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Harnessing Solar Energy for Ammonia Synthesis from
Nitrogen and Seawater Using Oxynitride Semiconductors

Yiyang Li,* Mengqi Duan, Simson Wu, Robert A. Taylor, and Shik Chi Edman Tsang*

Green ammonia evolution by photocatalytic means has gained significant
attention over recent decades, however, the energy conversion efficiency
remains unsatisfactory, and deep mechanistic insights are absent. Here in
this work, this challenge is addressed by developing a photothermal system
that synthesizes ammonia from nitrogen and natural seawater under
simulated solar irradiation, employing ruthenium-doped barium tantalum
oxynitride semiconductors. This method significantly enhances
solar-to-ammonia conversion efficiency, providing a viable alternative to the
energy-intensive Haber-Bosch process. Optimized at 240 °C, the system
achieves an ammonia evolution rate of 5869 pmol g=' h=! in natural seawater.
Moreover, detailed characterizations have shown that the use of seawater not
only leverages an abundant natural resource but also improves the reaction
kinetics and overall system stability. The catalysts maintain their activity and
structural integrity over multiple cycles, demonstrating both the feasibility and
the durability of this innovative system. Achieving a solar-to-ammonia
efficiency of 13% and an overall energy conversion efficiency of 6.3%, this
breakthrough highlights the potential to decentralize ammonia production,
enhancing accessibility and sustainability. This approach combines the

1. Introduction

Ammonia (NH;) production through the
Haber-Bosch process has significantly
contributed to the global population ex-
plosion since the early 20th century.!?]
Recognised for its high volumetric en-
ergy density — 2.8 times greater than that
of compressed H, at 700 bar — NH; is
also emerging as a promising alterna-
tive energy carrier, especially important
as the world seeks sustainable energy
solutions.**l The conventional produc-
tion of NH; is not only energy-intensive,
consuming 1-2% of global fossil fuel re-
serves, but it also emits ~300 million
tons of CO, annually, exacerbating global
warming.’] Therefore, there is a press-
ing need for a novel NH; production
process that utilizes renewable energy
sources and operates under milder con-
ditions compared to conventional meth-

benefits of thermal and photocatalytic processes, marking a significant

advancement in ammonia synthesis technology.
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ods. Among different green NH; evo-
lution routes, solar-driven photocatalytic
N, fixation offers a promising strategy.
This process utilizes solar energy to
drive the reduction of N, by H,O into
NH; and O,, a reaction that results in
significant free energy gain (Equation 1; Note S1, Supporting In-
formation).

05N, (g) + 1.5 H,0 (I) = NH; (aq) + 0.75 O, (g) (1)

Since the pioneering work in 1977, in which the poten-
tial of a TiO, photocatalyst for N, fixation with water was
demonstrated,[® various semiconductors have been studied for
the photocatalytic NH, production, such as ZnO, BiOCl, CdS,
etc.’1 Despite extensive efforts in recent decades, the photo-
catalytic NH, evolution systems often suffer from unsatisfac-
tory solar-to-ammonia conversion efficiency (#4r,) and poor sta-
bility, primarily due to narrow absorption of solar spectrum,
rapid charge carrier recombination, and slow surface reaction
kinetics.[10-12]

To address these challenges, researchers have commonly em-
ployed strategies including defect engineering and co-catalyst
loading. One of the challenging steps for such systems is the
chemical adsorption and activation of N,. For this reason, no-
ble metals such as Ru are frequently used to enhance N, acti-
vation due to their favorable adsorption energies with N,.[13-15]
Moreover, it has been noted that anion vacancies (e.g., N and
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O vacancies) alongside adjacent metal ions behave as the N,
reduction sites, facilitating the N=N bond stretching and en-
hancing photocatalytic performance.['®'7] Additionally, the oxy-
gen evolution reaction (OER), which stems from water oxida-
tion in the valence band, is inherently sluggish and thermody-
namically unfavorable.['®1%] Our recent work has shown that el-
evated temperatures can enhance OER by promoting oxygen va-
cancy generation and increasing lattice oxygen mobility, shifting
the OER mechanism to a more efficient lattice oxygen-mediated
process.[2922] Furthermore, in any photocatalytic system, the
charge carrier dynamics play a crucial role. The rapid recombina-
tion of the photogenerated charge carriers for conventional ma-
terials often leads to low #gr,. It has been widely accepted that
shallow defects can facilitate the separation of the photogener-
ated charge carriers by inducing mid-gap states, prolonging the
charge carrier lifetime.[>?*] These mid-gap states will also con-
tribute to broader visible light absorption.

