, catalytic N2O decomposition typically 

proceeds at temperatures above 400oC, with supported noble-metal catalysts showing activity at lower 

onset temperatures than non-noble metal catalysts.24 Despite the recent surge of interest in plasmon-

enhanced catalysis,11,27–29 the potential for using this approach for light-driven N2O decomposition has 

yet to be investigated. Here, we demonstrate Al-Ir antenna-reactor photocatalyst can efficiently catalyze 

N2O decomposition under illumination at lower operating temperatures compared to the purely thermal 

driven process previously shown on traditional catalysts.  

RESULTS AND DISCUSSION 
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The plasmonic photocatalyst for decomposition of N2O consisted of Ir decorated AlNCs 

supported by 𝛾-Al2O3 at 5 wt% Al loading and ~ 2 wt% Ir loading. The synthesis of aluminum 

nanocrystals (AlNCs)30 and various decorated AlNCs have been previously reported31 (additional 

synthesis details are reported in Methods). In this geometry, it is believed that the primary active sites 

for light-driven chemistry are the metal-island Ir “reactors” decorating the AlNC surface (Figure 1a). 

The Al-Ir plasmonic photocatalyst used in this report consisted of ~100 nm plasmonic AlNCs with 

plasmon resonances at λ  525 nm. High-angle annular dark-field scanning transmission electron 

micrographs (HAADF-STEM) of representative Al-Ir nanoparticles are shown in Figure S1a. The 

standard size distribution of the Ir islands revealed an average size of 1.90.4 nm (N=185; Figure S1b). 

The reactor nanoparticles were deposited onto the AlNC antenna surfaces without quenching the AlNC 

plasmon resonance, while still providing a large catalytic surface area on each nanoparticle (Figure S1c). 

In all cases, the AlNCs form an intrinsic self-passivating aluminum oxide (alumina) layer between the 

plasmonic core and the catalytic islands and are air stable.31,32  

The photocatalytic reactivity of the Al-Ir antenna-reactor photocatalyst in N2O stream is shown 

in Figure 1b, which displays traces of reactant (N2O, green m/z = 44 a.m.u) and product (N2, black, m/z 

= 28 a.m.u & O2, red, m/z = 32 a.m.u) concentrations measured by an online mass spectrometer (Hiden 

Analytical) operating in multiple ion detection mode. When illuminated, a sharp drop in the N2O 

baseline is observed with a simultaneous increase in N2 and O2 in stoichiometric ratios of 2:1. The non-

zero baseline associated with N2 is a consequence of the fragmentation pattern of pure N2O, which 

produces ~10% fragmentation at m/z = 28 a.m.u. The decomposition of N2O produced only the non-

pollutant diatomic gases N2 and O2. Previous studies reported the potential formation of other NOx 

species, such as nitric oxide (NO), as the by-product of catalytic and non-catalytic N2O decomposition. 

33,34,35 Depending on the reaction conditions, NO can be formed from oxidation of nitrous oxide (N2O + 
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O  2NO). NO has an inhibitory effect on its own further formation and also might be consumed as the 

reaction proceeds.35 However, the quantities of NO pre-added to the N2O stream exhibit a promoting 

effect on N2O decomposition due to the role of NO in enhancing the desorption of oxygen and 

regeneration of active sites.24 We monitored mass fragments from other possible products, such as nitric 

oxide (NO) and nitrogen dioxide (NO2), as well as water, but those species were not produced in 

quantities above the detection sensitivity of our mass spectrometer.  

The rates of O2 evolution for Al-Ir and pristine AlNCs are shown in Figure 1c. While both 

plasmonic catalysts received external heating in addition to optical illumination, the conditions of Al-Ir 

were relatively mild, held at 250 C during the intensity-dependent experiments presented in Figure 1c, 

while AlNCs required heating to 500 C. This observation corroborates the role of Ir nanoparticles on 

the AlNC surface as the primary active site for N2O decomposition. Stable production of N2 and O2 was 

measured from N2O decomposition over the course of several hours of measurements (Figure S2), 

showing the stability of the Al-Ir photocatalyst. X-ray photoelectron spectroscopy (XPS) 

characterization of the catalyst before and after the reaction showed the characteristics of the metallic Ir 

being dominant with low quantities of IrOx (IrO2, IrO3) also co-existing (Figure S3) under ambient 

conditions. 
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Figure 1. Plasmon-mediated N2O decomposition. (a) Schematic of N2O decomposition on catalytic 

metal islands supported on the oxide shell of AlNCs (not to scale). (b) Reactivity of the Al-Ir antenna-

reactor photocatalyst monitored with a mass spectrometer showing photoresponsive decomposition of 

N2O into N2 and O2 upon illumination from a bandpass-filtered supercontinuum picosecond pulsed laser 

source at 525 nm and 12 W/cm2 with 300 C external heating and an N2O flow rate of 20 sccm. N2O, 

N2, and O2 were monitored at m/z 44, 28, and 16, respectively. The higher baseline of N2 compared to 

O2 in the dark is due to contributions from the bombardment of the N2O reactant in the mass 

spectrometer. The mass spectrometer response and illumination were slightly offset along the time axis 

to account for the delay between the reaction’s response to illumination and sampling time for the 

product to reach the mass spectrometer. (c) Comparison of the photocatalytic rate of O2 evolution over 
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Al-Ir and AlNCs as a function of illumination intensity, while photocatalysts received continuous 

external heating. Pristine AlNCs and Al-Ir were held at 500 and 250 C, respectively. 

