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Non Thermal-Driven Photocatalytic Ammonia
Decomposition at Near-Room Temperature on a Plasmonic

Nanocone Array
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Alessandro Alabastri,* Alberto Naldoni,* and Stepan Kment*

The efficient and sustainable production of hydrogen is crucial for the transition
to a clean energy future. Ammonia (NH;) is an attractive hydrogen carrier due
to its high energy density and safe storage properties. However, conventional
ammonia decomposition requires high temperatures, making the process
energy-intensive and costly. Here, a plasmon-driven photocatalytic approach
is presented for ammonia cracking at near-room temperature, utilizing a plas-
monic antenna-reactor system made by a sharp tip anodic alumina oxide (AAO)
array coated with a plasmonic Au film (antenna), decorated with Cu nanopar-
ticles (reactors). This nanostructured catalyst harnesses surface plasmon
resonances (SPRs) and generates hot carriers under visible light illumination,
significantly enhancing the reaction efficiency. The best AAO @ Au@Cu config-
uration exhibited a hydrogen evolution rate of 227 pmol h=" g, =" under 1 Sun
irradiation at 35 °C. The enhanced activity is due to plasmonic non thermal
effects, with the highest catalytic activity observed at 565 nm, corresponding
to the SPR mode of the nanostructure. Mechanistic insights, supported

by XPS, TOF-SIMS, and spin-polarized density functional theory calculations,
suggested a multi-step NH,; decomposition pathway involving NH,NH,
(hydrazine) and NH-NH intermediates. This study highlights the potential of
plasmonic nanomaterials in revolutionizing low-temperature NH; decomposi-
tion, paving the way for sustainable hydrogen production at solar intensities.

1. Introduction

In the pursuit of sustainable energy devel-
opment, minimizing carbon dioxide (CO,)
emissions from fossil fuel consumption
has emerged as a global priority.'2] Hy-
drogen, often hailed as the "fuel of the
future," stands out for its high energy
density compared to alternative renew-
able energy sources such as methanol and
ethanol.’l Additionally, it offers signifi-
cant environmental advantages, particularly
when its production results in zero CO,
emissions.**] However, the high delivery
costs, risk of leakage, and explosion haz-
ards have posed significant challenges to
the practical implementation of hydrogen
energy technologies.”#*]Ammonia is widely
regarded as one of the most promising hy-
drogen carriers due to its low cost, high
safety (with explosive concentration range
of ammonia in air, i.e., explosion limits,
of 15.7-27.4 v/v.%), and exceptional volu-
metric energy density (108 kg H, per m?
NH, at 8.6 bar and 20°C),°!% efficient
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transportation, storage, and easy separation from hydrogen
gas flow." ) Ammonia decomposition (Equation 1) is an
endothermic reaction, and therefore it is favored at increasing
temperatures. Moreover, ammonia conversion decreases at
increasing pressure.

2NH; + heat 2 3H, + N, (1)

The primary challenge associated to ammonia cracking for
sustainable hydrogen production is thus the requirement for
very high temperatures to achieve a complete reaction (equilib-
rium calculations show that a temperature of 400 °C is required
to convert 99.1% of ammonia to its decomposition products at
0.1 MPa), making the process energy-intensive and costly.[1*-1¢]
Therefore, the development of novel efficient catalysts to operate
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ammonia decomposition at lower temperatures is essential for
reducing energy consumption while enhancing safety and cost-
effectiveness for practical ammonia decomposition.

Surface plasmon resonances (SPRs) in metallic nanomateri-
als have emerged as an exceptionally efficient mechanism to
drive photocatalytic events, leveraging the generation of high-
energy ‘hot’ carriers under visible light excitation.!'’~'8] Through
the plasmon decay process, when nearby molecules are adsorbed
onto the metal surface, hot carriers and near fields can trans-
fer energy into the molecular electronic states, initiating various
photocatalytic reactions, such as cross-coupling reactions or bond
cleavage, at significantly lower temperatures than conventional
thermal catalysis."*!] Non-linear optical effects in plasmonic
nanomaterials, including amplification of near fields, make it
possible to trigger the activation of molecular bonds under non-
equilibrium conditions, opening new pathways for photocatalytic
reactions.

