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Ammonia production at room temperature and atmospheric pressure is in high demand to

assist in energy saving and the protection of the environment worldwide, as well as to help

reduce CO2 emissions. Recently, plasmonic nanomaterials have been frequently used for

solar to chemical energy conversion, which has the potential to replace existing energy-

intensive industrial processes. In our approach, plasmonic aluminium nanotriangles (AlNTs)

were used to investigate the impact of plasmonic effects on photocatalytic ammonia

production. Plasmonic near-field coupling to a semiconductor and hot electron generation

from AlNTs were studied in detail through the use of electrochemical photocurrent

measurements. A narrowband LED beam with a central wavelength at 365 nm was used to

illuminate the AlNTs and their hot electron generation efficiency was estimated to be 2 �
10�4%, resulting in an ammonia production rate of 4 � 10�5 mM h�1 mW�1 cm�2, which

corresponds to a quantum efficiency of 2.5 � 10�5%. In the case of plasmonic near-field

coupling, AlNTs-embedded TiO2 demonstrates a charge-carrier generation efficiency of

2.7%, which is �2.3 times higher than that of bare TiO2. The ammonia production rate of

AlNTs–TiO2 is 0.1 mM h�1 mW�1 cm�2 with a quantum efficiency of �0.06%, which

corresponds to �2.4 times that of the rate demonstrated by bare TiO2 (0.04 mM h�1 mW�1

cm�2, quantum efficiency � 0.025%). The obtained results confirm successful ammonia

production through nitrogen splitting at room temperature and under atmospheric

pressure. Moreover, according to the presented results, the use of plasmonic aluminium

structures remarkably improves the ammonia production rate.
1. Introduction

Aer photosynthesis, nitrogen xation is the second most important chemical
process in the biosphere, as nitrogen is an essential component of the building
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blocks of life, viz. DNA, RNA and proteins. Unfortunately, direct appropriation
from its abundance in the atmosphere (78%) is impossible since the robust triple
bond between two nitrogen atoms makes molecular nitrogen relatively inert. The
rhizobia bacteria of the legume family and which live in nodules on plant roots
possess a nitrogenase enzyme which xes nitrogen naturally and supplies it to
plants and animals in the form of ammonium, urea and nitrate.1 This naturally
occurring process is, however, not sufficient to feed the rapidly expanding pop-
ulation of Earth. For decades the agro-food industry has relied on nitrate fertil-
izers, produced via the Haber–Bosch industrial synthesis of ammonia (NH3), to
boost food production. In principle, NH3 can be produced in the presence of
catalysts at high temperature (400–600 �C) and pressure (150–200 atm), contrib-
uting to approximately 2% of the world’s annual energy usage.2 Furthermore,
industrial NH3 production consumes approximately 5% of the world’s natural gas
resources to produce a hydrogen feedstock, and releases large quantities of
carbon dioxide (CO2) which strongly pollutes the atmosphere, thus leading to
serious environmental issues, viz. global warming and climate change etc.3

Therefore, there is strong demand for the development of alternative, fossil-fuel-
saving methods that can be utilized to produce ammonia under ambient condi-
tions in order to save energy and the environment.

Numerous researchers have attempted to identify an alternative method to the
Haber–Bosch process via the use of an electrochemical approach.4 Recently, Licht
et al. introduced an electrolysis method in which a sodium and potassium
hydroxide solution mixture is bubbled in wet air through a mixture of tiny
particles of iron oxide (Fe2O3).5 This method consumes two-thirds of the energy
consumed by the Haber–Bosch process and, even more appealingly, CO2 emis-
sions are signicantly reduced in comparison. Although electrochemical routes
reduce energy input, they are still under development due to numerous technical
challenges and material issues. In another approach, inorganic metal complexes
were studied to mimic nitrogenase activity for nitrogen adsorption and reduc-
tion.6,7 However, this route is limited because of the complicated synthesis of the
materials and their poor stability. Semiconductor photocatalysis for ammonia
production8–10 has also been highly studied for a few decades aer the Fujishima
and Honda water splitting experiments were reported.11 To improve the quantum
efficiency and reduce charge-carrier recombination, Khan et al. and Ranjit et al.
studied transition-metal-loaded semiconductors.12–15 Unfortunately, the efficiency
was not signicantly improved.

