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A B S T R A C T

Photo(electro)catalytic N2 fixation with water under ambient conditions offers an ideal pathway for clean,
sustainable, and decentralized ammonia production and might serve as a potential alternative to the capital and
energy intensive Haber-Bosch process. To date, almost all photocatalysts for nitrogen reduction reaction (NRR)
suffer from poor selectivity, low activity due to the difficulty in breaking the strong N N bond, competition with
the more favorable hydrogen evolution reaction (HER), and inefficient utilization of the solar spectrum. Here, a
photo(electro)chemical setup is demonstrated using a hybrid plasmonic-semiconductor as an active photo-
catalyst under visible light. Hybrid hollow Au–Ag2O nanocages are utilized to convert atmospheric N2 to NH3 in
a pure water system without using sacrificial reagents. The average NH3 production rate of 28.2mgm−2 h−1 and
the solar-to-ammonia (STA) conversion efficiency of 0.017% are achieved under one sun illumination. The
apparent quantum efficiency of 1.2% for NH3 production is obtained with the monochromatic light source at
685 nm, which is among the highest ever-reported values for the photocatalytic NRR. The isotopic labeling
experiments using 15N2 confirms that supplied N2 gas is the only source of NH3 formation in the system. This
work showcases the application of plasmonic photocatalysis in the challenging multi-electron nitrogen fixation.

1. Introduction

Ammonia is one of the widely produced chemicals in the world,
with broad applications in producing agricultural fertilizer, energy, and
in the pharmaceutical industry [1–5]. Photocatalytic nitrogen fixation
for “green ammonia” synthesis, using water as a reducing reagent and
sunlight under ambient conditions, provides an attractive route for
clean, sustainable, and distributed ammonia synthesis. This approach
might serve as an alternative to the Haber-Bosch process, particularly in
remote areas where access to the centralized infrastructure or pipelines
is limited [6].

To date, almost all photocatalysts for nitrogen reduction reaction
(NRR) suffer from poor selectivity, low activity due to the difficulty in
breaking the strong N N bond, competition with the more favorable
hydrogen evolution reaction (HER), and inefficient utilization of the
solar spectrum. Superior light absorption, efficient photo-excited
charge separation, and transfer, and the ability to drive photocatalytic
redox reactions are the key elements to the rational design of an effi-
cient photocatalyst for the nitrogen reduction reaction (NRR) [7]. The
photocatalytic redox system using water as a reducing reagent com-
prises water oxidation at the valence band through the reaction of

water with photo-generated holes ( +h ) (Equation (1)) and NRR at the
conduction band through the reaction of N2, protons ( +H ), and photo-
generated electrons (Equation (2)) [8]:

+ ++ +H O h O H3 6 3
2

62 2 (1)

+ ++N H e NH6 6 22 3 (2)

The overall reaction, with the Gibbs free energy ( Go) of
339 kJmol−1 for ammonia formation from water and N2, is:

+ +N H O NH O3 2 3
22 2 3 2 (3)

To date, most studies on photocatalytic nitrogen fixation have fo-
cused on wide bandgap semiconductors (usually metal oxides) such as
TiO2 (Eg= 3.2 eV) owing to its abundance, and its high and stable light
absorption capability in the UV region. TiO2 has exhibited moderate
NRR activity when incorporated with transition metal dopants (e.g., Fe,
Mo, Ru) or through introducing oxygen vacancies at the surface of the
photocatalyst [8–13]. Wide bandgap semiconductors show weak ab-
sorption under visible and IR light and therefore, low NRR activity
when the wavelength of the incident light is higher than 400 nm. It is
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important to note that only 5% of the solar irradiation spectrum re-
ceived on earth's surface is UV (λ < 400 nm), while 50% is in the
visible region (400 nm<λ < 800 nm) and the remaining 45% is in the
IR region (λ > 800 nm). Therefore, the development of a photocatalyst
that is active in the incident photon wavelength of greater than 400 nm
is necessary to harvest most of the solar irradiation spectrum and en-
hance the solar-to-ammonia (STA) efficiency (ηSTA). Recently, it was
demonstrated that using oxygen vacancy rich BiOBr nanosheets can
enhance the photocatalytic NRR activity under visible light in water,
yet there is room to improve the apparent quantum efficiency (ηAQE)
[14–16].