Halas and colleagues have revolutionized ammonia decompo-
sition by combining plasmonic and catalytic functionalities into
antenna-reactor nanoparticles (e.g., Cu-Ru, Cu-Fe).?22] In the
case of Cu-Ru antenna-reactor nanostructures, a temperature of
475 °C under high-intensity light irradiation (9.6 W cm~2, ~96
suns) has enabled quantitative ammonia decomposition. This
was possible thanks to both the photoinduced thermal gradi-
ents and the hot electrons generated by the plasmonic Cu units,
which resulted in a decrease of the activation energy compared
to the value in thermal dark conditions. However, the precise at-
tribution of the roles played by non-thermal and thermal effects
in driving gas-phase photocatalytic reactions at high solar con-
centrations is challenging.[2*2%] Additionally, the stability of plas-
monic catalytic materials requires to be carefully considered for
practical applications, as the sintering and aggregation of plas-
monic nanoparticles at high temperatures can severely degrade
catalytic performance and compromise long-term viability.[2¢!

Since the groundbreaking discovery of anodic aluminum ox-
ide (AAO) by Masuda and Fukuda through a two-step anodiza-
tion process, researchers worldwide have dedicated significant
efforts to exploiting the unique properties of AAO templates for
the fabrication of various nanostructures.””] Unlike the intri-
cate, time-consuming, and costly conventional lithography tech-
niques, the high structural homogeneity of AAO—characterized
by uniform nanopore diameter, length, and wall thickness—
enables the fabrication of plasmonic nanoparticle arrays com-
posed of Au, Ag, and Cu over large surface areas with high
consistency and scalability.[?®! Although the plasmonic materi-
als deposited on the AAO platform have been applied for en-
ergy applications,[?** they have not been reported yet for the
gas phase photocatalytic ammonia decomposition.[*’!

In this study, plasmon-driven photocatalytic ammonia decom-
position under 1 Sun illumination (100 mW/cm?) was inves-
tigated using an antenna-reactor metasurface made by an ar-
ray of plasmonic (Au-based) nanocones (NCs) supported on an
AAO nanopatterned substrate and decorated with catalytic Cu
nanoparticles. The optical properties of the whole system were in-
vestigated by electromagnetic simulations, revealing plasmonic
resonances and peculiar near-field patterns throughout the NCs,
strongly depending on the thickness of the Au layer. Efficient
light absorption and localization of fields within the Cu nanopar-
ticles enable to activate ammonia decomposition at near-room
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temperature, and produce appreciable hydrogen evolution rates
with good stability. The photocatalytic activity of the plasmonic
NCs was systematically investigated by varying the excitation
wavelengths and structural parameters of the plasmonic NCs,
as well as the amount of Cu catalyst deposited. In contrast to
previously reported bimetallic systems such as Cu—Fe and Cu—
Ru,[23l which encounter a high energy barrier for N—N coupling
(2.67-2.84 eV), our DFT calculations revealed that N—N bond for-
mation occurs through the coupling of NH, intermediates (e.g.,
NH and NH,), bypassing the need for isolated N species. This
pathway, with a maximum activation barrier of 1.13 eV, is com-
patible with solar-driven catalysis at ambient conditions and un-
derscores the distinct mechanistic advantage of the Cu—Au in-
terface under higher ammonia partial pressures. With high re-
producibility and facile fabrication, this work provides a reliable
strategy for leveraging plasmonic nanomaterials to efficiently
convert light energy and drive catalytic reactions under out-of-
equilibrium conditions.