 

Most previous reports of plasmon-mediated chemical transformations focused on small-

molecule reactants with few reaction steps, e.g., dissociation of diatomic molecules.10,37 In contrast, the 

decomposition of N2O(g) may proceed by a multitude of pathways. Figure 2a shows the connection 

between the reactant (N2O) and products (N2 and O2) through many possible intermediates (N2O*, N2*, 

O*, and O2*; * designates an adsorbed species) and by many elementary steps. Figure 2a illustrates the 

significantly increased complexity of the decay mechanism when switching from a diatomic to a 

triatomic system. Determining the rate-limiting step(s) is essential for understanding the role of 

electronic contributions in the overall reaction mechanism. Since the bottleneck step(s) must rely on the 

Ir catalyst to stabilize intermediates, we first evaluated the thermodynamics of the most likely rate-

determining steps instead of investigating the kinetics of all possible steps. We identified five essential 

elementary steps to investigate (Figure 2b-d). From gradient-corrected density functional theory (DFT)38 

with a ‘D3’ van der Waals model39,40 (DFT+D3, see Materials and Methods in the SI), we calculated the 

enthalpies and free energies of these reactions at three different temperatures (Table 1). We will return 

to the significance of these elementary steps in further detail below. 
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Figure 2. Density functional theory of ground-state reaction thermodynamics. (a) Reaction diagram 

connecting N2O(g) to various adsorption and decomposition products encompassing the reactions in (b)-

(d) (N2O*, N2*, O*, O2*, N2(g) and O2(g); * designates an adsorbed species). (b) Dissociative adsorption 

of N2O over Ir (111). (c) N2O-assisted formation of surface peroxides via an Eley-Rideal mechanism. 

(d) O2 desorption from Ir (111). Images are side views of the surfaces, while insets with circular borders 

are top views. Only the first two metal layers are shown. Green, blue, and red spheres: Ir, N, and O, 

respectively. The numerical indices and colored arrows in (a) and (b)-(d) match. 

 

Table 1. DFT+D3 ground-state enthalpies and free energies of the reactions in Figure 2 at different 

temperatures on Ir(111) as a model for exposed facets on an Ir NC.  

Reaction 

indexa 
Reactiona ∆H [eV]a ∆G [eV]a 

Temp. 

[C] 
 127 327 527 127 327 527 

1 N2O(g) + * → N2O* -0.40 -0.37 -0.34 0.27 0.61 0.93 

2 N2O* + * → N2* + O* -2.08 -2.08 -2.08 -2.13 -2.15 -2.17 

3 N2O(g) + 2* → N2* + O* -2.49 -2.45 -2.42 -1.85 -1.55 -1.25 

4 N2O(g) + O* → N2(g) + O2* 0.20 0.21 0.22 0.23 0.25 0.26 

5b O2* → O2(g) + * 1.50 1.47 1.44 0.80 0.46 0.12 

a. In boldface is the suspected rate-limiting step for which kinetics are evaluated 

b. Reaction barrier equals reaction energy for this reaction (see Fig. S10) 

 

Wavelength-dependent N2O decomposition over Al-Ir was examined as a function of 

illumination wavelength from 450 – 800 nm using a supercontinuum laser (Fianium, 4 ps pulse duration, 

80 MHz repetition rate) with 25 nm bandpass filters. Previous reports of the wavelength-dependent 

optical response of plasmonic photocatalysts have correlated their photocatalytic activity with optical 

absorption cross section9 and local field intensity |E|2 inside the nanostructure.41 For Al-Ir, the external 

quantum efficiency (EQE) of N2O decomposition (Figure 3a) was observed to closely follow the optical 

absorption cross-section (Figure S4) and displayed a peak in reactivity corresponding to excitation of 

the dipolar plasmon resonance at 525 nm, as measured by diffuse reflectance measurements of the 

supported catalyst (Figure S1c). The wavelength-dependent maximum for N2O decomposition also 

corresponds well to the calculated |E|2 enhancements integrated inside the Ir reactor (Figure 3b), with a 
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maximum intensity enhancement at the dipolar resonance. The wavelength correlation between peak 

reactivity and  |E|2 suggests that upon illumination, hot carriers will be present in Al-Ir, but the degree 

to which they influence chemical reactivity based solely on this observation is unclear. 

Following plasmon excitation, hot carriers that are generated will decay through electron-

electron and electron-phonon interactions, ultimately resulting in photothermal heating of the 

photocatalyst.42 The degree of plasmon-induced, steady-state heating during wavelength-dependent 

experiments was determined by mapping the catalyst surface temperature with an infrared camera 

positioned above the reaction chamber (Figure S5). The spatial resolution of this camera was 0.1 mm 

and was operated at 25 frames per second for data acquisition (an example of the temperature stability 

of the catalyst over three cycles of illumination is shown in Figure S6). It is important to deconvolve the 

degree to which heating versus electronic mechanisms contribute to the observed plasmon-mediated 

decomposition of N2O.  

The spatial temperature distribution throughout an illuminated nanoparticle array depends on the 

geometry and distribution of nanoparticles, and size of the illuminated area. A previous theoretical and 

experimental study43 has proposed a dimensionless confinement parameter (𝜁; equation (1)) to assess 

the degree of nanoscale temperature confinement at the vicinity of a single nanoparticle compared to the 

collective temperature increase.  