Inlight of the findings regarding material design, our study fo-
cuses on perovskite oxynitride materials, given by the chemical
formula AB(O,N);, which have been regarded as promising pho-
tocatalysts due to their tuneable composition and physicochemi-
cal properties.!?) Specifically, BaTaO,N has exhibited a favorable
absorption edge of ~680 nm.[2>2] The versatility of these mate-
rials allows for further enhancement of their electronic proper-
ties by substituting different cations, which improves electronic
coupling through oxygen atoms.[?’] The utilization of seawater
instead of pure water in photocatalytic and electrocatalytic appli-
cations is gaining attention, given that over 95% of Earth’s water
resources are saline.[?$2°] Although the direct electrolysis of sea-
water has made great progress in recent years, there are major
challenges that are yet to be overcome.[**3?] For instance, for ev-
ery 1 MW of electrolyzer capacity, at least 2-3 MW of renewable
nameplate capacity is needed to accommodate the low capacity
factors for the renewables.[**] In sharp contrast, by using one-pot
synthesis solely driven by sunlight, such challenges could be over-
come. However, the role of ionic species in seawater in photocat-
alytic systems remains poorly understood and is often debated,
necessitating further investigation.

Herein, we present an efficient and robust photothermal NH,
evolution system employing a Ru-supported perovskite oxyni-
tride catalyst, operated under simulated solar irradiation at el-
evated temperatures. In this innovative system, both NH; and
O, evolution are boosted simultaneously and are generated sto-
ichiometrically from the abundant N, and natural seawater. It
is demonstrated that the competing H, evolution reaction can
be suppressed by tuning the reaction temperature. The system
achieves an exceptional NH; evolution rate of 5869 pmol g~* h~1,
demonstrating robust stability and high durability over multiple
cycles. Detailed investigations indicate that the electrolyte species
in seawater greatly prolong the charge carrier lifetime and sup-
press their recombination, due to enhanced local polarisation at
elevated temperatures. Additionally, the presence of Cl~ ions has
been shown to kinetically facilitate the OER. Elevated tempera-
tures also promote the formation of anion defects, which fur-
ther improve the catalytic performance. Remarkably, this pho-
tothermal system efficiently converts N, to NH; using natural
seawater without requiring any sacrificial agents. A high quan-
tum efficiency (QE) is achieved up to 650 nm and a promising
overall energy conversion efficiency of ~6.3% is demonstrated
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at 240 °C - the highest reported efficiency among comparable
systems.l>11341 This approach not only marks a significant ad-
vancement in NH; synthesis technology by leveraging advanced
materials and renewable energy but also holds great potential for
decentralizing NH, production, thereby enhancing accessibility
and environmental sustainability.

2. Results and Discussion

2.1. Material Preparation and Characterizations

We synthesized a series of MTaO,N (M=Ba, Sr, and Ca) oxyni-
tride perovskite materials using a flux-assisted method adopted
from literature,*’] denoted as BTON, STON, and CTON, re-
spectively. As shown in Figure 1a, the precursors were thoroughly
mixed and ground before being placed in a tube furnace. The
mixture was then treated with an NH; flow at 1000 °C for 8 h
to synthesize the oxynitride. Metal nanoparticles were then de-
posited onto the oxynitride materials using a wet impregnation
method, followed by a reduction in an H,/N, flow. Further de-
tails on the catalyst preparation are available in the Supporting
Information. All materials confirmed a perovskite structure via
X-ray diffraction (XRD) patterns. We observed a systematic shift
in diffraction peaks toward lower 26 values from CTON to BTON
(Figure 1a), indicative of lattice expansion correlating with the in-
creasing size of A-site cations.*®] Elemental analysis using induc-
tively coupled plasma mass spectrometry (ICP-MS) has verified
the composition of the materials (Table S1, Supporting Informa-
tion). Synchrotron XRD was engaged to gain further structural
insights (Figure 1b). Rietveld refinements further confirmed the
perovskite structure and stoichiometry of BTON (Table S2, Sup-
porting Information). Transmission electron microscopy (TEM)
was then used to investigate these perovskite materials. For exam-
ple, it shows that BTON consists of agglomerated particles with a
mean size of 47+4 nm (Figure 1c,d). UV-vis diffuse reflectance
spectroscopy (UV-vis DRS) illustrated a broad light absorption
spectrum for BTON, extending up to ~670 nm, whereas STON
and CTON absorbed only up to 590 and 550 nm, respectively
(Figure 1e). The corresponding Tauc plots were subsequently de-
rived from the UV-vis DRS spectra to evaluate the bandgap en-
ergy, as shown in Figure S1 (Supporting Information). This Tauc
plot analysis demonstrates that the bandgap energy of BTON is
1.84 eV, which is consistent with literature values.*®! Further de-
tails on Tauc plot analysis can be found in Methods.