2. Results and Discussions

2.1. Non-Lithographic Fabrication of Large-Scale Plasmonic
Nanocone (NCs) Arrays

The fabrication of the plasmonic NCs array followed the pro-
cess outlined in Figure 1A. Briefly, AAO template with termi-
nating sharp tips was first prepared through a sequential elec-
trochemical anodization of an alumina foil, followed by pore-
widening steps. A detailed description of the entire process is
provided in the Supporting Information and in Figure Sla (Sup-
porting Information). Subsequently, two sputtering steps were
performed to first overcoat the bare sharp tip AAO with a plas-
monic Au film, and then deposit catalytic Cu nanoparticles, re-
spectively. The plasmonic NCs were thoroughly characterized us-
ing field emission scanning electron microscopy (FE-SEM) and
high-angle annular dark-field (HAADF) imaging to assess their
morphology and elemental distribution. As shown in Figure S1
(Supporting Information), sharp and highly ordered tips were
homogeneously formed on the surface of the AAO substrate,
resulting in a well-defined hexagonal close-packed array. From
top-view SEM images, the diameter and nanogap distance of
adjacent tips were estimated as ~16 and ~41 nm, respectively,
while the nanopore diameter and the internal wall thickness as
~101 and ~11 nm, respectively. Different plasmonic NC struc-
tures were fabricated by varying the Au sputtering time (40 s, 80
s, 120 s, and 160 s) while keeping the Cu sputtering time con-
stant at 16 s. This approach aimed to deposit Cu in the form of
nanoparticles acting as catalytic centers, and to control the thick-
ness of the Au layer, thereby transforming the AAO template into
a plasmonic antenna-reactor metasurface. Hereafter, these sam-
ples are referred to as AAO @40Au@16Cu, AAO@80Au@16Cu,
AAO@120Au@16Cu, and AAO@160Au@16Cu, respectively.
Figure 1B illustrates the morphology of our plasmonic NCs
substrates, depicted in both top-view and tilted-view SEM
images, following the metal deposition process. For better
clarity, all parameter variations resulting from the Au sput-
tering process are visualized in Figure S2 (Supporting In-
formation) and summarized in Table S1 (Supporting In-
formation). Top-view SEM images reveal a progressive in-
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crease in the plasmonic NCs diameter from 22 to 26, 32,
and 37 nm for the AAO@40Au@16Cu, AAO@80Au@16Cu,
AAO@120Au@16Cu, and AAO@160Au@16Cu, respectively.
Concurrently, the spacing between adjacent NCs decreased from
39 to 32, 27, and 20 nm, respectively. With increasing sputter-
ing time, the orifice diameter of the AAO template also gradu-
ally narrowed to 93, 87, 81, and 75 nm. Additionally, the inter-
nal wall width between adjacent NCs expanded from 16 to 20,
25, and 29 nm, indicating the continuous deposition of metal
onto the template. Large-scale SEM images (Figures S3-S6, Sup-
porting Information) demonstrate the long-range periodicity of
the NCs array over areas up to the centimeter scale, highlighting
its tunability and the cost-effectiveness of this facile method for
scalable fabrication. By adjusting the Au sputtering time, we can
precisely control the dimensional parameters of plasmonic NCs,
which is crucial for achieving the desired optical properties. To
further investigate the influence of morphology on optical prop-
erties, as discussed in detail in the following chapter, the same
metal sputtering conditions used for the sharp-tip AAO tem-
plate were applied to a flat Al/Al, O, substrate (Figure S7, Sup-
porting Information). The SEM images revealed that irregularly-
shaped plasmonic nanoparticles formed on the flat substrate,
which is typical for a sputtering process on a rough surface, in
contrast to the highly uniform plasmonic NCs array observed on
the sharp-tip AAO template. This comparison underscores the
critical role of morphological control in achieving structural uni-
formity, which significantly impacts optical performance, mak-
ing the sharp-tip AAO template a superior platform for plas-
monic photocatalysis. Furthermore, the influence of Cu sputter-
ing time (ranging from 8 to 16 and 24 s) on the structural char-
acteristics of distinct 80 s Au sputtering was systematically ex-
amined (shown in Figure S8, Supporting Information). In the
following, special attention is given to the thorough character-
ization and analysis of the AAO@80Au@16Cu NC sample, as
it exhibited the highest photocatalytic performance for ammo-
nia cracking. The tilted-view SEM images in Figure 1B confirm
the formation of vertically-aligned plasmonic NCs, demonstrat-
ing that the sharp-tip structure remained well-preserved through-
out the sputtering process. The Au deposition follows an island
growth and directional mode, as can be observed in Figure 1C
and Figure S9 (Supporting Information). Consequently, the Au
coverage decreases from the tip to the internal walls of the pores
within the AAO structure. However, by increasing the sputter-
ing time, a uniform coating of the tips was achieved, eventually
leading to their complete coverage. Inductively coupled plasma
mass spectrometry (ICP-MS) was employed to estimate the mass
of Au and Cu for each sputtering condition separately. The mea-
surements confirmed a linear increase in deposited mass with
sputtering time, as expected (Figure S10, Supporting Informa-
tion). The HAADF measurements with EDS elemental mapping
of AAO@80Au@16Cu NCs were employed to visualize the inter-
nal structure, elemental distribution, and thickness on the sharp
tip. Figure 1C presents a single AAO@80Au@16Cu NC, along
with its EDS mapping. The metallic Au deposition fully covers
the tip, while small Cu nanoparticles (~3 nm in diameter) are dis-
persed on the Au layer surface. Figure S9 (Supporting Informa-
tion) showcases an ensemble of plasmonic NCs to further illus-
trate their morphological properties. The nanopore exhibits a dis-
tinct conical shape, with its diameter gradually decreasing from
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Figure 1. A) Schematics of the sequential fabrication steps for the plasmonic NCs array used in ammonia decomposition. B) SEM images at the top
view and tilted view for AAO@40Au@ 16Cu, AAO@80AU@ 16Cu, AAO@ 120Au@ 16Cu, AAO@ 160Au@ 16Cu, together with increasing Au sputtering
time from 40, 80, 120, 160, and fixed duration of 16s for Cu sputtering, all scale bars were 200 nm. C) The HAADF images of a representative single
AAO@80Au@ 16Cu NC tip, along with elemental mapping showing the overlapped distribution of Au-Al-Cu and individual elements of O, Au, Al, and
Cu.
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Figure 2. A) Experimental optical absorption spectra of plasmonic NCs with increasing Au sputtering time of 40, 80, 120, and 160 with fixed 16 s
Cu sputtering time. B) Simulated absorption spectra of plasmonic NCs array with various thicknesses t,, (as indicated by the legend, in nm) and
accompanied by Cu nanoparticles near the tip. C) Spatial distribution of the near field enhancement of plasmonic NCs with different Au thickness (i-3.5,