Under the stimulus of light, some noble metal nanoparticles, such as
Au and Ag, undergo a process called localized surface plasmon re-
sonance (LSPR), which is the collective oscillation of free electrons at
the material's surface [7]. The strong electromagnetic plasmon fields
generated under light illumination can be utilized for various applica-
tions in photocatalysis and sensing [17–23]. The placement of plas-
monic nanostructures in close proximity (< 10 nm) to each other re-
sults in an enhanced electromagnetic field in the interparticle gap [24].

In our previous studies, we showed that hollow Au nanocages
(AuHNCs) are an active electrocatalyst for the conversion of N2 to NH3
in an ionic aqueous solution under ambient conditions, with Faradaic
efficiency exceeding 35% owing to the “cage effect” (confinement of
reactants in the cavity), high active surface area, and high electro-
catalytic NRR activity on Au surfaces [25,26]. Here, hybrid Au–Ag2O
nanocages are synthesized through a facile oxidation process, allowing
for the coupling of the plasmonic enhancement of Au nanocages with
visible-light active p-type Ag2O to achieve superior photocatalytic NRR
performance under ambient conditions using water as an electron
donor and sunlight. While several studies on photocatalytic NRR using
hybrid plasmonic-semiconductor photocatalysts have been performed
[27–30], very few have coupled a plasmonic metal and semiconductor
that are both active under visible light [22]. Combining the two in-
creases the photo-generated electrons’ concentration upon visible light
illumination for photocatalytic NRR. As the work function of the p-type
semiconductor (Ag2O) is higher than that of the Au plasmonic metal
( S > M), a Schottky barrier is formed where the photo-generated
holes of Ag2O are transferred to the Au plasmonic metal at the metal-
semiconductor interface so that the Fermi levels in the metal and
semiconductor are aligned [31,32]. Energy bands in Ag2O bend
downward to match the chemical potentials. Photo-generated electron
transfer from the conduction band of Ag2O to the surface of the Au
nanoparticles occurs, and/or so-called “hot-electrons” are injected from
the Au nanoparticle surface to the conduction band of Ag2O. Both
electron transfer processes are possible and competitive. It has been
demonstrated that transition metal loaded titania results in smaller
ammonia yield than bare titania if Ti3+ active sites on the surface are
blocked by transition metals, giving experimental proof of these com-
peting phenomenon [10]. In our nanocages, Au and Ag2O nanoparticles
are settled adjacent to each other whereby both can act as an active site
in the interior or at the exterior surface of the nanocages for nitrogen
adsorption and reduction, enabling us to achieve superior selectivity
and efficiency for the NRR.

2. Results and discussion

Bimetallic porous Au–Ag nanocages with various LSPR peak posi-
tions and pore sizes are prepared by adding HAuCl4 (aq.) solution to the
solid silver nanocubes (AgNCs) solution through the galvanic replace-
ment method [20]. By oxygenating the Au–Ag nanocages through
purging the solution with pure oxygen gas, Ag is oxidized to silver (I)
oxide (Ag2O) at room temperature, an extremely stable metal oxide
semiconductor in ambient conditions [33]. After oxygen treatment of
the Au–Ag nanocages, the LSPR peak position slightly redshifts (e.g.,
15 nm for Au–Ag-670), suggesting the formation of Ag2O in the cavity
and successful synthesis of Ag2O–Au nanocages (Fig. S1). Ag2O–Au

nanocages with various LSPR peak positions (i.e., 655, 685, and
715 nm) are prepared by increasing the amount of Au3+ ions added to
the AgNCs template (Fig. 1A). As Ag atoms are etched and replaced by
Au atoms, the LSPR peak position redshifts and the pore size at the
walls and corners of the nanocages increases (Fig. 1B, C, D). The de-
tailed information regarding the LSPR peak values before and after
oxygen treatment of bimetallic Au–Ag nanocages, and the nanocages’
Au and Ag content is provided in the supporting information (Table S1).
High-resolution transmission electron microscopy (HRTEM) and the
Fast Fourier Transform (FFT) of 100 oriented Ag2O–Au nanocages re-
veals that Ag2O has the same orientation as Au (Fig. 1E). Furthermore,
the measurement of lattice spacings of Ag2O (Ag–O atomic spacing,
2.23Å) and Au (Au–Au atomic spacing, 2.68Å) in the Ag2O–Au-685
nanoparticles obtained from HRTEM confirms the formation of Ag2O
after oxygen treatment; these measurements are also comparable with
previously reported data obtained by extended x-ray absorption fine
structure (EXAFS), (Fig. 1F) [34,35].

