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ABSTRACT: Electrochemical reduction of nitrate to ammonia (NH;) converts j
an environmental pollutant to a critical nutrient. However, current electro- @ -

chemical nitrate reduction operations based on monometallic and bimetallic
catalysts are limited in NH; selectivity and catalyst stability, especially in acidic
environments. Meanwhile, catalysts with dispersed active sites generally exhibit a

Fuel/chemical NH;

» o-( max (FENH:,)-93 5%

higher atomic utilization and distinct activity. Herein, we report a multielement
alloy nanoparticle catalyst with dispersed Ru (Ru-MEA) with other synergistic ePd © Pt
components (Cu, Pd, Pt). Density functional theory elucidated the synergy effect Industry wastewater oy ©Ru O Cu

of Ru-MEA than Ru, where a better reactivity (NH; partial current density of

—50.8 mA cm™?) and high NHj faradaic efficiency (93.5%) is achieved in industrially relevant acidic wastewater. In addition, the Ru-
MEA catalyst showed good stability (e.g., 19.0% decay in FEyy; in three hours). This work provides a potential systematic and
efficient catalyst discovery process that integrates a data-guided catalyst design and novel catalyst synthesis for a range of
applications.

KEYWORDS: electrochemical nitrate reduction, ammonia, multielement alloy catalyst, industrial wastewater, acidic

he global nitrogen (N) cycle has been largely altered by To catalyze electrochemical NO; ™ reduction (ENR), a range

human activities in the past century, resulting in severe of monometallic catalysts made by transition metals such as
energy and environmental problems.l’2 In the N cycle, nitrate Ry, Rh, Pt, Pd, Ti, Cu,"”*' and bimetallic catalysts such as Pd-
(NO;7) is a major contaminant from industrial effluents and is Cu,”* Pt-Ir,”® Pt-Pd,** Pt-Ru,> Cu-Ni*® have been extensively
typically converted to N, gas through biological denitrification studied. However, monometallic catalysts generally exhibit low
(Figure 1a).>* This process is not economically efficient and is ENR activity since the single metal site is incapable of
associated with potent greenhouse gas nitrous oxide (N,0) accommodating multiple reaction intermediate steps. Com-
emissions.” " However, many of these liquid wastes (e.g., pared to monometallic materials, bimetallic alloy catalysts
fertilizer, ammunition, metal pickling, and nuclear industries) often show enhanced performance (i.e., activity and
are acidic at their source of generation due to the consumption selectivity), but these catalysts are still limited in their product
of nitric acid and have very low biodegradability; thus, selectivity and long-term stability since the lack of composi-
chemical addition or pretreatment is necessary for NO,~ tional tunability and lirznited synergy.”””® Metal-free catalysts,
removal and discharge.””'> Ammonia (NHj) is another critical such as graphite felt,”” amorphous graphene,” and active-
component of the cycle and an essential fertilizer and chemical carbon fiber paper,31 are potential alternatives, particularly
feedstock.'* NHj is mostly synthesized using N, and H, by the suitable for operating under extreme conditions (e.g, acidic
energy-intensive Haber Bosch process, which accounts for environment) due to their strong corrosion resistance, wide
1.8% of global energy consumption and 1.4% of global CO, operation potential range, and comparable selectivity. How-
emissions.'* During utilization, the NH; is generally oxidized ever, metal-free catalysts still face some major barriers in
to NO;7, and decades of overfertilization and releases of these achieving competitive reaction efficiencies compared with
nitrogen pollutants in the water body have been a major cause
of eutrophication, biodiversity loss, and N,O emissions."® Received: May 29, 2023
Therefore, rather than finishing the N cycle via N, using high Revised:  June 19, 2023
cost of energy and chemicals, a shortcut reduction directly Published: June 28, 2023

from NO;~ to NH; holds the promise to reduce nitrogen

pollution while producing green and distributed NH; (Figure
1a).16-18
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Figure 1. (a) Schematic diagram of the traditional nitrogen conversion cycle consisting of nitrification, denitrification, and N, fixation (greyed), and
the reported direct electrocatalytic NO;~ reduction (ENR) to NHj in this work. (b) Design principle of MEA NP (Ruy,Pt, Pd,,Cu,) catalyst
based on a benchmark Ru catalyst, where SSP indicates a solid solution phase.
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Figure 2. Characterization of the Ru-MEA NPs: (a) STEM elemental maps for Ru-MEA NPs. (b) HAADF image. (c) Catalysts size distribution
was generated from the SEM spectrum and the fitted normal distribution (details in Supporting Information). (d) XRD pattern and SAXS data of
Ru-MEA with labeled phases corresponding to reference standards of Pd/Pt/RuPt and Cu (italic). XPS core level scan of each component in Ru-
MEA NPs: (e) Pt 4f, (f) Pd 3d, (g) Ru 3ds),, (h) Cu 2p.
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Figure 3. (a) Proposed NO;™ reduction reaction pathway to NH; on the RuPtPdCu (111) surface. In the figure, the gray, orange, purple, yellow,
blue, red, and white balls represent Pd, Ru, Pt, Cu, N, O, and H atoms, respectively. (b) DFT predicted the adsorption energy as compared to the
adsorption energy predicted by the linear regression model, which links the local chemical environment of the surface sites and NH adsorption
energy. The inset shows that an NH is adsorbed on a surface site on RuPtPdCu (111) containing the three nearest neighboring metal atoms (i.e.,
the blue balls marked with “1”) and three second-neighboring metal atoms (i.e., the yellow balls marked with “2”). (c) Predicted free energy
evolution for NO;™ to NHj; (blue line), NO,~ (red line), and N, (green line). In this figure, the NO;™ reduction intermediates highlighted by the
blue shadow are dispersed in the electrolyte, and the NO;™ reduction intermediates highlighted by the green, orange, and purple shadows are
adsorbed on a bridge site, hollow site, and top site on RuPtPdCu (111), respectively.