ii-5, iii-7.5, and iv-10 nm), evaluated at the corresponding absorbance peak.

the top to the bottom of the oxide layer, while the internal wall
thickness correspondingly increases in the opposite direction.

2.2. Optical Properties of Plasmonic NCs Arrays

Figure 2 illustrates the optical properties of the plasmonic NCs.
Notably, the bare sharp-tip AAO scaffold shows no absorbance
in the visible region, indicating that the appearance of the SPR
results from the following metal deposition (Figure S11, Sup-
porting Information). To further explore the tunability of the sys-
tem’s plasmonic properties, the optical response was studied as
a function of the Au deposition on the bare sharp-tip AAO, while
the Cu deposition time was kept constant for 16 s. As shown in
Figure 2A, the experimental absorptance peak undergoes a blue
shift, progressively shifting from 585 nm to 552, 535, and 521
nm as the Au sputtering time increases from 40 to 80, 120, and
160 s, respectively. At 40 s sputtering time, the experimental ab-
sorptance of AAO@40Au@ 16Cu exhibits a broad and weak ab-
sorption, likely due to insufficient Au coverage on the nanostruc-
tured template. Notably, 80 s Au sputtering appears to be the opti-
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mal condition, yielding the strongest absorption intensity. How-
ever, as the Au sputtering time increases to 160 s, the spectra
not only shift further to the blue region but also exhibit a sig-
nificant decrease in absorbance intensity. This phenomenon can
Dbe attributed to the complex interplay between the Au thickness
and the plasmonic resonance of the nanostructure, as ascertained
by our electromagnetic simulations. In Figure 2B the simulated
absorptance is shown (see Supporting Information and Figure
S12 for details on the simulations), qualitatively resembling the
same blue shift and non-monotonic trend as the measured ab-
sorptance. To explain this trend, in Figure 2C, we analyzed the
near-field enhancement at the wavelength of peak absorption. As
the thickness of the Au layer increases, there is less field build-up
inside the AAO cones, leading to a decreasing absorptance. On
the other hand, when the Au layer becomes too thin, despite the
larger field build-up, the metallic layer is not thick enough to ab-
sorb a significant portion of light. Competition between these two
effects leads to the maximum absorbance for a 5-nm thick layer.
It is important to note that while Figure 2B,C illustrate the the-
oretical dependence of absorbance on gold thickness, the exact
correlation between sputtered gold thickness and sputtering time

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. a) Comparison the photocatalytic H, evolution rate of AAO@80Au@ 16Cu with different materials, b) Time dependent photocatalytic H,
evolution rate and stability test after 4 cycles (inset graph), c) Wavelength dependence of apparent quantum efficiency (AQE) plot (left axis) and UV-vis
absorptance spectrum of (right axis), d) Photocatalytic H, evolution rate under 565 nm wavelength irradiation with different power density.

can be complex due to fabrication parameters. Therefore, the ex-
perimental sputtering times should be understood as represent-
ing a range of gold thicknesses, with the overall trend of an opti-
mal thickness being consistent between theory and experiment.
Although the trend of the absorption in the copper for dif-
ferent gold thicknesses is different (see Figure S13, Support-
ing Information), our electromagnetic simulations show (Figure
S13, Supporting Information) that such thickness also corre-
sponds to the configuration displaying maximum absorption
within the Cu NPs that likely play a key role in the photocatalytic
process.