X-ray photoelectron spectroscopy (XPS) explored the chem-
ical environment within the perovskites, revealing distinct Ta
species and evidencing the integration of nitrogen into the lat-
tice (Figure 1f~h). All materials exhibited a peak at 396.7 eV for
N 1s, attributable to lattice N*~ (Figure 1f). Two types of Ta species
were observed, with the Ta 4f, , binding energy (BE) of 25.6 and
24.5 eV, respectively (Figure 1g). The species with a higher BE
can be attributed to Ta>*, while the lower BE agrees well with
that of Ta** 139 originating from the partial reduction of Ta>*
during the high-temperature NH, treatment. Accordingly, par-
tial reduction of Ta>* will inevitably lead to the formation of oxy-
gen vacancies (Oys), leaving five-coordinated Ta sites (denoted as
Tas ). O 1s spectra showed peaks corresponding to various oxy-
gen types at 533.1, 531.5, and 529.6 eV (Figure 1h), which can be
assigned to surface hydroxyl groups (O—H), oxygens connected

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

cy) suonipuod pue swie | ay) 8es *[9202/60/8T] Uo ARIqIT8UlUO 8|1 ‘90UB|[OXT 318D PU L3[esH 10} aimiisu| euoleN ‘301N Aq 09T901Z0Z WUSe/Z00T 0T/I0p/AuOo" A3 1M A1 1 jul U0 PeoURAPe//SANY WOJj pepeo|umod '8 ‘9202 ‘0v89rTIT

0" MBI A,

85U8917 SUOWILIOD BAITER.1D 8 geal|dde sy Aq peusenob afe sepie YO 8sn Jo Sajnl oy A%elqi auljuo A3|IA UO (SUONIPUOD-pL


http://www.advancedsciencenews.com
http://www.advenergymat.de

ADVANCED
SCIENCE NEWS

ADVANgED
ENERGY
MATERIALS

www.advancedsciencenews.com

www.advenergymat.de

BaCO
a 3
Ta,0; Ru precursor
KCI
= ¢ .o o
—) —) - .00,
NH;flow Wash Hy/N,flow © © ®
1000 °C, 8h Sonication . 450°C, 4h
Tube furnace g BTON  p,g Impregnation Ru/BTON
b i C R, a0 Observed /f\ BTON
= : GoF = 4.81 —— Calculated s
5| cron| 5 | &7 —ofference | o < ——STON
© y © Bragg peaks ‘a-; CTON
z | 2 e
2 L STON 2 §
Q 9 5
< c
= BTON| — l.lll.i faaat 8
. i ; < e
20 30 40 50 60 70 8 10 20 30 40 50 60 70 400 500 600 700
26 (degree) 20 () Wavelength (nm)
d e <2 e J
- —RT
s - ——100 °C
5 200°C
© 300 °C
g 400 °C
£ i

210 208 206 2.04

g factor

g h i
g N 1s | N> (396.7 eV) A Ta 4f
3 : N ~ FleTON AR
s . S N s
- ! CTON
Bl N sy o/ N\ | F[son SN
(5] i STON| & ko]
2 c c s
k= E £ A\ £ :/\

; BON| feron o/ N\ | [EeN AN
400 398 396 394 536 532 528 32 28 24

Binding Energy (eV) Binding energy (eV) Binding energy (eV)