 

 
𝜁 =

𝑝2

3𝐿𝑅
=  

(1 × 10−4 𝑐𝑚)2

3 × 0.05 𝑐𝑚 × 5 × 10−6 𝑐𝑚
= 3.3 × 10−3  ≪ 1 

(1) 

 

 

In this expression 𝑝 is the interparticle distance in the lattice, 𝐿 is the full-width at half maximum 

(FWHM) of the Gaussian beam used for illumination, and 𝑅 is the radius of the nanoparticles. A 𝜁 value 
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less than 1 suggests a temperature delocalization regime, where the local surface temperature increase 

on a single nanoparticle is close to the ensemble temperature increase of its surrounding. Given the Al-

Ir loading of 5 wt% on the oxide support, we calculated a concentration of about ~ 51012 nanoparticles 

cm-3 (or 5 particles m-3) for ~100 nm AlNCs. Our calculated confinement parameter, assuming a 

maximum interparticle distance of 1 m, a FHWM of 0.5 mm (for beam spot of ~1mm) and particle 

radius of 50 nm, is 0.0033 see supplementary text for the details of particle density and interparticle 

distance calculations). This small value of 𝜁 strongly suggests that the local temperature increase of a 

single Al-Ir nanoparticle is very close to the ensemble temperature increase. Therefore, even though the 

measurement of the local temperature increase at single particle level is limited by the spatial resolution 

of the thermal camera, the resolution is enough to resolve the macroscopic temperature inhomogeneities 

on the catalyst bed under illumination due to the collective heating effect that contribute to the uniform 

ensemble temperature increase. Similarly, the transient local temperature increase under pulsed laser 

excitation is expected to be very close to the time-averaged temperature increase because of the low 

energy density of each pulse (~0.2 μJ cm-2 for 120 mW, a beam diameter of about 1 mm, and 80 MHz 

laser source).18 

The laser-induced heating of the catalyst surface (defined as the difference between the final 

temperature of the surface under illumination and the measured surface temperature in the dark, with 

external heating) was measured under atmospheres of argon (Ar) and during N2O decomposition. Under 

Ar, the maximum surface temperature increase of ~100 C at the peak of the plasmon resonance is 

exclusively the result of temperature increases from plasmon decay and photothermal heating (Figure 

3c; orange squares). However, during plasmonic decomposition of N2O, surface temperatures increased 

significantly, due to the additional heat generation from exothermic N2O decomposition (Figure 3c; 

purple triangles). Likewise, the surface temperature increase of the pristine Al NC photocatalyst as a 
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function of illumination wavelength follows the wavelength-dependent N2O decomposition, but the 

absolute rise in the temperature of AlNCs was lower due to the lower rates of N2O decomposition on 

bare Al NCs and a higher rate of heat transfer at 500oC operating temperature (Figure S7). The combined 

contributions of wavelength-dependent hot-carrier generation, photothermal heating, and highly 

exothermic N2O decay complicate the extraction of a systematic insight into the mechanistic nature of 

N2O decomposition using only wavelength-dependent analysis.  
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Figure 3. Wavelength Dependence of N2O Decomposition. Wavelength dependence of N2O 

decomposition over Al-Ir. (a) Quantum efficiency (%) of photocatalytic O2 production as a function of 

illumination wavelength. (b) Calculated electric field enhancement integrated inside the 3 nm Ir when 

coupled to 100 nm AlNCs. (c) Measured additional surface temperature increase of the Al-Ir 

photocatalyst as a function of illumination wavelength under (Ar) and (N2O) environments. External 

heating at 250 C was applied. Light intensity at each wavelength was  ~6 W cm-2. Standard deviations 

of measured surface temperatures were < 2 C; therefore error bars are smaller than symbol sizes used 

in this plot.  
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To understand the role of electronic contributions to plasmon-mediated photocatalytic N2O 

decomposition, the kinetics of O2 production were investigated to gain insight into the apparent 

activation energy barrier and reaction order under the both photocatalysis and thermocatalysis in the 

dark (Figure 4). Previous studies have shown that electronic contributions by plasmon-induced hot-

carriers will result in a decrease in activation barriers, with most significant contributions observed 

during on-resonant, high-optical-power-density conditions.18 For the kinetics measurements under 

illumination here, optical illumination was held constant on plasmon resonance at 525 nm and 12 W cm-

2 laser intensity, while the external heat applied to the system was varied. Under these conditions, the 

maximum temperature on the catalyst surface was measured by the thermal camera (which is the laser-

induced heating convoluted with the external heating). For consistency, all kinetics measurements 

performed in the dark were also assessed at the temperature of catalyst bed as measured by the thermal 

camera, where external heating for thermocatalysis in the dark was adjusted to maintain similar surface 

temperature to that of the measured surface temperature in photocatalysis (see Figure S8 for additional 

information). Kinetics contributions from light were assumed to occur only in a subsection of the total 

bed volume, due to the limited photon penetration depth of the incident photons (less than  100 m).12 

In contrast, the thermocatalysis in the dark with applied external heating to achieve the maximum surface 

temperature measured under illumination resulted in a uniform temperature of the entire bed volume for 

catalysis. This resulted in a smaller overall reaction rates for photocatalysis compared to thermocatalysis 

with similar surface temperatures as shown in Figure 4. 