2.3. Photocatalytic Ammonia Decomposition
Photocatalytic gas-phase ammonia decomposition reactions were

performed in a batch reactor filled by pure NH, gas under simu-
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lated solar illumination (1 Sun, AM1.5G) and with samples hav-
ing an active area of 2 cm?. The reactions were carried out at near-
room temperature (~35 °C), as estimated from photo-induced
temperature measurements using an IR sensor (see Figure S14a,
Supporting Information). The amount of evolved hydrogen was
measured by gas chromatography after 24 h of reaction. Details
of the photocatalytic test conditions and setup are provided in the
Supporting Information. Figure 3 summarizes the key factors in-
fluencing the enhanced solar-light-driven photocatalytic activity
ofthe AAO@80Au@16Cu sample. Figure 3A analyzes the contri-
bution of each component within the system, providing insights
into their roles in the overall photocatalytic process. Reference
samples such as bare AAO and a flat copper substrate do not
evolve any detectable amount of hydrogen. Notably, AAO @80Au
remains inactive for ammonia decomposition, suggesting that
the sole hot carrier generation from the Au platform is not suf-
ficient to activate ammonia. In contrast, the AAO NCs featuring
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Figure 4. a) Gibbs free energy changes (AG) during ammonia (NHj3)

decomposition on pristine Au(111) and Cu(111) surfaces, as well as on

Cug@Au(117). b) Schematic representation of the most favorable reaction pathway on Cug@Au(111).

Cu nanoparticles (AAO@16Cu) produced a small amount of H,
evolution of ~8 umol h™! g, ~!, demonstrating that the reaction
active sites are on the surface of the Cu nanoparticles (reactors).
Therefore, the photocatalytic rate was normalized on the amount
of deposited Cu. Initial experiments were conducted to optimize
the ratio of sputtered Au and Cu in the NC photocatalysts with re-
spect to their photocatalytic activity for ammonia decomposition.
The results are presented in Figure S14b,c (Supporting Informa-
tion). The highest hydrogen evolution rate of 227 pmol h=' g, 7!
was achieved with the AAO@80Au@16Cu sample, demonstrat-
ing the synergistic interaction between Au and Cu in significantly
enhancing the photocatalytic performance.

The catalytic activity of AAO@80Au@16Cu was compared
with previous reports, showing a seven-times higher activity than
samples tested in similar experimental conditions (Tables S2,
Supporting Information), i.e. with the reaction proceeding in the
gas-phase and at near-room temperature. This can be attributed

Adv. Funct. Mater. 2025, e05216 €05216 (7 of 11)

to various effects. In a first instance, the morphology and compo-
sition of the catalytic interface were crucial to achieve high pho-
tocatalytic efficiency. A short Cu sputtering time (8 s) resulted in
an insufficient number of active sites for photocatalysis, whereas
a longer sputtering time (24 s) led to excessive Cu coverage, in-
creasing the Cu NP size and reducing the Au-Cu interfacial sites,
finally leading to decreased hydrogen evolution rates. DFT cal-
culations suggest that the existence of a partially Cu-covered Au
surface is indeed beneficial from a mechanistic perspective. The
reaction pathway at the Au—Cu interface has lower activation bar-
riers (1.16 eV for the rate-determining step of N—N bond forma-
tion) than those occurring on pristine Au(111) or Cu(111) sur-
faces (2.34 and 2.31 eV, respectively (Figure 4A). Another relevant
parameter was the maximization of light absorption and field en-
hancement within the Cu NPs to maximize the enhancement of
photocatalytic rates due to non-thermal effects. Our electromag-
netic simulations show (Figure S13, Supporting Information)
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that, indeed, a specific intermediate Au thickness produced the
maximum absorption in the Cu NPs (Figure S13c, Supporting
Information). Interestingly, we have found that such a config-
uration occurs when the whole nanocones maximally interact
with the incident radiation (Figure S13a, Supporting Informa-
tion, red line), inducing increased absorption in the Cu NPs
(Figure S13c, Supporting Information) despite a relatively low
absorption within the Au close to the tip (Figure S13b, Support-
ing Information). These findings highlight the importance of ac-
curate antenna-reactor designs when optimizing photocatalytic
processes.

