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Ammonia (NH3), a critical chemical feedstock with a hydrogen content as high as 17.6 wt%, plays a vital role in both agricultural and
industrial sectors while also being recognized as a promising carbon-free transportation fuel with significant potentiall'**l. Currently,
industrial ammonia synthesis primarily relies on the Haber-Bosch process, which is energy-intensive and associated with substantial
carbon dioxide emissions!*°l. Thus, there is an urgent need to develop a low-carbon, mild ammonia synthesis pathway. Figure 1
shows the outlook of stages along a transition from the present-day Steam Methane Reforming-Haber Bosch (SMR-HB) process
towards sustainable NH3, as well as NH;’s possible role in current and future markets. In recent years, the electrocatalytic nitrogen
reduction reaction has emerged as a potential alternative strategy for ammonia synthesis. For example, Kartick et al. recently
reported a Cu/Cu,0 heterojunction catalyst that achieved efficient nitrate reduction under alkaline conditions, revealing the
synergistic mechanism of Cu,0 promoting nitrate deoxygenation, Cu promoting hydrogen adsorption and overflow, and achieving an
ammonia Faraday efficiency of 85.62%.
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Figure 1. Outlook of stages along a transition from the present-day SMR-HB process towards sustainable NH;, as well as NH's possible role in current and future markets

(each component of the schematic diagram was drawn by the author themselves). SMR-HB: Steam Methane Reforming-Haber Bosch.

However, its ammonia yield and Faraday efficiency remain generally low due to the extremely low solubility of nitrogen gas in water
and the exceptionally high N=N bond energy (941 kJ-mol )l In contrast, nitrate ions (NO3’) exhibit higher water solubility and a
lower N=0O bond energy (only 236 kJ-mol ), making them a more suitable raw material for electrolytic ammonia synthesis!'% !4,
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Furthermore, nitrate ions are widely present in domestic sewage and industrial wastewater, posing threats to aquatic ecosystems
and human health. Therefore, the electrocatalytic reduction of nitrate ions to ammonia (NO;RR) can both alleviate environmental
pollution and provide a sustainable ammonia synthesis pathway, offering dual advantages of environmental protection and energy
conservation. However, most current research focuses on NO;RR processes involving low-concentration nitrates in alkaline or
neutral media. Industrial nitrate-containing wastewater typically presents a strongly acidic, high-concentration environment. Under
acidic conditions, high corrosion and competition from the hydrogen evolution reaction (HER) have led to limited catalyst
research!®l. This implies that in practical applications, using catalysts designed for alkaline or neutral environments necessitate
pre-neutralization of wastewater, leading to additional costs and energy consumption. This approach not only contradicts the
objective reality of highly acidic, high-concentration industrial wastewater but also fails to align with the practical process
requirements for future large-scale ammonia synthesis. Furthermore, industrial-grade acidic conditions facilitate product separation
(such as the direct yield of ammonium salt fertilizers). However, due to the lack of highly active and stable catalysts, the utilization
rate of hydrogen cannot be balanced with the adsorption kinetics of nitrate ions. Consequently, the issue of intense competition for
the hydrogen evolution reaction under acidic, high-concentration conditions remains fundamentally unresolved.

Against this research backdrop, Yuan’s team published a high-impact report in Advanced Energy Materials. Using TiO, as a substrate,
the team designed a ruthenium-doped titanium dioxide (Ru-TiO,) nanosphere arrays as an ultra-stable, highly active acidic NO;RR
electrocatalyst. This achievement provides highly valuable insights for addressing the research-industrialization gap in NO;RR
applications!®l. As shown in Figure 2, the research team employed a one-step hydrothermal method. Pre-treated titanium foam was
immersed in a mixed solution containing 9.8 mmol-L'! RuCl;-3H,0 and 0.05 mol-L'! HCI, reacted at 200 °C for 20 hours, and then
washed and dried to obtain the target product. Scanning electron microscopy (SEM) characterization revealed that this synthesis
yields a well-defined array of uniform Ru-TiO, nanospheres directly grown on the titanium foam substrate. This unique
three-dimensional array architecture provides a high specific surface area, abundant active sites, and facilitates efficient mass
transport, key factors contributing to its exceptional catalytic performance. Structural characterization revealed successful Ru atom
doping into the TiO, lattice, substituting tetracoordinate Ti sites and inducing approximately 2.85% lattice tensile strain. For
comparative analysis, the team prepared Ru/TiO, without lattice strain via impregnation, achieving similar Ru content but without
TiO, lattice expansion. Comparative analysis demonstrated that lattice strain effectively suppresses the dimerization of hydrogen
species into H,, thereby significantly inhibiting the competing HER and redirecting more active hydrogen toward the hydrogenation
reduction pathway of nitrates. At the atomic scale, this suppression originates from the synergistically regulated H adsorption
behavior by Ru doping: electronic structure optimization reduces the adsorption energy of H, preventing its excessive binding, while
lattice strain further impedes H, formation by increasing the energy barrier for surface H migration and dimerization. This
dual-mechanism synergy enables H to more readily participate in the stepwise hydrogenation process of NOj;, thereby achieving
highly selective ammonia synthesis under strongly acidic conditions. The team further confirmed via X-ray photoelectron
spectroscopy and electron density distribution calculations that Ru introduction induces significant electron transfer from Ti to Ru,
optimizing the catalyst’s d-band center. This enhances adsorption of nitrogen-containing intermediates and lowers the reaction
energy barrier. Yuan’s team achieved synergistic effects of electronic structure regulation and lattice strain engineering through a
single-step doping process.
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Figure 2. Schematic diagram of Ru-TiO, nanosphere array.