X-ray photoelectron spectroscopy (XPS) measurements are per-
formed to investigate the surface elemental composition and the che-
mical states of the as-prepared Ag2O, Ag–Au, and Ag2O–Au nano-
particles. The XPS survey spectra reveal that Ag2O–Au and Ag–Au
nanocages contain Ag 3d, Au 4f, and O 1s, while Ag 3d and O 1s are
observed for Ag2O (Fig. 2A). A pair of spin-orbit doublets with energy
peaks at 84.0 eV and 87.7 eV correspond to Au 4f7/2 and Au 4f5/2, in-
dicating the existence of Auo (Au–Au bonding) in Ag2O–Au and Ag–Au
nanocages, while as expected no Au bonding energy peaks are observed
for Ag2O from the high-resolution XPS spectra of Au 4f (Fig. 2B) [36].
The doublet peaks at 368.0 eV and 374.0 eV are assigned to the Ag 3d5/
2 and Ag 3d3/2, for Ag2O–Au and Ag2O, while a slight shift to high
binding energy (0.1 eV) is observed for Ag–Au, which distinguishes
between Ago (Ag–Ag bonding) and Ag+ (Ag–O bonding) (Fig. 2C) [37].
The O 1s profiles for Ag2O and Ag2O–Au are deconvoluted into two
peaks centered at 531.5 eV and 532.6 eV (with 0.1 eV negative shift to
lower binding energy for Ag2O–Au), which are attributed to the lattice
oxygen atoms of Ag2O and the chemisorbed oxygen caused by the ex-
ternal –OH group or the water molecule adsorbed on the surface
(Fig. 2D) [37,38]. The latter peak is also observed in the O 1s profile for
Ag–Au nanocages. The same O 1s profiles trend as that for Ag–Au-670
and Ag2O–Au-685 is observed for O 1s profiles of Ag–Au-645,
Ag2O–Au-655, Ag–Au-710, and Ag2O–Au-715 (Fig. S2).

The electronic band structures of Ag2O and Ag2O–Au-685 nano-
cages are determined by optical band gaps and ultraviolet photoelec-
tron spectroscopy (UPS) results (Fig. 3A). The summation of the valence
band offset at low binding energy (EF-EVBM) and the secondary electron
onset, referenced to the 21.21 eV helium source energy (work function,
EVAC-EF), provides the position of the valence band maximum (EVBM)
(Fig. S3). The Fermi level of Au has been reported to be 5.1 eV [21]. The
optical band gap is calculated by measuring UV Vis spectra of the
photocatalysts. The UV Vis spectra are analyzed by the Kubelka Munk
(KM) theory, where an inflection tangent is drawn in the linear portion
of the KM function versus the energy of light absorbed (Fig. S4)
[39–41]. The band gap energies (Eg) of Ag2O and Ag2O–Au are calcu-
lated to be 2.34 and 1.6 eV, suggesting that both photocatalysts are
visible-light responsive. It is important to note that the modified band
gap of 1.6 eV corresponds to the hybrid Ag2O–Au after structural and
chemical modifications of AgNCs and Ag–Au nanocages. The EVBM le-
vels of Ag2O (1.57 V) and Ag2O–Au (1.47 V) are more positive than
1.23 V vs. RHE, indicating that both photocatalysts can drive water
oxidation (Equation (1)) through photo-generated holes, a necessary
reaction to provide protons for NRR (Equation (2)). In addition, the
energy levels of the conduction band minimum (ECBM) for Ag2O
( 0.77 V) and Ag2O–Au ( 0.13 V) are more negative than the NRR
potential (0.05 V vs. RHE), suggesting that direct photocatalytic ni-
trogen reduction is possible on the surface of photocatalysts without the
need for the sacrificial reagent. The EVBM of photocatalysts is not fa-
vorable for the nitrogen oxidation reaction (N2/NO), as nitrogen's
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oxidation potential is more positive (1.68 V vs. RHE) than the EVBM of
photocatalysts. The flat band potential (Efb) of Ag2O was determined to
be 1.31 V vs. RHE, which is close to the EVBM of Ag2O (1.57 V vs. RHE)
[33]. The negative slope of the Mott–Schottky curve confirms that Ag2O
is a p-type semiconductor whose Fermi level energy is lower than that
of Au plasmonic metal, indicating the downward bending of the Ag2O
conduction band when it is in contact with Au. Here Au not only pro-
vides active catalytic centers for water oxidation and nitrogen reduction
through generating hot holes and electrons upon LSPR excitation, but it
also collects photo-generated electrons from the Ag2O semiconductor,
retards electron-hole recombination and enhances charge transfer effi-
ciency for NRR.