Recently, plasmonic nanomaterials (PNs), a new family of catalysts exhibiting
fundamentally different behaviour, have been shown to be highly encouraging
due to their optical and catalytic properties under visible light illumination at low
intensity. The photocatalytic efficiency can be greatly enhanced by combining PNs
with a semiconductor, which increases charge-carrier generation in the semi-
conductor through plasmonic near-eld coupling.16 Moreover, PNs can solely
generate charge-carriers (electron–hole pairs) through non-radiative surface
plasmon decay.17 These so-called plasmonic hot electron/hot hole pairs (EHP)
have the potential to drive chemical reactions either on the PNs or on the semi-
conductor surface, where plasmonic hot electrons can be extracted and trans-
ferred to the conduction band of the semiconductor. A Schottky barrier at the
metal/semiconductor junction prolongates the residence time of the electrons
in the conduction band and, therefore, reduces the fast recombination rate of the
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short living EHP.18 So far, such a plasmonic approach has been successfully
applied to improve water splitting,19 hydrogen dissociation,20,21 the decomposi-
tion of organic pollutants such as carbon dioxide,22 carbonmonoxide23 and dyes,24

and the synthesis of organic compounds.25,26 Recently, Oshikiri et al. studied,
using light in the visible range, hot electron generation from Au nanoparticles
combined with a ruthenium co-catalyst for ammonia synthesis, and encountered
a poor yield.27 In a follow-up study they used zirconium/zirconium oxide, an
efficient nitrogen adsorbing material that improved ammonia production
signicantly.28 However, Au and Ag are not seminal materials since they are very
expensive and unstable over long periods of time, therefore making them inap-
propriate for long-term use and, consequently, commercialization. Furthermore,
the thermal stabilities of Au and Ag are inferior to the stability of Al, therefore
rendering Au and Ag unsuitable for high temperature annealing.

In our work we used aluminium as a plasmonic material. Aluminium is
a cheap material that exhibits plasmonic properties in the UV range, and is, in
comparison with other plasmonic metals, more abundant on earth, highly stable
and non-toxic. To the best of our knowledge, we are the rst group to study the use
of aluminium nanotriangles (AlNTs) for enhancing ammonia production through
nitrogen splitting at room temperature and under atmospheric pressure. In order
to gain more insight into the plasmonic mechanisms, two different types of
photoelectrodes were fabricated to study: (i) plasmonic hot electron generation
from AlNTs and (ii) plasmonic near-eld coupling to semiconductor materials,
such as TiO2. The charge-carrier generation rate of the photoelectrodes under
365 nm illumination was studied via electrochemical photocurrent measure-
ments. An incident photon to photocurrent generation efficiency (IPCE) of 2 �
10�4% was observed for the hot electron generation by non-radiative decay of
surface plasmons, resulting in an ammonia production rate of 4 � 10�5 mM h�1

mW�1 cm�2, which corresponds to a quantum efficiency of 2.5 � 10�5%.
However, aer applying plasmonic near-eld coupling, the IPCE increases to
2.7%, which is �2.3 times higher than that observed when using a bare TiO2

conguration. The measured ammonia production rate of AlNTs–TiO2 amounted
to 0.1 mM h�1 mW�1 cm�2 with a quantum efficiency of �0.06%, which is �2.4
times higher than that obtained with bare TiO2 (0.04 mM h�1, quantum efficiency
� 0.025%).
2. Experimental
2.1. Preparation of the photoelectrodes

Plasmonic aluminium nanotriangles (AlNTs) with a side length of 85 nm were
fabricated on fused silica substrates via colloidal lithography (see ESI† for the
detailed fabrication procedure). Due to the high reactivity of Al with oxygen, a self-
limiting oxide layer formed on the Al/air interface. Al was deposited via electron
beam (e-beam) evaporation with a base pressure between 10�6 and 10�7 Torr
(Leybold Optics LAB600H). The thickness and deposition rate of the Al were
40 nm and 0.5 Å s�1, respectively.29 Subsequently, the PS mask was removed by
sonication in toluene for 10 min, followed by the deposition of a 100 nm thick
titanium dioxide (TiO2) thin lm onto the AlNTs via the e-beam evaporation
technique with a deposition rate of 1 Å s�1 prior to an annealing step at 500 �C for
This journal is © The Royal Society of Chemistry 2019 Faraday Discuss., 2019, 214, 399–415 | 401
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Fig. 1 Characterization of the photoelectrodes. (A) Schematics of the photoelectrodes.
(B) SEM image of the AlNTs. (C) Particle size distribution of the AlNTs. (D) UV-Vis-NIR
extinction spectrum and the simulated optical spectrum of the AlNTs (inset). (E) Simulated
spatial distributions of the electric field enhancement for the AlNTs.
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2 h under a nitrogen atmosphere. Fig. 1A shows schematics of the
photoelectrodes.
2.2. Characterization