Figure 1. Preparation and characterizations of MTaO,N (M=Ba, Sr, and Ca) oxynitride perovskite materials. a) Schematic illustration of the Ru/BTON
catalyst preparation procedure. b) XRD patterns of CTON, STON, and BTON. XRD patterns indicate that all materials show a similar perovskite phase.
c) SXRD spectrum and fitting of BTON. d,e) low-magnification and high-magnification TEM images of BTON. f) UV-vis spectra of CTON, STON, and
BTON. g—i) N 1s, O Ts, and Ta 4f XPS spectra of CTON, STON, and BTON. All XPS spectra were calibrated with respect to the C 1s peak (binding energy
=284.8 eV). j) EPR spectra of BTON obtained at different temperatures. EPR spectra suggest the presence of surface oxygen vacancies.

to Tas, (i.e., O-Ta, ) and lattice oxygens (Oy,;..), Tespectively.l*) It
is also observed that these properties do not show much depen-
dence on the A-site cation. In addition, electron paramagnetic
resonance (EPR) spectroscopy further evidences the presence of
surface defects in BTON (Figure 1i). The signal at g ~2.07 is at-
tributed to the O, resulted from O, sitting at surface anion va-
cancy sites.[*1*2] Surface anion vacancies, such as O and N vacan-
cies, are considered the active sites for the OER and N, adsorption
and activation.!'*3-45] Moreover, the concentration of these sur-
face defects shows a strong positive dependence on temperature.
This facilitated generation of surface anion vacancies at elevated
temperatures will then promote the OER and N, activation sig-
nificantly, hence giving enhanced activity.

2.2. Photothermal NH, Evolution at Elevated Temperatures

We first studied the relationship between Gibbs free energy
changes and temperature for the NH, evolution reaction and wa-
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ter splitting reaction (Figure 2a). While both reactions are ther-
modynamically unfavorable, increasing temperatures reduce the
Gibbs free energy changes. It should be noted that water split-
ting is thermodynamically more favorable than the NH; evolu-
tion reaction (Figure 2a). Subsequently, the effect of temperature
on photothermal NHj, evolution was studied over a temperature
range of 150 to 300 °C, as shown in Figure 2b. The reaction was
carried out in a batch reactor in the presence of pure nitrogen and
pure water. Our control experiments confirmed that this reaction
cannot take place at room temperature or without light irradia-
tion (Table S3, Supporting Information). It is also shown that the
activity greatly relies on the mass of the catalyst used and the light
irradiance (Figure S2, Supporting Information), and thus the ex-
perimental conditions are optimized. We have also employed gas
chromatography and UV-vis spectroscopy to identify other po-
tential N, oxidation or reduction products. These analyses have
confirmed that NH; is the only N-containing product in this sys-
tem. Further details on the product analysis are provided in the
Methods section. It should be emphasized that during the prepa-
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Figure 2. Evaluation of the photothermal NH3 evolution performance over oxynitride perovskite catalysts. a) Temperature dependences of the changes
in the Gibbs free energy of NH; evolution and water splitting. b) Evolution rates of NH;, H,, and O, as a function of temperature over Ru/BTON. c)
Product selectivity of NH3, H,, and O, as a function of temperature over Ru/BTON. d) Optimisation of Ru loading amount. e) Optimisation of metal
co-catalyst. f) the NH; evolution performance of different Ru-supported oxynitride perovskite catalysts.

ration of materials, we made deliberate efforts to avoid using N-
containing precursors, and all catalysts were thoroughly washed
with deionized water prior to use.[*®]

Figure 2b illustrates that the activity of the oxynitride per-
ovskite materials is highly dependent on the reaction tempera-
ture. As shown before, elevated temperatures notably facilitate
the generation of surface anion defects, which is beneficial for
OER and N, adsorption and activation. The evolution of H, from
water splitting positively correlates with increasing temperature
and is barely detectable at temperatures below 150 °C. In con-
trast, NH; evolution activity is substantially enhanced at elevated
temperatures and peaks at ~240 °C under simulated solar irradi-
ation, achieving a high NH; evolution rate of 4194 pmolg='h™1,
and then declines sharply with further temperature increases for
the Ru-supported BTON (denoted as Ru/BTON). Throughout all
catalytic tests in this work, the reaction stoichiometry has been
analyzed meticulously. The molar amounts of the produced NH,,
H,, and O, adhere to the relationship demonstrated in Equation 2

3xn(NH;) +2xn(H,) =4xn(0,) @)