https://doi.org/10.70401/smd.2025.0022

Smart Mater Devices. 2026;2:202537 | https://doi.org/10.70401/smd.2025.0022 Page 3 of 5

Under near-extreme acidic and high-salinity conditions (pH = 1, 6M NOj3’), Yuan’s team comprehensively validated the integrated
performance of Ru-TiO, nanosphere arrays through rigorous testing!!*l. Figure 3 shows the comparative performance of the Ru-TiO,
catalyst with other reported catalysts. Linear voltammetry and Tafel slope measurements revealed significantly enhanced reaction
current and accelerated kinetics, demonstrating the Ru-TiO, nanosphere arrays outstanding intrinsic activity. Chronoamperometry
demonstrated that Ru-TiO, nanosphere arrays achieved 98.8% ammonia Faradaic efficiency and an ammonia production rate of
69.6 mg-h':*cm™ at -0.9 V vs. RHE, proving their high efficiency and productivity under extreme conditions. Isotope labeling
experiments combined with 'H NMR confirmed that the produced ammonia originated entirely from nitrate reduction.
Simultaneously, byproduct detection indicated negligible N,H, formation, verifying the Ru-TiO, nanosphere arrays catalyst’s
exceptionally high ammonia selectivity; Long-term stability testing demonstrated that Ru-TiO, nanosphere arrays maintained a
Faraday efficiency of approximately 94.5% after 300 hours of continuous operation at industrial-scale current density (approximately
-860 mA-cm™), with no significant structural changes, confirming their outstanding long-term stability. ICP-OES analysis of the
post-reaction electrolyte revealed extremely low leaching of Ru and Ti elements, verifying their structural robustness. The
outstanding activity, selectivity, long-term stability, and structural robustness exhibited by Ru-TiO, nanosphere arrays under extreme
testing conditions prompted us to conduct industrialization-oriented research on Ru-TiO, nanosphere arrays.
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Figure 3. Comparisons of NO;RR performances between Ru-TiO, and recently literature-reported catalysts under acidic conditions, and Comparison of the Ru-TiO,-based
AAZNB with the reported Zn-NO;™ batteries. AAZNB: alkaline-acid hybrid zinc-nitrate battery; FE: Faraday efficiency; NO;RR: nitrate reduction reaction; OCP: open-circuit

potential; RHE: reversible hydrogen electrode.

Yuan’s team further utilized Ru-TiO, nanosphere arrays to assemble a novel alkaline-acid hybrid zinc-nitrate battery (AAHZNB),
achieving an integrated ‘wastewater treatment-ammonia synthesis-power generation’ system!'’l. The design principle of this battery
is based on the ingenious conception of an acid-base dual electrolyte architecture: the Ru-TiO, nanosphere array serves as the
cathode in an acidic electrolyte to optimize NO;RR and directly yield ammonium salts, while a zinc plate acts as the anode in an
alkaline electrolyte to promote zinc oxidation and suppress hydrogen evolution. The two compartments are separated by an
ion-exchange membrane, which prevents crossover of reactants while allowing selective migration of essential ions such as H* to
maintain charge balance. During operation, the cathode undergoes NO;™ reduction to NH;, while the anode undergoes zinc oxidation.
These reactions synergistically drive battery discharge. The cell exhibits an open-circuit voltage as high as 2.01 V, with a peak power
density reaching 92.8 mW-cm 2, surpassing all previously reported zinc-nitrate batteries. Regarding long-term cycling stability, during
continuous 10-hour discharge testing over 10 cycles, the battery maintained over 93% ammonia Faraday efficiency at a current
density of -97.8 mA-cm™ while stably producing 20.5 mg-h -cm™2 ammonia, and the discharge curves retained a stable ladder like
shape without significant performance decay. Figure 3 also shows the comparison between Ru-TiO,-based AAZNB and reported
7Zn-NOj;  batteries. It is not difficult to see that Ru-TiO,-based AAZNB exhibits excellent Faraday efficiency, power density, NH; yield,
and open circuit voltage. This outstanding performance further demonstrates the practical value of Ru-TiO, nanosphere arrays in
electrochemical ammonia production and energy conversion technologies.

Overall, Yuan’s team successfully developed Ru-TiO, nanosphere arrays with lattice strain for NO3;RR under industrial acidic
conditions, demonstrating outstanding NH; production performance and exceptional stability at industrial current densities. This
research aligns with the objective environment of high-concentration acidic industrial wastewater while meeting future process
demands for large-scale ammonia synthesis. Furthermore, the team innovatively assembled a novel AAHZNB using Ru-TiO,
nanosphere arrays, enabling simultaneous NH; and electricity generation. This work provides valuable references for subsequent
industrialization studies of NO3;RR. Yuan’s team has successfully bridged fundamental research with practical applications. This
synergistic design strategy, combined with novel research methods and paradigms such as machine learning and artificial
intelligencel'®!7], is poised to accelerate the discovery of next-generation electrocatalysts that perform optimally in complex
real-world environments.
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