In contrast to previous reports on light-induced variations in the activation energy as a function 

of intensity and wavelength, no change in the apparent activation energy for N2O decomposition over 

Al-Ir under illumination was observed, yielding apparent activation energies of 1.12  0.1 and 1.13  
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0.1 eV under dark and illuminated conditions, respectively (Figure 4a). The slope of each data series 

can be used to obtain the activation energy using equation (2)  

 
𝐿𝑛 (𝑘) = 𝐿𝑛(𝐴) −  

𝐸𝑎

𝑅 ∙ 𝑇
 

 

(2) 

where k is the rate constant, 𝐴 is a constant, 𝐸𝑎 is the activation energy, 𝑅 is the universal gas 

constant, and 𝑇 is the measured surface temperature by the thermal camera (in Kelvin). Because no 

appreciable change to the apparent activation energy was observed under illumination, the primary 

reaction enhancement mechanism for Al-Ir is likely due to photothermal heating. Also, by comparing 

the reaction order of N2O decomposition with and without illumination (Figure 4b), the reaction remains 

first-order for both conditions.44  The lack of an observed change in the reaction order under light and 

dark conditions indicates a similar rate-limiting step for both cases. However, despite this evidence, we 

cannot directly rule out the possibility of electronic contributions to N2O dissociation. Hot-carrier 

generation and other electronic processes occur on femtosecond timescales, but electron-phonon, and 

consequently lattice heating, subsequently occurs on picosecond-to-nanosecond timescales.42 Due to the 

nature of the kinetics experiments performed here we can conclude that the overall reaction appears to 

proceed primarily by a photothermal mechanism.  
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Figure 4. Reaction Kinetics of N2O Decomposition. (a) Arrhenius plot of N2O decomposition and 

apparent activation energy (calculated from the slope) in the dark and under illumination (12 W cm-2 at 

525 nm ( 25 nm)) on an Al-Ir photocatalyst. For photocatalysis, the measured surface temperature 

under illumination was used for plotting the data. Dark measurements were performed in the temperature 

range similar to the measured surface temperature under illumination. (b) Reaction order, n, with respect 

to 𝐩𝐍𝟐𝐎 in photocatalysis (12 W cm-2 at 525 nm ( 25 nm)) and thermocatalysis. The overall surface 

temperature for each data point for both photocatalysis and thermocatalysis was held at  353 C. In (a) 

and (b), the rate of photocatalysis is smaller than thermocatalysis in the dark (due to limited light 

penetration into the 1 mm thick catalyst pellet, the effective amount of catalyst was appreciably smaller 

for photocatalysis than for thermocatalysis). 

 

Christopher et al.45 proposed that a general characteristic of plasmon-mediated photocatalytic 

reactions is an intensity-dependent rate and quantum efficiency. They proposed an electron-driven 

mechanism in their study. They observed that the photocatalytic rate showed a transition from linear to 

a supralinear power law dependence as a function of increasing light intensity (rate ∝ intensityn, with n 

> 1), but at significantly lower illumination intensities (~109 times) than previously observed for photo-

induced reactions on extended single-crystal metal surfaces.46  Therefore, the rate and quantum 

efficiency of plasmon-mediated photocatalytic reactions, where nonthermal electronic mechanisms play 

a significant role, are expected to increase under higher illumination intensities and operating 

temperatures due to the ability of plasmonic structures to effectively utilize photonic and thermal inputs. 
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Figure 5 shows the reaction rates and external quantum efficiencies of plasmon-assisted N2O 

decomposition over Al-Ir as a function of resonant illumination intensity (Figure S1c; 525 nm  25 nm) 

at three different external heating temperatures. The photocatalytic rate of O2 production increased with 

both illumination intensity and temperature (Figure 5a). The power law exponents at 300 C and 250 C 

were n1.0, but n1.5 at 200 C. The slight increase of the power law exponent under lower external 

heating conditions (n1.5 at 200 C) could be a potential signature of electronic contributions of 

plasmon-induced hot carriers to N2O decomposition under milder reaction conditions, corresponding to 

lower-rate regimes. Similarly, at 200 C external heating, an increase in the measured external quantum 

efficiency was observed at higher illumination intensities (Figure 5b). We note that a slight increase of 

the power law exponent and external quantum efficiency observed at 200 C is not an indication of an 

electron-driven mechanism for N2O decomposition being dominant at lower temperatures, but rather 

suggests an increased probability for the nonthermal contributions of plasmon-induced hot carriers. 

Under higher external temperatures, the external quantum efficiency showed only a very small increase 

as a function of increasing light intensity, where the observation of non-thermal contribution of hot 

carriers is almost completely obscured by their dominant thermal contribution (Figure 5b). Thus the 

weak dependence of the measured quantum efficiency on intensity and the absence of a strong intensity 

dependence at higher temperatures supports our hypothesis that photothermal heating is the main 

contributor to N2O decomposition on this plasmonic photocatalyst. 
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Figure 5. Reaction rate and quantum efficiency as a function of illumination intensity and 

externally applied temperature. (a) Photocatalytic rate of O2 production from N2O decomposition as 

a function of light intensity (525 nm  25 nm) for various applied temperatures. Rates are normalized 

to illumination area assuming the 1 mm catalyst bed thickness is larger than the penetration depth of 

the light (typically less than 100 μm) for the photocatalytic reaction to operate in a photon-starved 

regime. (b) External quantum efficiency (%) as a function of illumination intensity at various applied 

temperatures.  