Our previous work established that the photocatalytic overall
water splitting (POWS) reaction also occurs under these exper-
imental conditions,?>-?2] competing with the N, reduction re-
action. H, evolution is a relatively facile process, while oxygen
evolution is kinetically challenging, being a four-electron process
that requires a high overpotential.[*’] Therefore, the competition
between the POWS reaction and photothermal NH, evolution is
central to understanding the trends observed in Figure 2b. Pro-
tons and N, molecules compete for the photogenerated electrons
in the conduction band, while H,O0/OH~ consumes the photo-
generated holes in the valence band. At temperatures below 150
°C, H, evolution from water splitting is minimal. As tempera-
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ture increases, both reactions are thermodynamically facilitated
(Figure 2a), and the ionic dissociation of water enhances, notably
peaking between 260-270 °C before sharply declining at higher
temperatures.*8] This results in a higher proton concentration,
thus improving the kinetics for H, evolution. Conversely, higher
temperatures reduce the adsorption of N, on the catalyst surface,
adversely affecting photothermal NH; evolution. The selectivity
for NH; and H,, as shown in Figure 2c, indicates that the two re-
actions can be kinetically tuned by adjusting the reaction temper-
ature. NH; evolution is significantly enhanced at elevated tem-
peratures, peaking at ~240 °C under simulated solar irradiation,
then sharply declining as temperature increases further with the
Ru/BTON catalyst. At 240 °C, NH, evolution is optimized, while
H, evolution remains suppressed. However, at higher tempera-
tures (i.e., 240-270 °C), the increased concentration of protons fa-
cilitates H, evolution, preferentially consuming the photogener-
ated electrons in the valence band, which substantially competes
with NH, formation due to unfavorable N, adsorption on the cat-
alyst surface (i.e., Ru sites). In the meantime, the OER is also fa-
cilitated kinetically by an increased number of Oys, as evidenced
by EPR results (Figure 1j), while NH, evolution becomes negli-
gible. Similar volcanic trends have also been observed in prior
work.["5] In addition, it is also possible that the NH, oxidation
and decomposition become more facile at higher temperatures
above 270 °C.

The deposition of metal co-catalysts was also investigated, in-
cluding Ru, Rh, Fe, Co, and Ni, all of which are traditionally
considered as good cocatalysts for N, activation (Figure 2d.e).
Each metal demonstrated enhanced activity to varying extents,
with Ru exhibiting the highest NH; evolution rate of 4194
pumol g~ h=! at 240 °C, presumably due to its favorable adsorp-
tion energy with N,. Notably, non-noble metal co-catalysts also
showed promise, with Fe/BTON achieving an activity of 3071
pumol g~ h=!. The loading percentage of Ru on BTON was then
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Figure 3. Investigation of photogenerated charge carrier dynamics. a) TRPL spectra of BTON, STON, and CTON with an excitation wavelength of
266 nm. b) Correlation between NH; evolution activity and charge carrier lifetime for BTON, STON, and CTON. c) Relationship between the charge
carrier lifetime of BTON and the concentration of NaCl in aqueous solutions. d) TRPL spectra comparison of BTON, fresh Ru/BTON, and used Ru/BTON.
Used Ru/BTON refers to the catalyst after undergoing the long-term stability test. e) TRPL spectra of Ru/BTON in pure water versus natural seawater.
f) Correlation between photothermal activity and NaCl concentration in aqueous solutions. Error bars represent standard deviations.

optimized (Figure 2e). Figure 2f indicates that BTON outper-
forms other materials in the prepared oxynitride series, primar-
ily due to its broad absorption range and facilitated generation of
surface anion vacancies.

The Ru/BTON catalyst has been comprehensively character-
ized to confirm the successful loading of metal nanoparticles.
ICP-MS analysis confirmed the Ru concentration at ~1.5 wt.%,
aligning with the intended loading concentration (Table S1b,
Supporting Information). XRD confirmed that Ruloading did not
induce significant structural changes, preserving the perovskite
lattice structure. Additionally, the XRD patterns showed no ad-
ditional peaks for Ru nanoparticles, suggesting their small size
(Figure S3a, Supporting Information). TEM revealed homoge-
neously dispersed Ru nanoparticles on the BTON surface, with
an average particle size of 2.4+0.3 nm (Figure S4, Supporting
Information). UV-vis DRS demonstrated no additional absorp-
tion features after Ru loading, and the bandgap energy remained
unchanged, as evidenced by the Tauc plot analysis (Figure S1,
Supporting Information). Moreover, XPS also confirmed the suc-
cessful loading of Ru nanoparticles. The XPS spectra have been
carefully deconvoluted to assess the chemical environment of
Ru, revealing that most Ru is in the oxidation state of zero, with
other species possibly in the Ru(II) state due to surface oxidation
(Figure S3, Supporting Information).'**] Additionally, valence
band XPS spectra have shown that the Ru loading does not influ-
ence the position of the valence band. Post-reaction characteriza-
tions were also meticulously performed using XRD, XPS, UV-vis
DRS, ICP-MS, and TEM, showing no significant changes com-
pared to the fresh Ru/BTON catalyst (Figures S1 and S3, and S4,
Supporting Information).