To investigate further the effect of morphology on photocat-
alytic activity, NC-based photocatalysts were fabricated not only
on sharp-tip AAO, but also on a flat Al/Al,O, substrate with the
same Au and Cu deposition parameters for comparison. The
hydrogen evolution rate of plasmonic NCs on sharp-tip AAO
was 7.2 times higher than that of the flat sample, suggest-
ing a critical role of a higher surface area for the adsorption
of the reactive molecules and of an ordered array of plasmonic
nanostructures. Figure 3B illustrates the time-dependent evolu-
tion of H, production during the photocatalytic reaction using
the AAO@80Au@16Cu photocatalysts. Hydrogen generation is
initiated upon exposure to simulated solar light irradiation, and
the amount of H, increases linearly over time, reaching the hy-
drogen evolved volume of 0.23 pL in 24 h. Furthermore, the sta-
bility and reproducibility of the system were evaluated through
four repeated cycles of the ammonia decomposition reaction,
confirming the catalyst’s durability and consistent performance.
The top-view SEM images of AAO@80Au@16Cu obtained af-
ter the reaction (Figure S14d, Supporting Information) reveal no
changes in the diameter or morphology of the plasmonic NCs.
This observation highlights the remarkable structural stability of
the plasmonic NC array, which maintained its integrity and pho-
toactivity even after multiple catalytic cycles. Additionally, the H,
evolution rate during photocatalytic NH; decomposition was in-
vestigated under various reaction conditions, with the results pre-
sented in Figure S14e (Supporting Information). No H, produc-
tion was observed in the dark at room temperature (25 °C) nor at
a constant temperature of 50 °C provided by external heating. On
the contrary, ammonia decomposition occurred only under light
illumination. Such control experiments confirmed that thermal
effects alone could not drive the ammonia decomposition reac-
tion at room temperature, thus highlighting the role of plasmon-
induced non-thermal effects (i.e. hot carriers and near fields). To
further explore the potential role of non-thermal plasmonic ef-
fects, the H, evolution rate of the photocatalytic system was mea-
sured under monochromatic light conditions and expressed as
the apparent quantum yield (AQY), and the results are presented
in Figure 3C.

The AQY was calculated with the following equation:[3¢]

2 X Numberof H,moleculesevolved

AQY = X 100% 2)

Numberofincidentphotons

To identify the AQY depending on different wavelengths, the
reaction was illuminated with different LED light sources (445,
565, 660, 740 nm). The power of the light source used for the
AQY was measured via an external digital power meter (Thorlabs
PM100D). The sample was illuminated for 24 h with an illumi-
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nated surface area of 2 cm?. A low H, evolution rate, correspond-
ing to a low AQY, was observed at a wavelength of 445 nm, while
the maximum rate occurred at 565 nm, namely at the spectral
position of the plasmonic resonance of the AAO@80Au@16Cu
NC substrate.

The AQY plot well resembled the absorptance profile, indi-
cating a strong correlation between photocatalytic activity and
plasmonic resonance. The highest AQY of 5.5 x 107> % was
observed at a wavelength of 565 nm, which is ~4 times higher
than the AQY at 740 nm. Furthermore, the dependence of the
H, evolution rate on power density at a wavelength of 565 nm
was investigated by varying the incident light power density from
50 to 125 mW cm~2 (Figure 3D). The linear dependence of the
H, evolution rate on power density is consistent with a non-
thermal enhancement mechanism of the catalytic reaction, while
an Arrhenius-like exponential dependence should be observed in
case of a purely thermally-driven mechanism.

3. Ammonia Decomposition Mechanism

To elucidate the mechanism of ammonia decomposition driven
by AAO@80Au@16Cu NCs, a comprehensive surface character-
ization was carried out. First, X-ray photoelectron spectroscopy
(XPS) experiments were performed to examine the elemental
composition both before and after the reaction (Figures S16 and
S17, Supporting Information). High-resolution Au 4f spectra
(Figures S16a and S17a, Supporting Information) did not show
any binding energy variation, indicating that Au® was unaffected
throughout the process. The peaks corresponding to Cu 2p3/2
and Cu 2p1/2 at 932.5 and 952.3 eV, respectively, confirm the
presence of the Cu® oxidation state after reaction (Figure S17b,
Supporting Information). Those peaks were also consistent with
the pure metallic Cu before reaction (Figure S16b, Supporting
Information). Additionally, a small peak at 934.9 eV with a weak
satellite at 944.2 eV was assigned to the Cu** form from native
oxide layer on the surface.’’-38] The small shift of Cu?** peak after
reaction can be due to adsorbed N species remaining onto the cat-
alyst surface and to their structural reconstruction under reaction
conditions, as suggested by our DFT calculations.