A UV-Vis-NIR spectrometer (UV-2600) with an integrating sphere was used for the
extinction, absorption and scattering measurements. The electrical eld distri-
bution around the excited AlNTs was computed using the surface integral equa-
tion (SIE) method.30 The real dimension, obtained from the scanning electron
microscope (SEM) images, was introduced to calculate the optical responses of
the AlNTs. All dielectric coefficients were taken from the literature.31–33 Morpho-
logical SEM images were obtained using a Zeiss Merlin eld emission scanning
electron microscope (Carl Zeiss Jena GmbH) with an electron energy of 2 keV. X-
ray diffraction (XRD) characterization was carried out using an Empyrean
diffractometer from Panalytical equipped with a grazing incidence angle cong-
uration and a Cu Ka radiation source (l ¼ 0.15418 nm) in order to study the
402 | Faraday Discuss., 2019, 214, 399–415 This journal is © The Royal Society of Chemistry 2019
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crystalline structure of the TiO2. The bandgap energy of the fabricated TiO2 was
calculated using a Tauc-plot. The valence band spectrum of the TiO2 was obtained
using a PHI versaprobe II scanning XPS microscope (Physical Instruments AG,
Germany). The analysis was carried out using a monochromatic Al Ka X-ray
source of 24.8 W with a beam size of 100 mm, and the binding energy was cali-
brated using a value for C 1s of 187.85 eV.
2.3. Electrochemical photocurrent study

To perform the electrochemical studies, an electrical conducting layer was added
between the substrate and the AlNTs or TiO2. A 150 nm ITO thin lm was
deposited via radio frequency magnetron sputtering (RF-MS, Pfeiffer SPIDER 600)
with an RF power of 500 W and an argon ow of 15 sccm at 5 � 10�3 mbar. The
AlNTs embedded in TiO2 photoelectrodes on ITO were fabricated as described
above. Electrochemical measurements were performed using a CHI 1240B
potentiostat (CH Instruments, Austin, USA). A three electrode photo-
electrochemical cell (Zahner instruments) consisting of a photoanode (working
electrode), a Ag/AgCl reference electrode and a platinum counter electrode was
used to record the photocurrent. A 0.1 M KNO3 (pH � 6) solution containing 10%
ethanol as an electron donor was used as the electrolyte. The working electrode
potential was set to 0.15 V vs. Ag/AgCl for all of the experiments.
2.4. Photocatalysis experiments

A photochemical cell was used as the reaction chamber. A collimated narrowband
LED beam with its central wavelength at 365 nmwas used as the irradiation source.
The fabricated photoelectrodes were illuminated with an intensity of 5mWcm�2 on
a circular area with a diameter of 1.5 cm. Unless otherwise stated, the illumination
conditions were the same for all measurements. A nitrogen-saturated aqueous
electrolyte solution (pH 4) containing 10% ethanol, an electron donor/hole scav-
enger, was used for the reaction. The solution contained �500 mM (saturated
concentration) of nitrogen, corresponding to 3 � 1016 nitrogen molecules in the
reaction chamber. This concentration was held constant throughout the whole
experiment by using a 100 sccm nitrogen ow. The nitrogen gas ow rates were
controlled using a mass ow controller (Omega, GmbH). The rate of ammonia
production was evaluated by a standard colorimetric assay using sodium salicylate,
sodium hypochlorite, sodium nitroprusside and sodium hydroxide. A 500 mL
sample was taken from the reaction chamber at 1 h intervals. Subsequently, 250 mL
of hypochlorite solution followed by 250 mL of salicylate reagent (a mixture of
sodium salicylate, nitroprusside and sodium hydroxide) were added. Sodium
salicylate forms a dimer (indosalicylate) in the presence of ammonia, with an
absorption peak at 650 nm. Known amounts of ammonium chloride were used to
perform a calibration. The value of the ammonia concentration at t ¼ 0 h was used
as the baseline and subtracted from all measurements. The quantum efficiency of
ammonia formation for which three photons are required to produce one ammonia
molecule was determined using the following eqn (1)34

hNH3
ð%Þ ¼ ½Rate of NH3 formation ðmol s�1Þ� � 3

½Incident photon flux ðmol s�1Þ� � 100 (1)
This journal is © The Royal Society of Chemistry 2019 Faraday Discuss., 2019, 214, 399–415 | 403
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3. Results and discussion
3.1. Photoelectrodes characterization