The photochemical nitrogen fixation tests are carried out in a single-
compartment cell using photoelectrodes comprised of indium tin oxide
(ITO) supported nanoparticles immersed in N2-saturated DI water with
magnetic stirring under constant N2 bubbling. The external light source
shines through a one-inch quartz window placed in the front side of the
cell (Fig. 3B). A 300W Xe light source provides the air mass (AM) 1.5-
irradiance of 100mW cm-2. The illumination intensity near the sample

surface is calibrated using a standard Si-solar cell, and the distance is
adjusted to 6 cm to achieve one sun illumination. The cell is placed in
the water bath to maintain the reaction temperature constant during
the experiment to 20 °C and reduce thermal effects on the photo-
catalytic rate. The ammonia yield is measured by using the indophenol
blue method (Fig. S5).

Among all photoelectrodes tested (i.e., Ag2O–Au, Ag–Au, Ag2O, Au),
Ag2O–Au-685 nanocages showed the highest activity, with the am-
monia yield of 61.3 mgm−2 and ηSTA of 0.017% after 2 h illumination
(Fig. 3C). This high activity is attributed to the combined effects of
generated hot electrons by Au nanoparticles and photo-generated
electrons by Ag2O semiconductor that enhanced the photocatalytic
NRR. The photocatalytic NH3 production is further investigated by
using a cutoff filter to provide visible light irradiation (400 nm<
λ < 800 nm). The NH3 production rate of 47.8 mgm−2 is obtained
after 2 h visible light illumination with the visible light intensity of
455.2Wm−2, resulting to a ηSTA-Vis of 0.029% (see supporting in-
formation for the detailed calculation, Fig. S6, Table S2). The Ag–Au
nanocages (ammonia yield: 36mgm−2, ηSTA: 0.01%) exhibit a higher

Fig. 1. A) UV–Vis extinction spectra of Ag2O–Au nanocages with various peak LSPR values. B), C), and D) are the TEM images of Ag2O–Au nanocages with peak LSPR
values at 655 nm, 685 nm, and 715 nm, respectively. As the peak LSPR redshifts from 655 nm to 715 nm, the pore size at the wall and corner of the nanocages
increases. E) HR-TEM image of Ag2O–Au with the peak LSPR value at 685 nm, the inset shows the Fast Fourier Transform (FFT) of the nanoparticle, confirming the
formation of Ag2O after oxygen treatment. F) Lattice spacing of Ag2O (2.23 Å) and Au (2.68 Å) in the Ag2O–Au-685 nanoparticle obtained from HRTEM.
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NRR activity than Ag2O (ammonia yield: 33.5mgm−2, ηSTA: 0.0093%).
Although it was shown that Ag is not an active site for NRR, Ag–Au
nanocages benefit from the “cage effect” and higher active surface area
compared with solid Ag2O nanocubes, which have higher light ab-
sorption capability [25]. It is noted that through the oxygen treatment
of AgNCs, solid Ag2O nanocubes are obtained [33]. It should be noted
that among all solid Au plasmonic nanoparticles (i.e., nanorods
(AuNRs), nanocubes (AuNCs), and nanospheres (AuNSs), Fig. S7),
AuNRs reveal the highest NRR activity (ammonia yield: 33.5 mgm−2,
ηSTA: 0.0089%). This is attributed to the two plasmon peaks (transverse
(510 nm) and longitudinal (746 nm) modes) observed for AuNRs which
brings advantage in light absorption compared with one plasmon peak
of AuNCs or AuNSs when all other operating conditions are the same
(Fig. 3C, Fig. S7). Even though the current study does not utilize AuNRs,
remarkably higher NRR activity is achieved through hybrid nanocages
oppose to pure Au nanoparticles. Ag2O–Au-685 nanocages are further
tested throughout 24 h illumination. The ammonia yield rate of
28.2 mgm−2 h−1 is obtained with N2 under illumination (N2, light)
(Fig. 3D). Significantly lower ammonia yield rates are achieved in Ar-
saturated water with illumination (0.98mgm−2 h−1) and N2-saturated
water without illumination (0.83mgm−2 h−1), indicating that N2 is the
only source of NH3 obtained by photocatalytic NRR (Fig. 3D). The small
amounts of ammonia measured in control experiments could be at-
tributed to the interaction of the adsorbed N2 at the catalyst surface
with water and the leakage of N2 from the atmosphere into the cell
[10,42]. Ag–Au nanocages with various peak LSPR values (i.e., 645,
670, and 710 nm) and pore sizes are tested for photocatalytic NRR for
2 h illumination before (Ag–Au) and after O2 treatment (Ag2O–Au)
(Fig. 3E). For all nanocages, the ammonia yield increases after O2
treatment of Ag–Au nanocages, suggesting that the formation of Ag2O
enhances photocatalytic NRR for NH3 production. In addition, among
Ag–Au nanocages with various peak LSPR values before O2 treatment,
the ammonia yield increases as LSPR redshifts from 645 nm to 710 nm.
This is attributed to the fact that as LSPR redshifts, Ag is replaced with
Au through galvanic replacement, and the Ag content of the