 

It is quite likely that N2O decomposition proceeds through thermal channels simply because of 

the binding strength of Ir to oxygen.47 O2 adsorption on Ir(111) is investigated in Figure S9a and Table 

S1.  Previous studies of N2O dissociation on Ir, and other late transition metals such as Rh and Pt, 

reported that O2 desorption, rather than N2O dissociation, is the rate-limiting step.48 Indeed, dissociative 

adsorption of N2O(g) into O* and N2* on Ir (step (3), Figure 2b) is highly exothermic and spontaneous 

at 327 C (H = -2.45 eV; G = -1.55 eV, Table 1). Pre-adsorption of N2O ((1), Figure 2b), is 

unnecessary prior to N2-O bond scission ((2), Figure 2b). Because the associative adsorption of two 

oxygen adatoms (O*) via a Langmuir-Hinshelwood mechanism49 is highly unfavorable on Ir (Fig. S9a 

and Table S1), O-O bond formation must be mediated by a non-surface-bound O. At O* saturation, 

gaseous N2O may interact directly with O* (Eley-Rideal mechanism)49 to form surface peroxides ((4); 

Figure 2c). Reaction 4 is moderately endothermic and endoergic (H ~ G ~ 0.2 eV). Finally, desorption 

of surface peroxide (O2*) from Ir (111) ((5); Figure 2d), is notably both highly endothermic (H ~ 1.47 
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eV at 327 oC, similar to the measured Ea~1.1 eV in Figure 4a) and has a positive free energy (G = 0.46 

eV), making it the most probable rate-limiting step for the overall N2O decomposition on Ir(111). The 

O2* desorption barrier is found to be equivalent to its reaction energy (Table 1 and DFT+D3 structures 

and energy curve in Fig. S10). This reaction becomes less endoergic with temperature, reaching G = 

0.12 eV at 527 C, because of the entropically favorable formation of O2(g). The apparent first- order 

dependence of the reaction rate on pN2O (Figure 4b) can be rationalized by a nearly O*-saturated surface 

(G << 0, step 3), while remaining in the pN2O-dependent O2* coverage regime (G ≳ 0, step 4). Steps 

3 and 4 are pre-equilibrium steps prior to the rate-determing step 5.    

Figure 4a shows that the apparent activation barrier of N2O decomposition on Al-Ir is not 

affected by illumination. This may be rationalized by the strong hybridization of O2* and Ir states near 

the Fermi level (Figure S9b). Strong overlap between Ir-O orbitals and other Ir states provides electronic 

relaxation channels leading to short excited-state lifetimes of the O2* molecules.50,51 These short excited-

state lifetimes likely result in N2O decomposition on Al-Ir being primarily catalyzed by photothermal 

heating. 

The N2O decomposition on an Al-Ir antenna-reactor interestingly exhibits plasmon-assisted 

autocatalysis with sufficient external heating and illumination intensity. The optical illumination and 

degree of external heating play a key role in promoting autocatalysis with Al-Ir. When heated externally 

to 325 C and optically illuminated with 12 W cm-2 at 525 nm after 180 seconds (Figure 6a), there was 

a near-instantaneous increase of the surface temperature to 460 C, followed by a slow increase in N2O 

conversion efficiency to ~2 % at a flow rate of 20 sccm N2O (gas hourly space velocity (GHSV) 80,000 

h-1). The increase in N2O conversion corresponded to a slow temperature increase of the catalysts for 

~120 seconds, at which point the temperature abruptly jumps to 575 C and the N2O conversion 

efficiency to ~7.5% at ~300 seconds. Illumination and external heating were held constant, but once the 
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light was turned off (Figure 6a; at 600 seconds), the surface temperature returned to the 325 C external 

heating baseline, and N2O conversion quickly returned to the dark baseline. The N2O conversion 

efficiency and surface temperature are offset by 180 seconds along the time axis to account for the delay 

between the reaction’s response to illumination and sampling time for the product to reach the mass 

spectrometer (Figure 6a).  

The induction period before autocatalytic behavior can be adjusted by increasing the catalyst bed 

temperature by external heating. Figure 6b shows that, under the same illumination intensity of 12 W 

cm-2, a slight increase (by 25 C) of the catalyst bed temperature by heating reduced the induction period 

to 30 seconds, but the autocatalysis still abruptly ceased as soon as illumination was stopped. The ability 

to use plasmonic photothermal heating in combination with external heating to controllably turn N2O 

conversion on and off with the flip of a switch is a distinctive feature of these plasmonic antenna-reactor 

nanoparticles that may be highly useful in future applications. 