An SEM image of the AlNTs is shown in Fig. 1B. Using ImageJ, the size distri-
bution of the AlNTs was statistically evaluated, as shown in Fig. 1C which reveals
that the average edge length of the AlNTs is approximately 85 nm, leading to
a surface coverage of �5%. The UV-Vis-NIR extinction spectrum shows a dipolar
plasmon peak at around 365 nm (Fig. 1D). The position of the plasmonic reso-
nance wavelength matches well with the simulated spectrum (inset of Fig. 1D).

Furthermore, the SIE near-eld simulations show that the highest plasmonic
electric eld intensities at the resonance position are generated at the edges of the
AlNTs (Fig. 1E). The crystalline nature of the TiO2 was studied before and aer
annealing using XRD. Fig. 2A displays the XRD pattern for TiO2 on ITO before
annealing. The crystalline peak for anatase TiO2 is completely absent, indicating
that the as-deposited TiO2 is amorphous. The peaks observed at the 2q angles of
30.4, 33, 35.34 and 37.65� correspond to the (222), (312), (004) and (114) poly-
crystalline phases, respectively, of the ITO (JCPDS: 96-101-0342) underneath.
However, the XRD pattern of the annealed sample (Fig. 2B) shows an obvious peak
at 25.3�, thus conrming the anatase phase (101) (JCPDS: 00-021-1272). A reor-
ganization of the TiO2 morphology is also evident from analysis of the SEM
images (insets of Fig. 2A and B), in which a clear change in the crystal size can be
observed. The optical band gaps (Eg) of TiO2 on the fused silica and ITO substrates
were calculated using Tauc plots, as shown in Fig. 2C. The quantity (ahn)1/2 was
plotted as a function of the incident energy and, subsequently, the linear part was
extrapolated (see ESI† for details). The resulting point of intersection with the
abscissa at 3.18 eV corresponds to the bandgap energy of the deposited TiO2. The
measured bandgap value is in good agreement with the literature.35 The valence
band (VB) spectrum of the TiO2 was determined via XPS analysis (Fig. 2D) in order
to obtain the potential at the upper edge of the VB.35 The VB spectrum shows that
the valence band is located at 2.7 eV below the Fermi level, and hence the lower
edge of the CB can be expected to be located at 0.48 eV above the Fermi level.

The lower conduction band edge was experimentally determined using
photocurrent onset measurements,36 as shown in Fig. 2E. Under illumination by
light at 365 nm (an energy higher than the band gap), TiO2 generates EHP, which
are separated in the potential gradient space-charge layer (formed upon
immersing the electrode in the electrolyte). This drives holes towards the TiO2/
electrolyte interface and electrons towards the bulk of the TiO2 as well as to an
external electrical connection (Fig. 2F). Consequently, an anodic photocurrent is
observed in the TiO2 photoelectrode which is affected by an external bias. The
potential of the electrode swept in the cathodic direction (applying a more
negative potential) reduces the space-charge layer thickness, thus resulting in
more charge-carrier recombination and leading to a decreased photocurrent. The
photocurrent becomes zero at the atband potential. In Fig. 2E, the photocurrent
reaches zero at �0.1 V with respect to Ag/AgCl, which is equal to �0.335 V vs.
a standard hydrogen electrode (SHE). For TiO2, recombination is practically
complete 0.2 V away from the CB edge, therefore this value is added to the at-
band potential in order to calculate the nal CB edge value.37 Hence, the CB edge
of the TiO2 should be located at �0.54 V above the Fermi level, which is very close
404 | Faraday Discuss., 2019, 214, 399–415 This journal is © The Royal Society of Chemistry 2019

https://doi.org/10.1039/c8fd00146d


Fig. 2 XRD patterns of the TiO2 (A) before annealing and (B) after annealing at 500 �C for
2 h under a nitrogen atmosphere (the insets show SEM images of the TiO2 before and after
annealing). (C) Tauc-plot of (ahn)1/2 as a function of the incident photon energy (hn) for
TiO2 on the fused silica (a) and ITO (b) substrates. (D) Valence band photoelectron
spectrum of TiO2 (anatase) after annealing. (E) Photovoltammogram of the ITO–TiO2