nanoparticles decreases (Table S1). This is favorable for increasing
photocatalytic activity, as Au is an active nanocatalyst for NRR.
Ag2O–Au-685 nanocages showed the highest photocatalytic NRR ac-
tivity. This is ascribed to the compromise between the pore size, the
active surface area of the nanoparticle, and the Ag content (transformed
to Ag2O after O2 treatment) of Ag2O–Au nanocages. Here, higher Ag
content (Ag2O–Au-655 has the highest Ag content, See Table S1) is
beneficial, as it is transformed to Ag2O after O2 treatment, which pro-
vides photo-excited electrons for NRR. In addition, in order to enhance
photocatalytic NRR, it is necessary to engineer the optimum pore size;
this can be done by tuning the LSPR peak position to obtain the highest
active surface area while reactants and products can diffuse in and out
of the cavity without restrictions. Here, an optimum Ag content and a
pore size that maximizes photocatalytic NRR for NH3 production are
achieved by using Ag2O–Au-685 nanocages (Fig. 3E). The apparent
quantum efficiency (ηAQE) is calculated to be 1.2% for Ag2O–Au-685
nanocages using 685 nm bandpass filter with 15 nm bandwidth at full-
width half-maximum (FWHM) which is greater than the highest values
currently reported in the literature (Table S3). The light intensity is
measured by a standard Si-solar cell, and the NH3 yield is measured
after 2 h of monochromatic light irradiation at 685 nm (See supporting
information for detailed calculations of ηSTA and ηAQE). The stability of
Ag2O–Au-685 for photocatalytic NH3 production is evaluated for 40 h
by conducting five consecutive cycles, each for 8 h (assuming 8 h of
daylight per day), (Fig. 3F). The photocatalyst could maintain con-
tinuous NH3 formation with a stable NH3 yield and ηSTA (92.5% per-
formance retention). In addition, the TEM images and XPS spectra of
the photocatalyst before and after the durability test show that the
morphology and chemical states of nanoparticles are reasonably
maintained after a 40 h photochemical test (Figs. S8 and S9).

The transient photocurrent responses are measured, for ITO sup-
ported Ag2O–Au nanocages with various LSPR peak values, in N2-sa-
turated 0.5M LiClO4 aqueous solution to evaluate the interfacial charge
kinetics (Fig. 4A). The schematic of the photoelectrochemical setup is
provided in the supporting information (Fig. S10). Ag2O–Au-685