Time-resolved photoluminescence (TRPL) spectroscopy was
subsequently used to investigate the dynamics of the photoex-
cited charge carriers. As shown in Figure 3a, the charge carrier
lifetime follows the trend: BTON>STON>CTON, which aligns
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well with the NH; evolution rate. It is widely recognized that
the separation of photoexcited charge carriers plays an impor-
tant role in photocatalysis. The NH, evolution rate is thus plotted
against the charge carrier lifetime, showing a clear linear corre-
lation (Figure 3b). Clearly, the prolonged charge carrier lifetime
allows for the surface chemical reactions to take place. Subse-
quently, we also attempted to explore the effect of reaction tem-
perature on photothermal activity using TRPL. While the charge
carrier lifetime shows no significant change across the tempera-
ture range studied, it is notably influenced by varying the concen-
tration of ionic species in the water. NaCl was used as an exam-
ple, which indicated that the increased NaCl concentrations could
substantially prolong the charge carrier lifetime of BTON, pre-
sumably due to the electrolyte-assisted polarisation effect.?0?2]
A linear correlation can be observed between the charge carrier
lifetime and NaCl concentration, as shown in Figure 3c. As a re-
sult, the lifetime of 2.35 ns in pure water is prolonged to 4.13 ns
in a 1.0-mol L~! NaCl aqueous solution. As discussed before,
the ionic dissociation of water is facilitated at elevated temper-
atures, which means the concentration of ionic species in wa-
ter (i.e., H* and OH™) is increased substantially. Therefore, we
can expect a greatly prolonged charge carrier lifetime at elevated
temperatures even without any additional electrolytes. This sug-
gests that a strong polarisation is induced near the catalyst sur-
face by higher concentrations of H* and OH™ ions, interacting
with charge carriers of the counter charge within the catalyst par-
ticles. This interaction then suppresses the recombination and
enhances photocatalytic performance.

2.3. Photothermal NH, Evolution Using Seawater
Building on the findings of prolonged charge carrier lifetime in

NaCl solution (Figure 3b), we subsequently explored the pho-
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Figure 4. Evaluation of NH; evolution performance in natural seawater.
a) NH; evolution rate comparison of 1.5 wt.% Ru-supported oxynitride
perovskite catalysts in pure water and natural seawater at 240 °C under
AM 1.5G simulated solar irradiation. b) QE evaluations of the 1.5wt.%
Ru/BTON catalyst in pure water and natural water at different wavelengths
at 240 °C. Error bars represent standard deviations. c) Four-cycle stability
test of 1.5wt.% Ru/BTON in natural seawater at 240 °C, totaling 30 h of
reaction time. The photocatalyst was recycled by centrifugation, washed
with Milli-Q water, and dried at 60 °C under vacuum for 10 h before reuse.
d) Stability test of 1.5 wt.% Ru/BTON in natural seawater at 240 °C without
washing between cycles to assess the impact of residual sea salt.

tothermal NH, evolution using natural seawater as a substitute
for pure water. Remarkably, the oxynitride perovskite catalysts
demonstrated more efficient NH; evolution in natural seawa-
ter (Figure 4a) due to the electrolyte-assisted polarisation effect
induced by the ionic species in seawater.?’) We have also pre-
viously demonstrated that such an electrolyte-assisted effect be-
comes more significant at elevated temperatures. Consequently,
the NH, evolution rate is improved to 5869 pumol g~' h=!, mark-
ing a notable enhancement of ~40% compared to that in pure
water. The TRPL results clearly demonstrated that the charge car-
rier lifetime is significantly extended upon Ru loading, which
is likely due to electron trapping within Ru nanoparticles, re-
sulting in a polarisation of charges (Figure 3d). Moreover, the
charge carrier lifetime of BTON in natural seawater was notably
increased to 3.26 ns, closely matching that observed in a 0.6 mol
L~ NaCl solution (Figure 3c,e). In addition, the photothermal
activity was assessed in NaCl aqueous solutions of various con-
centrations. As illustrated in Figure 3f, a clear linear correla-
tion with NaCl concentration was established, further substan-
tiating the electrolyte-assisted polarisation effect. Electrochemi-
cal impedance spectroscopy was also employed to evaluate the
charge transfer resistance, revealing a substantial reduction in
resistance in natural seawater compared to pure water (Figure
S5, Supporting Information).