electrode recorded in a KNO3 (0.1 M; pH 6) electrolyte in the cathodic direction with
a sweep rate of 2 mV s�1 under 365 nm irradiation. (F) Schematic showing the TiO2 energy
levels under illumination.
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to the CB edge value deduced from the Tauc-plot. The band diagram of the TiO2 is
depicted in Fig. 3A.
3.2. Electrochemical study of the plasmonic effects of the AlNTs

The plasmonic effects of the AlNTs were studied by means of electrochemical
photocurrent measurements. The number of charge-carriers generated in the
photoelectrodes is estimated to correspond to a direct measure of their photo-
catalytic activity.38 In the rst step, we studied plasmonic hot electron generation
from the AlNTs. Fig. 3B shows the photocurrent responses of the ITO–AlNTs and
This journal is © The Royal Society of Chemistry 2019 Faraday Discuss., 2019, 214, 399–415 | 405
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Fig. 3 (A) Energy band diagram of anatase TiO2 on the electrochemical potential scale;
NHE refers to the normal hydrogen electrode. (B) Photocurrent of bare ITO and ITO–
AlNTs in a 0.1 M KNO3 (pH � 6) solution containing 10% ethanol, recorded under
narrowband irradiation at l ¼ 365 nm (5 mW cm�2). (C) Charge-carrier generation rate of
the photoelectrodes with and without AlNTs. (D) Wavelength dependent photocurrent of
the ITO–AlNTs photoelectrode observed using 340, 365, 385 and 430 nm narrowband
light sources at 5 mW cm�2 power. (E) Observed photocurrent as a function of light
intensity. The inset shows the photocurrent responses of the ITO–AlNTs electrode at
365 nm under different light intensities (from bottom to top: 5, 10, 15 and 25 mW cm�2).
The electrodes were biased with 0.15 V for all of the photocurrent measurements.
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bare ITO samples. The 365 nm light source was switched on and off every 30 s
whilst the photocurrent response was recorded. The obtained currents were
stable and reproducible. The ITO–AlNTs sample shows signicant photocurrent
changes of DI ¼ 6.5 nA under illumination, which corresponds to a generation
rate of 4� 1010 hot electrons/holes per second (Fig. 3C) and an incident photon to
photocurrent conversion efficiency (IPCE), i.e. external quantum efficiency, of 2 �
10�4%. This result clearly suggests that the AlNTs generate hot electrons as
a result of non-radiative surface plasmon decay. The bare ITO does not demon-
strate a signicant change in current, thus indicating that the illumination
wavelength of 365 nm does not excite the ITO. Furthermore the bandgap of ITO is
large, around 4 eV, meaning that it certainly requires a higher energy (300 nm
406 | Faraday Discuss., 2019, 214, 399–415 This journal is © The Royal Society of Chemistry 2019
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wavelength) to generate charge-carriers; this conrms that the observed 6.5 nA
photocurrent is only due to the plasmonic hot electrons from the AlNTs. The
wavelength dependent hot electron generation efficiency was also studied using
different illumination wavelengths, as shown in Fig. 3D. The maximum current
was observed at 365 nm, thus providing further evidence of hot electron gener-
ation. To gain more insight into the plasmonic response of the AlNTs, the
photocurrent responses at different light intensities were studied. It is clear from
looking at Fig. 3E that the AlNTs are linearly responding to the light intensity,
which is a characteristic of plasmonic nanomaterials.39

In the second step, plasmonic near-eld coupling was studied by connecting
the AlNTs to TiO2. Fig. 4A shows the photocurrent responses of the ITO–TiO2

samples with and without AlNTs under dark and illuminated conditions. For the
bare TiO2 electrode, a photocurrent of I¼ 33.2 mA was observed, corresponding to
a generation rate of 2.1 � 1014 EHP per second (Fig. 4B) and an IPCE of 1.1%. The
photocurrent response increased to I ¼ 78 mA for the sample with AlNTs, corre-
sponding to a generation rate of 4.9 � 1014 EHP per second and an IPCE of 2.7%.
Overall, a �2.3 fold enhancement was observed aer embedding the AlNTs into
TiO2, which is also manifested in the increase in the absorption spectrum, as
shown in Fig. 4C. The wavelength dependent photocurrent enhancement of the
ITO–AlNTs–TiO2 electrode was determined and is shown in Fig. 4D, which reveals
that the enhancement strongly depends on the illumination wavelength, which
qualitatively follows the absorption spectrum of the AlNTs (inset of Fig. 4D). The
peak position of the photocurrent enhancement and the AlNTs absorption
matches very well, thus suggesting that the electromagnetic eld located at the
edges of the triangles, generated by the dipolar surface plasmon oscillation of the
AlNTs, penetrates into the TiO2, leading to an increased charge-carrier generation
rate.