Fig. 2. A) XPS survey spectra, B) XPS spectra of Au 4f, C) Ag 3d, and D) O1s for Ag2O, Ag2O–Au, and Ag–Au nanoparticles. All spectra were shift corrected using a
standard reference C1s, C–C peak at 284.8 eV.
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exhibits the highest photocurrent response, suggesting the efficient
charge separation and transfer process using this photocatalyst. This
result is in line with the greater photocatalytic activity of NRR for NH3
production using Ag2O–Au-685 nanocages. Furthermore, the photo-
current responses are compared in Ar- and N2-saturated electrolyte
using an Ag2O–Au-685 photoelectrode (Fig. 4B). The higher photo-
current response in Ar-saturated electrolyte (64.3 nA cm−2), compared
with N2-saturated electrolyte (54.1 nA cm−2), is attributed to the two
possible pathways for photo-induced electrons in an N2 atmosphere,
where they can either be transferred to the ITO surface (photocurrent
response) or to the adsorbed N2 molecules at the electrode-electrolyte
interface. This decreases the number of electrons transferred to the ITO
and therefore lowers the photocurrent response in an N2 atmosphere
compared with an Ar atmosphere (Fig. 4B) [40,43]. The values of the
transient photocurrent responses of all nanoparticles are provided in
the supporting information (Table S1). It is important to note that
ammonia yield does not change dramatically under visible light illu-
mination (47.8 mgm−2) and on-plasmon resonance excitation at
685 nm (39.11mgm−2) (Table S2). The difference between these two
values (8.69mgm−2) is the sole contribution of the Ag2O semi-
conductor, which is excited by off-plasmon resonance but has sufficient
photon energy to stimulate the Ag2O. This strongly signifies the plas-
monic excitation effect, which is further promoted by charge separation
at the plasmonic metal-semiconductor interface. Photoluminescence

(PL) measurements are performed to examine the charge transfer for
Ag2O and Ag2O–Au-685 photocatalysts, and emissions are measured
using 375 nm excitation wavelength (Fig. 4C). The emission intensity in
the PL spectrum of Ag2O–Au is remarkably lower than that of Ag2O,
which is attributed to the fluorescence quenching by the Au nano-
particles. Furthermore, Nyquist plots are obtained by performing elec-
trochemical impedance spectroscopy (EIS) under illumination
(Fig. 4D). The charge transfer resistance (RCT) of Ag2O–Au
(1.34 kΩ cm2) is smaller than that of Ag2O (1.68 kΩ cm2), suggesting an
enhanced transfer of photo-generated charge carriers, which could
promote an efficient photocatalytic NRR.

Isotopic labeling experiments using 15N2 gas are performed to fur-
ther confirm the source of NH3 formation in photochemical NRR tests.
The amounts of ammonia produced with 14N2 and 15N2 after photo-
irradiation for 4 h is 16.5 μM and 17.1 μM which were analyzed using
the indophenol method. The amount of ammonia is further measured
by the NMR method. Calibration curves of the 1H NMR signal for
standard solutions of 15NH4+ and 14NH4+ are provided in the sup-
porting information (Fig. S11). 1H NMR spectrum obtained from the
sample in the photochemical 14N2 reduction experiment lie at a che-
mical shift of triplet coupling of 14N2 similar to that of standard 14NH4+

samples (J-coupling: 52 Hz). Doublet coupling of 15N2 (J-coupling:
73 Hz) is obtained after photochemical 15N2 reduction reaction which
agrees well with the standard 15NH4+ solution. A small amount of

Fig. 3. A) Electronic band structure of Ag2O
and Ag2O–Au photocatalyst for nitrogen
reduction reaction B) Schematic of photo-
chemical cell for NRR. C) Ammonia yield
and solar-to-ammonia (STA) efficiency of
various photocatalysts under one sun illu-
mination for 2 h in a N2 saturated pure
water. D) Ammonia yield of Ag2O–Au-685
under various operating conditions over
24 h. E) Ammonia yield for photocatalysts
with various peak LSPR values before
(Ag–Au) and after (Ag2O–Au) oxygen
treatment. F) Stability test of Ag2O–Au-685
photoelectrode for ammonia production.
Five consecutive tests are carried out for the
period of 8 h (total 40 h) using Ag2O–Au-
685 photoelectrode. The electrolyte solu-
tion was replaced before starting each cycle.
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14NH4+ is observed ( ̴ 4 μM) after 15N2 reduction experiments, in-
dicating the possible leakage of 14N2 from the atmosphere into the cell
(Fig. 5). By carefully isolating the cell and maintaining a slight positive
pressure of 15N2 through connecting the cell's headspace to the gas
sampling bag, we successfully decreased the leakage of 14N2 (Fig. 5)
[42]. The amount of ammonia quantified using 1H NMR measurement
is very close to the amount of ammonia measured using indophenol
method (16.9 μM for 14NH4+ and 16.6 μM for 15NH4+ using 1H NMR
measurements) which further confirms that the supplied N2 gas is the
major source of NH3 formation in our system.