The heat generated upon N2O dissociation assists the autocatalytic behavior of N2O 

decomposition. Previous reports of thermal autocatalytic decomposition of N2O
44,52 have explained this 

behavior as being sustained by a large negative enthalpy (H = -2.45 eV, Table 1, reaction 3, 327 C) 

when N2O dissociatively adsorbs to form N2* and O* on Ir. Since the heat of dissociative adsorption is 

even larger than the desorption energy of O2 from Ir (H = 1.47 eV, Table 1, reaction 5, 327 C), the 

excess energy from dissociative N2O adsorption can raise the catalyst bed temperature, resulting in self-

sustaining N2O decomposition. Specifically, this self-induced raise in temperature due to the  

dissociative adsorption of N2O helps facilitate desorption of O2.
52 Here, plasmonic photothermal heating 

complements exothermic N2O decomposition to sustain the reaction at a high conversion rate under 

illumination.  
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Self-sustained N2O thermal decomposition on Ir/Al2O3 has been applied to a 0.1 N micro-thruster 

for orbit adjustment and altitude control of satellite systems.52 N2O represents a green propulsion fuel 

compared to the better-known hydrazine (N2H4) monopropellant satellite systems. Our tests show 

comparable performance for sustained N2O decomposition under illumination at the plasmon resonance 

of the Al-Ir nanoparticles. Furthermore, our plasmonic catalyst exhibits good long-term stability and 

still shows significant conversion efficiency after ~4 hours (Figure 6c), comparable to a previous report 

of 15,300 s (4.25 hours).52 Despite a ~20% decrease in N2O conversion over the course of the 

experiment, plasmonic Al-Ir could be integrated into satellite systems that use concentrated sunlight or 

low-energy light sources to assist in orbital adjustments and altitude controls. Furthermore, the fact that 

N2O can act as a green propellant, and its plasmon-assisted decomposition products are solely N2 and 

O2, make it a prime system for future applications as a photocatalytic generator of emergency air supplies 

in space stations and submarines.   
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Figure 6. Plasmon-Assisted Autocatalysis over Al-Ir. (a) Detectable short-term increases in 

simultaneous O2 production and laser-induced temperature increases during illumination at 12 W cm-2 

intensity and 525 nm with external heating at 325 C and an N2O flow rate of 20 sccm (GHSV > 80,000 

h-1). N2O conversion monitored with a mass spectrometer; surface temperature measured with an 

infrared camera. Each data set is offset with respect to time to show response to illumination at 180 

seconds and removal of illumination at 600 seconds. (b) Catalyst illumination at 12 W cm-2 intensity at 

525 nm with 350 C external heating shows controllable induction time due to more rapid heat buildup 

from plasmon-mediated catalysis. (c) Long-term stability of Al-Ir for sustaining N2O decomposition 

while under illumination (120 mW at 525 nm) for 4 hours with external heating at a baseline dark 

temperature of 275 C. 
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CONCLUSIONS 

 The photocatalytic decomposition of nitrous oxide on a plasmonic antenna-reactor photocatalyst, 

Al-Ir, was investigated. Quantum mechanical calculations of the adsorption of N2O and its 

decomposition on Ir(111) revealed that the rate-determining step is O2 desorption. In contrast to previous 

reports which have shown that electronic contributions from plasmon resonances can influence the rate-

limiting step in a reaction,18 on Al-Ir the activation energy and rate constant were independent of 

illumination intensity, which demonstrates that plasmon-mediated chemistry is primarily enhanced 

through photothermal heating, rather than hot carrier mechanisms, in this case. We believe that the non-

thermal electronic contributions from plasmon resonance do not play an appreciable role in this 

particular catalytic reaction because of the nature of the rate determining step: O2 desorption. Significant 

overlap between adsorbate and metal states provides electronic relaxation channels with short excited-

state lifetimes that primarily catalyze N2O decomposition by photothermal heating. Importantly, these 

observations do not absolutely rule out electronic contributions to other elementary steps (e.g., N2-O 

bond breaking). This observation dictates important considerations for future design and understanding 

how surface chemistry can affect the mechanism of plasmonic photocatalysts. 

Independent of the nature of thermal or non-thermal contributions, high efficiency of the 

exothermic reaction on Al-Ir enables plasmon-assisted, self-sustained, autocatalytic N2O 

decomposition. We showed that light catalyzes this reaction over sustained periods, with conversion 

efficiencies approaching 10%, even at very high GHSV 80,000 h-1. This autocatalytic behavior can be 

tuned by adjusting the external heat and light intensity applied to the system. This approach may be 

extrapolated to other exothermic reactions and enhanced with optimized reactor design.53 The photo-

switchable high reactivity of N2O decomposition with Al-Ir antenna-reactor systems may enable future 

applications that depend on N2O abatement, such as localized decomposition in medical anesthesia, 



 23 

propulsion systems based on N2O as a green propellant, or emergency air supplies in submarines, 

human-crewed rockets, and space stations.  

METHODS 

Synthesis. For the synthesis of Al NCs, A stir bar was added to a 50 mL Schlenk flask and 

allowed to dry in a 130 oC forced-air oven overnight. The glassware was removed and assembled hot to 

a 5-port dual manifold with argon and vacuum. The flask was vacuumed and purged to remove any 

excess moisture and oxygen. After three cycles, a volumetric ratio between two coordinating solvents, 

THF and 1,4-dioxane, were added to the Schlenk flask in a 3:2 ratio. 30 The ratio between each solvent 

determines AlNC size. After allowing the THF:dioxane solution to heat to 45oC, 6.5 mL of fresh 0.5 M 

N,N-dimethylethylamine alane (DMEAA) in toluene (Sigma-Aldrich), was injected into the flask. The 

clear solution turned slightly turbid, likely from some decomposition of DMEAA to aluminum oxides. 

The formation of AlNCs was catalyzed by the addition 2 mL of 2 wt% Ti(IV) isopropoxide in toluene. 