It is worth noting that the AlNTs were in direct contact with TiO2. The Al and
TiO2 contact exhibits ohmic character since the working function of Al is inferior
to that of TiO2. Therefore, plasmonic hot electron and near-eld coupling effects
are indistinguishable in the studied conguration. However, the observed results
suggest that the hot electron generation and extraction efficiency is very low (2 �
10�4%) in comparison with the charge-carrier generation efficiency of the near-
eld coupling (2.7%), thus demonstrating that the contribution from the hot
electrons is negligible towards the overall enhancement in the AlNTs–TiO2

conguration. Furthermore, the contribution from plasmonic scattering was also
studied by extracting the scattering and absorption spectra from the total
extinction spectrum and carrying out measurements using an integrating sphere.
Fig. 4E and F show the absorption and scattering of the AlNTs before and aer
combining with TiO2. It can clearly be seen that the scattering cross section is
dominant for the AlNTs prior to TiO2 deposition; however, the absorption
becomes dominant aer embedding the AlNTs in TiO2. It seems that plasmonic
near-eld coupling is the dominating energy transfer channel rather than scat-
tering, which correlates well with a recent report.40 Furthermore, we studied the
thermal contribution during the photocurrent measurements at 365 nm by
additionally irradiating the photoelectrodes simultaneously with a l ¼ 650 nm
narrowband light source where aluminium absorbs light. The observed photo-
current remains stable and looks similar to Fig. 4A, thus revealing the negligible
thermal contribution to the enhanced charge-carrier generation rate. The above
This journal is © The Royal Society of Chemistry 2019 Faraday Discuss., 2019, 214, 399–415 | 407
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Fig. 4 (A) Photocurrent of ITO–TiO2 and ITO–AlNTs–TiO2 in a 0.1 M KNO3 (pH � 6)
solution containing 10% ethanol, recorded under narrowband irradiation at l ¼ 365 nm (5
mW cm�2) and the dark. (B) Charge-carrier generation rate of the TiO2 electrodes without
and with AlNTs. (C) Absorption spectra of TiO2 and AlNTs–TiO2. (D) Wavelength depen-
dent photocurrent enhancement of the ITO–AlNTs–TiO2 photoelectrode observed when
using 340, 365, 385 and 430 nm narrowband light sources; the inset shows the absorption
spectrum of the AlNTs extracted from 4C. (E) Absorption and scattering fraction of the
AlNTs. (F) Absorption and scattering fraction of AlNTs–TiO2.
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characterizations strongly indicate a predominant contribution of the plasmonic
near-eld coupling to the enhancement of the charge carrier generation rate.

The stabilities of the fabricated electrodes were evaluated by measuring the
photocurrent responses every month over a time period of 6 months. Fig. 5A
shows the photocurrent responses of ITO–AlNTs exposed to the conditions used
for the hot electron measurements described above. It can clearly be seen that the
current response does not change signicantly over the rst month and decreases
subsequently, thus indicating that the hot electron generation efficiency of the
AlNTs is reduced with time. It is worth noting that even aer 6 months the AlNTs
demonstrate 80% of their initial efficiency, thus signifying that Al is more stable
408 | Faraday Discuss., 2019, 214, 399–415 This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Photocurrent responses of the (A) ITO–AlNTs and (B) ITO–TiO2 and ITO–AlNTs–
TiO2 electrodes in a 0.1 M KNO3 (pH � 6) solution containing 10% ethanol, recorded every
month under narrowband irradiation at l ¼ 365 nm (5 mW cm�2). The inset in Fig. 5A
shows an SEM image of the AlNTs recorded 6 months after fabrication.
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than Au and Ag. This is due to the fact that the self-limiting oxide (2–3 nm Al2O3)
protects the structures from further oxidation. Furthermore, Al is insusceptible to
surface diffusion, hence the shape of the structures remains, in contrast to Au and
Ag,41 conserved. The inset of Fig. 5A shows an SEM image of the AlNTs taken 6
months aer fabrication. Fig. 5B shows a stability study of the ITO–TiO2 and ITO–
AlNTs–TiO2 electrodes. The photocurrent responses of the TiO2 and AlNTs–TiO2

electrodes are reduced to 75% and 70%, respectively, of the initial values.
3.3. Photocatalytic ammonia production