3. Conclusion

Photo(electro)catalytic nitrogen fixation was demonstrated in a
pure water system without using sacrificial reagents, under atmospheric
pressure and room temperature, and using a visible-light-responsive
hybrid hollow plasmonic-semiconductor photocatalyst. At a peak LSPR
of 685 nm, a ηSTA of 0.017% and a ηAQE of 1.2% after 2 h monochro-
matic light irradiation at 685 nm was achieved. The Ag content and

pore size were shown to be the key elements for optimizing the pho-
tocatalytic activity of NRR using Ag2O–Au nanocages with various
LSPR peak positions. Furthermore, the enhanced activity of Ag2O–Au
compared with Ag–Au is attributed to the contribution of photo-gen-
erated electrons after photo-excitation, owing to the formation of Ag2O
after O2 treatment of Ag–Au nanocages, which were revealed by pho-
tochemical testing.

This work opens up a new avenue for the design of an efficient
visible-light responsive hybrid hollow plasmonic-semiconductor pho-
toelectrode with broad applications in the photo(electro)chemical en-
ergy conversion systems.

4. Experimental section

Photochemical Nitrogen Reduction: The photocatalytic NRR mea-
surements were carried out in a single-compartment cell using various
photoelectrodes comprised of indium tin oxide (ITO) supported nano-
particles immersed in N2-saturated DI water with magnetic stirring
under constant N2 bubbling at the flow rate of 20mLmin−1. Nitrogen
(Ar gas for control experiments) gas was bubbled through the cell for
1 h before starting the photochemical measurements to remove dis-
solved oxygen gas. To prepare the photoelectrode for the photo(electro)
chemical tests, 300 μL of nanoparticles of known concentrations (Table
S1) and 1.5 μL of Nafion solution (5% wt.) were sonicated and drop
casted onto a square of indium tin oxide (ITO) (1cm×1cm) and then
dried under N2 atmosphere at 75 °C for 1 h. The photoelectrode was
then attached to Ni wire with conductive silver paint and isolated from
the electrolyte using epoxy. The air mass (AM) 1.5-irradiance of
100mW cm−2 was provided by a 300W Xe light source. The illumi-
nation intensity near the sample surface was calibrated using a standard
Si-solar cell and the distance was adjusted to 6 cm to achieve 1 sun
illumination. The cell was placed in the water bath to maintain the
reaction temperature constant during the experiment to 20 °C and re-
duce thermal effects on the photocatalytic rate.

The solar-to-ammonia efficiency (ηSTA) is calculated according to
the following equation:

Fig. 4. A) Transient photocurrent response of
Ag2O–Au with various LSPR peak values, B)
Transient photocurrent response of Ag2O–Au-685 in
N2 and Ar saturated 0.5M LiClO4 aqueous solution
under 1 sun illumination. Photocurent responses are
measured at the open circuit voltage of the cell C)
Photoluminescence spectra of Ag2O and Ag2O–Au-
685 photocatalysts. Both samples were excited with
375 nm excitation source. D) Nyquist plots of the
Ag2O–Au-685 under photoirradiation at an applied
potential of 0.5 V (vs Ag/AgCl) in 0.5M LiClO4
aqueous solution. The equivalent circuit model in
the inset comprises charge transfer resistance (RCT),
double layer capacitance (CDL), and ohmic re-
sistance (RS). RCT was obtained from the diameter of
semicircles for each photocatalyst.

Fig. 5. 1H-NMR spectra of samples after photochemical 15N2 (14N2) reduction
reaction under 1-sun illumination for 4 h using Ag2O–Au-685 nanocages and
standard 15NH4+ and 14NH4+ samples.

M. Nazemi and M.A. El-Sayed Nano Energy 63 (2019) 103886

6



= ×
×

×

G for ammonia generation J mol ammonia generated mol
input light energy J s reaction time s

(%)
( ) ( )
( ) ( )

100

STA
1

1

(4)

The free energy for NH3 generation is 339 kJmol−1 and the input
light energy is 1000 J s−1.

The apparent quantum efficiency (QE) of the NH3 production using
685 nm bandpass filter with 15 nm FWHM is calculated as follows:

= × ×QE NH generated mol
the number of incident photons mol

(%) ( ) 3
( )

1003

(5)

The light intensity is measured to be 14Wm−2, and NH3 yield is
measured after 2 h monochromatic light irradiation at 685 nm.
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