The solution instantly took on a dark brown, then black color. Within a few minutes the solution began 

to rapidly bubble hydrogen gas from the decomposition of DMEAA followed by simultaneous mirroring 

on the flask walls and the appearance of grey nanoparticulate matter within the flask. This grey 

suspension was allowed to react for 2 hours at 45 oC before allowing it to stir at room temperature 

overnight. The solution was isolated under a rapid flow of Ar before centrifugation to remove the solid 

material. The supernatant was discarded and three subsequent washes with anhydrous toluene were 

performed to isolate pristine AlNCs. Upon the final wash, the AlNCs were suspended in 2-propanol 

(IPA) for future use. For the synthesis of Ir-decorated AlNCs, the pristine AlNCs afforded from the first 

synthesis were centrifuged to remove the IPA and isolated into ethylene glycol (EG). Separately, a 5 

mM solution of Ir (III) chloride was prepared in EG. In a 25 mL round-bottom flask equipped with a stir 

bar 15 mL of EG was added, followed by 5 mL of ~2 mg/mL Al NCs in EG and 1 mL of 5 mM IrCl3. 
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The solution was heated over a sand bath to 150 oC to reduce Ir3+ to Ir0, characterized by a darkening 

of the solution and the formation of Ir islands on the AlNC surface. 31 Al-Ir nanoparticles were isolated 

once more by centrifugation and suspended into IPA for long-term storage. 

 Catalyst Preparation. The as-synthesized nanoparticles were weighed and dried to afford 

accurate measurements of their final concentrations in mg/mL. Once known, a volume of catalyst 

suspended in IPA was added directly to 100.0 mg of -Al2O3 to achieve 5-wt% (with respect to Al) 

loading of the catalyst onto the support. This suspension was sonicated for ~5 minutes to homogenize 

the nanoparticles and the support before being sonicated to settle the solid material. The supernatant was 

decanted and the supported catalyst was allowed to dry for at least 24-hours under vacuum. The powder 

was homogenized with a mortar and pestle before loading into the reaction chamber. 

Photocatalytic Measurements. All photocatalytic measurements were performed in a Harrick 

high temperature reaction chamber. The standard quartz window of the Harrick reaction chamber was 

replaced with optical quality KBr for reliable infrared transmission. All surface temperature 

measurements were made with a FLIR A615 thermal camera, where values of 0.95 and 0.98 were used 

for the emissivity of the powdered catalyst, and optical transparency of the KBr window, respectively. 

Optical illumination was performed with a Fianium Supercontinuum white-light laser (4 ps, 80 MHz) 

with ~25 nm band pass filters used for wavelength selection. A neutral density filter was used to 

standardize the power across the visible spectrum as determined using a digital power meter (Thor Labs). 

Throughout all light-based experiments, real-time temperature measurements were obtained similar to 

that displayed in Figure S5. In this example, the illumination of a 5 wt% Al-Ir on a -Al2O3 inert support 

with 550 nm @ 120 mW shows a radial heating distribution away from the incident laser on the 

supported catalyst. For all measurements, a radial region of interest (ROI) was defined across the 

supported catalyst’s surface and maximum, minimum, and average temperatures within that ROI were 
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recorded. The maximum increase of the surface temperature under illumination was used to plot Figure 

3 and Figure 4.   

Characterizations. For electron microscopy characterization, nanoparticles of interest were 

drop cast from solutions of IPA onto type-A carbon 200 mesh Cu grids. Each grid was plasma cleaned 

in a 20% O2/Ar mixture for 3 seconds to remove adventitious carbon. Care was taken not to expose the 

sample to the plasma environment because of susceptibility to damage. S/TEM characterization was 

performed on a double-corrected FEI Titan Themis in the Rice University Electron Microscopy Center. 

All images were acquired at 300 kV. HAADF-STEM images were acquired with a 115 cm camera length 

and convergence angle of 30 mrad. High resolution X-ray photoelectron spectroscopy (XPS) analysis 

were performed on the Al-Ir/Al2O3 photocatalyst before and after the reaction. XPS analysis were 

performed on a PHI 5500 XPS system equipped with an Al KR monochromator X-ray source. The 

pressure in the test chamber was maintained below 1×10-9 Torr during the acquisition process. 

Extinction spectra of the nanoparticles in solution and diffusive reflectance of catalysts were recorded 

using an Agilent Cary 5000 UV−vis−NIR spectrometer. A Praying MantisTM diffuse reflection 

accessory (Harrick Scientific Products Inc., DRP-VA) was attached to the spectrometer to convert the 

light configuration from transmission mode to diffuse reflection mode. 

 

Electromagnetic simulations. The modeling of Al-Ir antenna reactor nanoparticles was performed 

using a commercial finite element method software package (Comsol 5.2a). The Ir islands were modeled 

as hemispheres 2 nm in diameter attached on Al spheres 110 nm in diameter. A 3 nm Al2O3 layer was 

included in the simulations to account for the surface oxidation of Al. The whole structure was embedded 

in a dielectric environment with n=1.37. Perfect matched layers (PMLs) were also used to simulate 

particles floating in infinite environment. The dielectric responses of Al and Al2O3 were taken from 
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tabulated data.54,55,56 The dielectric responses of Ir was extracted from figures by Lehmuskero et al.57 

The optical absorption was calculated by integrating the Ohmic loss within the structure.  