Plasmonic hot electron-driven nitrogen splitting was investigated and the results
are shown in Fig. 6A. Under dark conditions, the control experiments revealed no
signicant ammonia production for the fused silica (FS) without AlNTs. Under
illumination, the AlNTs deposited on the fused silica substrates catalyse the
production of ammonia at a rate of 4 � 10�5 mM h�1 mW�1 cm�2, which corre-
sponds to a quantum efficiency of 2.5 � 10�5%. This clearly indicates that
nitrogen splitting takes place at room temperature under atmospheric pressure.
The observed ammonia production efficiency is comparable with the hot electron
generation efficiency obtained from the electrochemical photocurrent measure-
ments. Fig. 6B shows a schematic of the hot electron-driven charge injection into
the nitrogen molecule. Hot electrons are generated from AlNTs as a result of non-
radiative surface plasmon decay via Landau damping,42 and are distributed
randomly with electron energies at 0 eV to the excitation energy (365 nm) above
the Fermi level. Subsequently, hot electrons possessing a suitable energy are
transferred into the lowest unoccupied molecular orbital (LUMO) of the adsorbed
N2 molecule and break the N2 triple bond. The bond breaking mechanism is still
not known. The hot electron generation and ammonia production efficiencies are
modest, due to the very short lifetime of the hot electrons in the femtosecond
range. The hot electrons rapidly lose their energy through electron–electron
scattering followed by electron–phonon interactions.42 Furthermore, the absorp-
tion is less dominating in comparison with the scattering for 85 nm edge-length
AlNTs, as inferred from Fig. 4E, thus suggesting that surface plasmon decay
occurs mainly through a radiative process.
This journal is © The Royal Society of Chemistry 2019 Faraday Discuss., 2019, 214, 399–415 | 409
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Fig. 6 (A) Plasmonic hot electron-driven ammonia production in a nitrogen-saturated
solution (pH � 4) containing 10% ethanol under dark conditions and illumination by
a narrowband 365 nm beam with a 5 mW cm�2 power. (B) Schematic of hot electron-
driven charge injection. (C) Plasmonic near-field coupling enhanced ammonia production
in a nitrogen saturated solution (pH � 4) containing 10% ethanol under illumination by
a narrowband 365 nm beam with a 5 mW cm�2 power. (D) Schematic of plasmonic near-
field coupling enhanced charge injection. (E) Apparent quantum efficiencies of the TiO2

and AlNTs–TiO2 photoelectrodes. (F) Wavelength-dependent quantum efficiencies of the
AlNTs–TiO2 photoelectrodes.
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In a further step, the effect of near-eld coupling on ammonia production was
investigated. Fig. 6C shows the ammonia production on the bare TiO2 and AlNTs–
TiO2 photoelectrodes versus time.

Under dark conditions, both electrodes did not exhibit signicant differences,
whilst under illumination signicant ammonia production was observed. It can
be seen that ammonia production increases linearly with time, with the
production rate estimated to be 0.04 mMh�1 mW�1 cm�2 for bare TiO2 and 0.1 mM
h�1 mW�1 cm�2 for AlNTs–TiO2. For the AlNTs–TiO2 sample the reaction rate was
observed to be�2.5 times higher than that for TiO2, which correlates well with the
410 | Faraday Discuss., 2019, 214, 399–415 This journal is © The Royal Society of Chemistry 2019
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photocurrent measurements. Fig. 6D shows a schematic of the plasmonic near-
eld coupling from the AlNTs to TiO2. EHP are short-living states leading to
a short mean free path, on the order of 50 nm, for the electrons. Hence, the
conned plasmonic near-eld with its short penetration depth into TiO2 favours
the generation of EHP in the vicinity of the interface and reduces, therefore, the
recombination probability. This shallowness has proved to be benecial for
nitrogen splitting. The apparent quantum efficiencies, h, of ammonia
production for the TiO2 and AlNTs–TiO2 photoelectrodes were calculated, with
the results shown in Fig. 6E. The bare TiO2 and AlNTs–TiO2 substrates
demonstrate, h of 0.025% and 0.06%, respectively. The observed h is
signicantly higher than what has been previously reported.34,43–45 Furthermore,
the highest h was observed at the plasmonic resonance wavelength (Fig. 6F),
revealing again the plasmonic nature of the process. In a control experiment,
ammonia production without N2 replenishment was investigated. Fig. 7A
clearly shows the stagnation of ammonia production aer the dissolved N2 is
exhausted.