A significant concern with using natural seawater in photocat-
alytic systems is the potential reduction of chloride ions to toxic
Cl-containing chemicals. In this system, the presence of oxidative
Cl-containing species may also oxidize the produced NHj;, lower-
ing the overall photothermal activity. It should be mentioned that
the photocatalytic oxidation of Cl~ in seawater has not been un-
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derstood well.*)] Tt is believed that Cl~ ions react with the pho-
togenerated holes to produce Cl, or HCIO. In addition, it is ki-
netically easier for the oxidation of Cl~ to produce Cl, than H,0O
oxidation to O, (Equation 3).°l Therefore, extensive efforts have
been made for the quantification of chlorine. Gas chromatogra-
phy confirmed no gaseous Cl, formation post-reaction. We also
carefully analyzed the chlorine balance before and after the reac-
tion using titration. We meticulously analyzed the chlorine bal-
ance using titration, confirming that the concentrations of Cl~
remained consistent before and after the reaction, within exper-
imental uncertainty. To assess the presence of any dissolved Cl,
or HCIO, we scrutinized the post-reaction solution by adding a
potassium iodide solution and starch as an indicator, with no de-
tectable color change observed, suggesting the absence of oxida-
tive Cl, or HCIO species in the solution. Actually, if Cl, is gen-
erated during the reaction, it would easily dissolve in and react
with water to form HCIO (Equation 4). HCIO will then readily de-
compose into Cl~ under irradiation (Equation 5),I°!) especially at
elevated temperatures. Therefore, it is difficult to detect the pres-
ence of Cl, gas under our photothermal condition. Actually, if the
reaction proceeds via Equations (3)—(5), the net effect is that Cl~
is not consumed but acts as a catalyst to facilitate the OER, given
that the photocatalytic oxidation of Cl~ is kinetically favorable.

2C1" +2h* = Cl, 3)
Cl, + H,0 = HCl + HCIO (4)
2HCIO = 2HCl + O, (5)

Quantum efficiency (QE) is a critical parameter for evaluat-
ing photon-to-chemical conversion in renewable solar conver-
sion systems. Almost all the reported photocatalytic NH; evo-
lution systems suffer from an extremely low QE, especially in
the visible-light regime, which largely hinders further practi-
cal applications.'113*] In our system, the QE was evaluated at
240°C at different wavelengths by using band-pass filters. Re-
markably, a high average QE over the whole visible regime was
achieved in natural seawater for all Ru-supported oxynitride per-
ovskite catalysts. Specifically, the Ru/BTON catalyst exhibited an
exceptional QE of 88.1% at 385 nm in natural seawater, with a
noteworthy QE of 24.8% at 650 nm (i.e., close to the absorption
edge of BTON). It is shown that the QE decreases at longer wave-
lengths, which can presumably be attributed to the wavelength-
dependent electron—hole pair generation: the absorbed photons
at a longer wavelength may not generate excited electron-hole
pairs, but excite local transitions instead.[>?} Additionally, high-
energy photons may promote charge separation and enhance
electron-phonon coupling,®*! whereas long-wavelength excita-
tion tends to lead to increased local polaron formation, reducing
the mobility of the charge carriers and consequently decreasing
the number of carriers reaching the catalyst surface.>]

The stability of the Ru/BTON catalyst was further investigated
by recycling it four times over a total reaction time of 30 h
(Figure 4c). The results have demonstrated a continuous and sto-
ichiometric evolution of NH;, O, and H,, with no notable drop
of activity, indicating the catalyst’s robust stability. Additionally,
we explored the potential impact of residual sea salt on the pho-
tocatalyst’s performance. In a similar stability test where the pho-
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Figure 5. Schematic illustration of the photothermal NH; evolution mechanism in seawater using the Ru/BTON catalyst.