Remarkably, the N 1s XPS spectra (Figure S17c, Supporting
Information) revealed the emergence of two distinct peaks at
398.6 and 400.2 eV after the reaction, in stark contrast to the flat
spectrum measured from the bare sharp tip AAO and pristine
plasmonic NCs sample (Figures S15c and S16¢, Supporting In-
formation). Those two peaks can be attributed to the formation
of NH, (x = 1, 2) species during the dehydrogenation of NH;,
or to the dimerization process occurring during the photocat-
alytic reaction, leading to the formation of H NNH, species (e.g.
H,NNH,, HNNH, etc.).3%#% Figure S16 (Supporting Informa-
tion) presents the X-ray diffraction spectra of the bare sharp tip
AAO substrate and the pristine AAO@80Au@16Cu sample. In
addition to the most prominent peaks corresponding to metal-
lic aluminum, a small peak associated with metallic Cu is also
observed, confirming the previously discussed XPS data.

Time-of-flight secondary ion mass spectrometry (TOF-SIMS)
measurements were conducted to investigate more in detail
the chemical nature of such potential intermediate nitrogen
compounds detected by XPS. The analysis revealed the pres-
ence of several intermediate nitrogen species, including NH,,

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

85U8017 SUOWILLIOD @A 1.0 3|qeo! dde 8Ly Aq peuseob 8 Sappie YO ‘8sh JO Sa|nJ 10} AIq1T8UIUO AB]IM UO (SUORIPUOD-PUR-SWBIALD" A3 IM"AeIq U1 [UO//SdNL) SUORIPUOD pue Swis 1 8y} 89S *[9202/T0/6T] Uo AriqiTauliuo A8|IM ‘919l L 1a eIsieAlN AQ 9T2505202 WiPe/200T 0T/I0p/u0d" A8 M Akeiq 1 Bu[UO"peoueApe//SAny Woiy pepeojumod ‘0 ‘820E9T9T


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

NH, NNH, and HNNH, on the catalyst surface after the reac-
tion. These findings suggest that our plasmonic nanocone array
promoted an NH, dimerization process to form N—N bonds, and
subsequent deprotonation leading to the production of H, and N,
(Figure S19, Supporting Information).[*'=* In previous studies,
NH, decomposition typically occurs at high temperatures and
low ammonia partial pressures, making it challenging to directly
observe the coupling of nitrogen species, including specific reac-
tion intermediates. Consequently, the mechanistic reaction path-
way has often been inferred, relying primarily on the splitting of
NH,; into N and H, which subsequently recombine to form N,
and H, .

Spin-polarized density functional theory (SP-DFT) was em-
ployed to provide further insights into the mechanism of NH,
decomposition, with a focus on identifying the most favorable
reaction pathway from among several configurations evaluated
for each reaction step. A detailed description of the DFT cal-
culation procedures and their specific steps is provided in the
Supporting Information, supported by Figures S20-S28 and
Tables S3 and S4.

Changes in Gibbs free energy (AG at 298 Kand 1 atm, Figure 4)
reveal that the adsorption of NH; molecules on all considered
surfaces is exergonic, driven by weak covalent interactions. How-
ever, the subsequent H dissociation steps on pristine Au(111) and
Cu(111) surfaces are endergonic, rendering the overall reaction
non-spontaneous under the considered conditions. The critical
step in the decomposition of NH; is the formation of an N—N
bond, which becomes favorable only after the formation of inter-
mediates such as NH, or NH, subsequently leading to the forma-
tion of NH,NH, or NHNH,.[*~¢] [n contrast, on Cub@Au(111),
two consecutive dissociation steps result in a configuration with
an adsorbed NH intermediate and a AG of only 0.03 eV, indicat-
ing that dissociative adsorption becomes nearly thermodynami-
cally neutral in the presence of Cu nanoparticles.