A nitrogen splitting energy diagram is shown in Fig. 7B. The reduction of
nitrogen on TiO2 is thermodynamically possible since the conduction band
potential of TiO2 is at �0.25 V with respect to the SHE at pH 0,46 which is higher
than the potential (�0.092 V) required for N2 splitting. In our experiments we
used pH � 4 to ensure the stability of the plasmonic photoelectrode and to
provide enough protons for ammonia formation. Under these conditions the
conduction band potential is �0.486 V and the nitrogen splitting potential
becomes �0.328 V (according to the Nernst equation, i.e. 0.059 � pH). Therefore,
the energy balance allows for ammonia production under ambient conditions.
The possible oxidation and reduction reactions taking place in the potential
window are represented by the following equations:

hn /
TiO2

e� þ hþ (2)

N2 + 6H+ + 6e� / 2NH3 (�0.092 V) (3)

C2H5OH + 2h+ / CH3CHO + 2H+ (0.249 V) (4)

2H+ + 2e� / H2 (0 V) (5)

4OH� + 4h+ / 2H2O + O2 (1.23 V) (6)

In addition to nitrogen reduction, the conduction band electrons can
reduce protons and evolve molecular hydrogen gas (eqn (5)) since the required
potential is well below the conduction band potential of TiO2. It is well known
that TiO2 is a good photocatalyst not only for nitrogen reduction but also for
hydrogen evolution,47 because both nitrogen and hydrogen adsorb well on the
TiO2 surface. On the other hand, the holes generated in the valence band
oxidize hydroxyl radicals leading to the production of water and the evolution
of oxygen gas (eqn (6)). To compensate for the electrons used in nitrogen
splitting, the electron donor ethanol rells the redundant holes in the VB of
TiO2 (eqn (4)).
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Fig. 7 (A) Ammonia production of irradiated TiO2 and AlNTs–TiO2 samples in the absence
of a nitrogen gas flow through a nitrogen saturated solution (pH � 4) containing 10%
ethanol under illumination by a narrowband 365 nm beam with a 5 mW cm�2 power. (B)
Energy band alignment of anatase TiO2 and the standard oxidation and reduction
potentials of the possible reactions at the band gap energy.
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4. Conclusion

We have successfully demonstrated an alternative route for ammonia synthesis
through nitrogen splitting at room temperature and under atmospheric pressure
using the plasmonic effects of AlNTs. The samples were rst characterised via
SEM, XPS and XRD analysis, thus providing the band energies. The plasmonic hot
electron generation from the AlNTs and near-eld coupling to a semiconductor
were studied in detail by carrying out electrochemical photocurrent measure-
ments. The results revealed that the overall charge-carrier generation efficiency is
dominated by a plasmonic near-eld coupling effect, when illuminating TiO2 at
a wavelength above the band gap energy. Hot electron-driven ammonia
412 | Faraday Discuss., 2019, 214, 399–415 This journal is © The Royal Society of Chemistry 2019
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production was measured to be 4 � 10�5 mM h�1 mW�1 cm�2 with a quantum
efficiency of 2.5 � 10�5%. The AlNTs–TiO2 photoelectrode exhibits an ammonia
production rate of 0.1 mM h�1 mW�1 cm�2, which is �2.5 times higher than that
of bare TiO2 (0.04 mM h�1 mW�1 cm�2), thus indicating enhanced nitrogen
splitting at room temperature and under atmospheric pressure. The overall
conclusion is that at wavelengths above the band gap energy, the ammonia
production rate can be enhanced by a near-eld stemming from a plasmonic
system, whereas hot electrons play a minor role in such a conguration. The
present study offers a large-area AlNTs fabrication method using colloidal
lithography, and provides a cheap, efficient and up-scalable method.
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