Periodic Density Functional Theory (DFT). Atomic Models: Five-layer 3×3 periodic slabs, 

exposing the lowest-energy (111) surface,58 were generated from an optimized bulk four-atom face-

centered cubic Ir (a = 3.841 Å, 0.3 % error)59 unit cell. A vacuum of ~15-16 Å was used to separate the 

slab periodic images from each other along the surface normal.    

 

Reaction energies were calculated within periodic DFT using the Vienna Ab-initio Simulation Package 

(VASP) ver. 5.3.5.60  The Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation density 

functional38 was used to evaluate the exchange-correlation energies. Grimme’s semi-empirical D3, with 

Becke-Johnson damping, was used to approximate the van der Waals (vdW) forces and energies.39,40 

Standard VASP (v.2012) projector-augmented-wave14 potentials were employed, solving for N-2s,2p, 

O-2s,2p, and Ir-6s,5d orbitals self-consistently. A kinetic energy cutoff of 500 eV was used to limit the 

planewave basis set size for structural optimizations (absolute atomic force threshold ≤ 0.01 eV/Å). 

Subsequent single-point energy evaluations and vibrational-energy calculations were conducted with a 

660 eV planewave kinetic energy cutoff.  Spin-polarization was invoked for when free O2 molecule is 

present, to account for the molecule’s triplet electronic spin state. A dipole-field correction was used 

orthogonal to the surface to eliminate unrealistic slab dipole-dipole interactions between periodic 

images.61,62 The Brillouin zone was sampled via 14×14×14 (Γ-point-shifted) and 7×7×1 (Γ-point-

unshifted) k-point meshes within the Monkhorst-Pack method 63 for the bulk unit cell and periodic slabs, 

respectively. The Methfessel-Paxton method to smear the electronic states,64 with a smearing width of 

0.09 eV, was used to aid electronic convergence. We probed the kinetics of the likely slow reaction 

(Figure. S10) via the climbing image nudged elastic band (CI-NEB) method.65 The fictitious spring force 
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along the reaction tangent had a force constant of 3 eV/Å2. The force convergence for the CI-NEB 

images was set to 0.03 eV/Å.  

 

Thermal Corrections to the Enthalpy and Free Energy. The gas phase enthalpy and entropy from 

vibrational, rotational, and translational degrees of freedom were accounted for using tabulated 

thermodynamic data (Table S2). For molecular adsorbates, normal mode vibrational frequencies were 

calculated from a second-order finite difference method to evaluate the Hessian, where select atoms 

(adsorbate and seven surface atoms at and close to the adsorption site) were displaced ±0.015 Å from 

their optimized positions and their forces calculated.     

 

The internal energy (𝐸𝑣𝑖𝑏) and entropy (𝑆𝑣𝑖𝑏) terms in the Helmholtz free energy were calculated from 

atomic vibrations at temperature 𝑇:66  

𝐴𝑣𝑖𝑏 = 𝐸𝑣𝑖𝑏 − 𝑇𝑆𝑣𝑖𝑏 (3) 

are calculated as follows: 

  

𝐸𝑣𝑖𝑏 = ∑ [
ℎ𝜈𝑗

2
+

ℎ𝜈𝑗

𝑒𝛽ℎ𝜈𝑗 − 1
]

3𝑁

𝑗

 

 

   (4) 

while 

𝑇𝑆𝑣𝑖𝑏 = ∑ [
ℎ𝜈𝑗

𝑒𝛽ℎ𝜈𝑗 − 1
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3𝑁

𝑗
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where 𝜈𝑗 are the normal mode frequencies, ℎ is the Planck constant, β is the inverse of thermal 

energy 1/𝑘𝐵𝑇 (𝑘𝐵 is the Boltzmann constant), and N is the number of atoms used to construct the 

Hessians. Thus, from Eqns. 4-5, Eqn. 3 becomes 

 

𝐴𝑣𝑖𝑏 = ∑ [
ℎ𝜈𝑗

2
+ 𝑘𝐵𝑇𝑙𝑛 (1 − 𝑒−𝛽ℎ𝜈𝑗) ]

3𝑁

𝑗

 

 

(6) 

where the first term is the zero point energy (ZPE): 

 

𝑍𝑃𝐸 = ∑
ℎ𝜈𝑗

2

3𝑁

𝑗

 (7) 

 

For gases (N2O, N2, and O2), only the ZPE (Eqn. 7) is evaluated computationally, summed over their 

3N-5 vibrational degrees of freedom (linear molecules). The change in 𝐸𝑣𝑖𝑏 (Eqn. 4) was used to obtain 

the enthalpies of reaction together with the DFT reaction energies (Tables 1 and S1). The change in 𝐴𝑣𝑖𝑏 

(Eqn. 6), on the other hand, was added to the DFT reaction energies to get the reaction free energies 

(Table 1 and S1).  

 

Electronic Densities of States Simulation. The projected densities of states of the surface slabs 

(Figure S9b) were evaluated from non-self-consistent calculations using denser sets of k-points from a 

mesh of 11×11×1 (Γ-point-unshifted). The fixed electron densities were obtained from the 

corresponding self-consistent calculations evaluated with k-point meshes of 7×7×1 (Γ-point-unshifted). 

A planewave kinetic energy cut-off of 660 eV was imposed. 
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