Through DFT-base examination of various reaction pathways
involving NH;, NH,, and/or NH intermediates, we identified the
most plausible mechanism for N—N bond formation to begin
with the adsorption of an NH; molecule onto a pre-adsorbed NH
intermediate, forming an NHNH,; complex. This is followed by
a spontaneous hydrogen transfer, resulting in the formation of
a stable hydrazine (NH,—-NH,) molecule. Given that hydrogen
transfer is typically fast, it is also possible that NH; adsorption
leads directly to NH,-NH,, bypassing the NHNH, intermediate
and lowering the reaction barrier.

Importantly, the N—N bond forms through the lone pair on the
NH; nitrogen attacking the NH intermediate to form a donor—
acceptor bond. This is the only viable orbital interaction pathway,
as NH; lacks other accessible bonding orbitals. For this to occur,
the NH intermediate must possess a positively charged nitrogen
capable of accepting the lone pair. Density of states (DOS) analy-
sis (Figure S29a, Supporting Information) confirms that the NH
intermediate has occupied states near the Fermi energy (Ej) that
become unoccupied under local potential changes in the vicinity
of the N atom, facilitating electron donation from NH;.

Charge density difference analysis (Figure S29a, Supporting
Information) further supports this picture: upon single-electron
removal from the system (simulating a photoexcited hot hole),
the region with the greatest increase in positive charge is local-
ized on the NH intermediate. This suggests that a plasmonic hot
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hole transfer may be essential for initiating the N—N bond forma-
tion. Moreover, the charge redistribution upon the N—N bond for-
mation (Figure S29d, Supporting Information) shows a decrease
in electron density between the two nitrogen atoms. Unlike stan-
dard covalent bond formation, this decrease reflects the replace-
ment of two lone pairs—one from NH and one from NH,—with
a shared bonding electron pair, which helps explain the ender-
gonic character of this step.

Bader charge analysis further corroborates the proposed mech-
anism. Upon NH,; adsorption on NH, significant charge re-
distribution occurs. The NH, unit becomes positively charged
(+0.54e), with minimal change in hydrogen atom charges (0.44
vs.0.39 ein free NH,), and a notable reduction in nitrogen’s nega-
tive charge (-0.78 vs. —1.17e). Simultaneously, the NH group also
becomes more positive (-0.76 vs —0.37¢), with N and H carry-
ing —0.80 and 0.43e, respectively. The resulting NHNH, species
exhibit a net positive charge of +0.17e, indicating charge dona-
tion from nitrogen atoms to the metallic substrate. DOS analysis
(Figure S29¢, Supporting Information) further confirms the hy-
bridization and N—N bond formation.

Once hydrazine forms, the reaction may reverse—releasing
NH,—or proceed via further H dissociation to form NH-NH.
Under high NH, partial pressure, i.e. as per our experimental
conditions, the forward reaction is favored. The partial pressure
of gas-phase NH3 favors the latter pathway. Although dissocia-
tion of the penultimate hydrogen is thermodynamically uphill,
it is plausible that the final two hydrogen atoms are released si-
multaneously due to their close proximity (~2 A) and orientation.
This leads to adsorbed N, and the final step—N,, desorption and
catalyst regeneration—is only slightly endergonic. Notably, the
reaction barrier on Cu-decorated systems is significantly lower
than on pristine surfaces, confirming the catalytic advantage con-
ferred by Cu modification.

4, Conclusion

In this study, a plasmonic NC array substrate was successfully
fabricated through a facile sputtering method onto the sharp
tips of an AAO template. Structural characterization using SEM,
TEM, and HAADF imaging confirmed the high homogeneity
and reproducibility of the plasmonic NCs on a large scale, extend-
ing up to the centimeter scale. The optical properties of the sub-
strate were effectively controlled by adjusting the metal loading
during sputtering. An optimal sputtering time corresponding to
a specific Au thickness was found, effectively balancing the field
enhancement in the AAO and light harnessing within the cat-
alytic Cu NPs, as suggested by electromagnetic simulations. The
photocatalytic activity of the plasmonic NCs was demonstrated
through H, evolution from NH; decomposition under 1 Sun irra-
diation, highlighting the efficient utilization of hot carriers even
at low temperatures. Finally, the combination of XPS, TOF-SIMS
analysis, and DFT simulations provided valuable insights into
the underlying reaction mechanisms. These findings not only
enhance our understanding of light-driven NH; decomposition
under mild conditions, but also offer a scalable alternative to the
conventional thermal NH; decomposition mechanism, therefore
opening the way to cheap and decentralized reactors driven by
sunlight.
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