tocatalyst was not washed between cycles, no noticeable change
in reaction performance was observed, as depicted in Figure 4d.
This indicates that the residual sea salt has a negligible influ-
ence on the catalytic activity. Subsequently, we evaluated the en-
ergy conversion of solar energy into chemical energy. While the
conventional 54, is typically measured at room temperature and
ambient pressure, our experiments were conducted at elevated
temperatures and pressures. As a result, we defined a photon-
to-ammonia energy conversion efficiency at the specific evalua-
tion temperature of 240 °C, denoted as 7y, (240°C). This mea-
sure is particularly useful as it highlights the catalyst’s capacity
to convert photon energy directly into chemical energy under
specified conditions, excluding other technical factors like heat
loss. The energy required to reach and maintain this tempera-
ture can be supplied by various means, including electrical or
microwave heating. In this context, our system achieved a no-
table 7, (240°C) of 13.03 + 0.42% in natural seawater at 240 °C
(Note S1, Supporting Information). Furthermore, we evaluated
the overall energy conversion efficiency (1) by accounting for
the energy necessary to heat and maintain the reaction system at
the required temperature. A very promising g of 6.3+0.3%
was demonstrated. In an ideal future design, we anticipate that
the energy for heating could be provided by concentrated solar
light so that the energy consumption for heating may be mini-
mized or even excluded in that scenario, thus a higher 5 could
be expected.

Figure 5 illustrates the proposed mechanism for the photother-
mal NH; evolution reaction investigated in this study. Upon irra-
diation with simulated solar light, excitation results in the gen-
eration of electrons and holes. These charge carriers then mi-
grate to different surface sites, with electrons favorably localized
on the Ru nanoparticles and holes on the BTON surface, thereby
establishing charge polarization. As demonstrated in our previ-
ous work,!?% ionic species in seawater, such as Na* and CI-, are
likely to adsorb onto different regions of the photocatalyst via
electrostatic attractions, enhancing the separation of the photo-
generated charge carriers. This interaction between the ions and
charge carriers stabilizes the charge carrier dynamics, leading
to an extended lifetime of the charge carriers, as evidenced by
the TRPL results (Figure 3). Consequently, N, molecules interact
with the trapped photogenerated electrons on the Ru nanopar-
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ticles, facilitating NH; evolution. It can be further deduced that
these trapped electrons are able to weaken the N=N triple bond,
making nitrogen more prone to protonation. On the other hand,
the OER takes place on the BTON surface, where surface oxy-
gen reacts with the photogenerated holes to form O, molecules,
leaving Oys on the surface. These surface Oys can be replen-
ished either by the surrounding water molecules or the oxygen
migrated from the sub-surface layers, as illustrated in Figure 5.
Although the generation of surface Oys and intra-lattice oxygen
migration are typically challenging under ambient conditions,
these processes are considerably enhanced at elevated tempera-
tures, thereby boosting OER activity. Furthermore, the facilitated
charge polarisation may also help to stabilize the protonated in-
termediates such as Ru-N-N-H species. Additionally, protons
may also capture electrons from the Ru nanoparticles, which
competes with NH; evolution. This side reaction is boosted when
the temperature exceeds 240 °C due to the higher proton concen-
tration and the decreased N, adsorption.

3. Conclusion

In conclusion, this work successfully demonstrates the feasibil-
ity of a metal-supported perovskite oxynitride catalyst system for
efficient photothermal NH; evolution from nitrogen and natu-
ral seawater. The optimal activity was achieved with a 1.5 wt.%
Ru-supported barium tantalum oxynitride catalyst, exhibiting an
NH, evolution rate of 5869 umol g™ h~! at 240 °C under sim-
ulated solar irradiation, with a notable quantum efficiency of
88.1% at 385 nm and an overall energy conversion efficiency of
6.3%. These results signify not only a substantial improvement
over traditional methods but also highlight the system’s abil-
ity to leverage natural seawater, enhancing both environmental
sustainability and process efficiency. Furthermore, the extended
charge carrier lifetime at elevated temperatures, coupled with the
facilitated oxygen evolution reaction due to the ionic species in
seawater. Our findings suggest that this technology could be piv-
otal in decentralizing NH, production and reducing reliance on
centralized chemical plants and fossil fuels. The robustness and
scalability of this system hold great promise for contributing to a
greener and more sustainable future in chemical manufacturing.
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