metal catalysts. In the case of metallic catalysts, compared with
bulk structures, dispersing transition metal atoms into isolated
sites exhibit extraordinary advantages, such as higher atomic
utilization, enhanced activity, and high selectivity.’””’
However, this generally requires advanced fabrication methods,
is difficult to extend to all metal species, and is immature for
binary and ternary compositions.’* More importantly, among
the catalysts studied to date, few candidates have shown
satisfying ENR activity nor high NH; faradaic efliciency
(FENy;) in acidic conditions (FEyy; = 78%, ixy; = 22 mA
cm™ on Ti foil),** which are industrially relevant. On the one
hand, some high-strength NO;™ waste streams from industry
are in acidic environments (pH 2—3) at their source of
generation.'”'*® On the other hand, conducting ENR in
acidic conditions promises better practicality, where acidic
electrolyte enables the use of proton-exchange membranes to
permit higher current densities.”” Therefore, developing highly
efficient catalysts to enable ENR under acidic conditions
becomes an imperative task.

In this study, we report the first multielement alloy (MEA)
nanoparticles (NPs) with dispersed Ru atoms (Ru-MEA) for
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highly selective and stable ENR to NHj in industrially relevant-
acidic wastewater conditions. The Ru-MEA catalyst is
developed upon the benchmark Ru catalyst, where an
additional synergy effect is achieved by dispersing Ru with
other metals to form alloy NPs.***" Cu is selected to mix with
Ru due to its activity for NO;™ reduction and to potentially
reduce Ru usage.”""*” However, Ru and Cu are conventionally
immiscible even above the melting point according to their
wide miscibility gaps in the phase diagrams.*'~* Pt and Pd are
added to realize the homogeneous alloying between Ru and
Cu. Besides, synergies in bimetallic catalysts such as RuPt,
PtCu, PtPd, and PdCu have been widely studied.”>**~*
Therefore, the addition of Pt and Pd not only serves as the
“glue” to overcome the immiscibility between Ru and Cu and
form MEA but also further enhances the reaction activity
(Figure 1b). Using thermal shock, we are able to synthesize
Ru-MEA NPs in a solid solution state in a simple manner and
achieve homogeneous Ru dispersion.”® In Ru-MEA, the
uniform mixing of Ru, Pd, Pt, and Cu has the potential to
create numerous favorable surface binding sites. The
interactions between adjacent elements could modify their

https://doi.org/10.1021/acs.nanolett.3c01978
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Figure 4. Key performance comparisons among different catalysts (C control, Ru, and Ru-MEA) in 0.5 M Na,SO, containing 50 mM NO;~, pH
2.5: (a) Linear sweep voltammetry (scan rate 5 mV s™). (b) FEyq,~ and FEyy; at —1.13 V vs RHE. (c) NH; yield (g h™ cm™) at —=1.13 V vs
RHE. Electrocatalytic performance of Ru-MEA in 0.5 M Na,SO, containing SO mM NaNO,, pH 2.5 at different applied potentials: (d) FExy;. ()
Selectivity toward NH; and NO,™. (f) NH, yield (g h™" cm™2). Error bars indicate the standard deviation of the FE calculation from at least three
independent samples. (g) FEyy; of Ru-MEA catalyst with varying applied potentials and NO;~ concentrations (10, 50, and 100 mM NO;") in

moderate acidic media (pH 2.5).

coordination environment and electronic environments,
allowing for the fine-tuning of adsorption energies suitable
for various intermediate species in the ENR reaction.*’ Density
functional theory (DFT) assisted by machine learning (ML)
proved that the Ru site in the Ru-MEA benefited from a
synergistic effect based on the free energy diagram, with the
rate-limiting energy of 0.17 V vs —0.36 on Ru, resulting in
enhanced ENR activity. By investigating the electrocatalytic
behavior of Ru-MEA under different NO;~ concentrations and
applied potentials, the Ru-MEA NP catalyst exhibits a high
NH, partial current density (ingy3) of —50.8 mA cm™ (vs 26.8
mA cm™* by Ru) and a record-high NH; FEyy; of 93.5% in an
acidic condition relevant to industrial runoff in a flow cell
reactor. In addition, under 3 h of continuous operation, the
Ru-MEA showed only 19.0% decay in FEyyy;, much better than
Ru (31.7% decay). This study paves the way toward
developing next-generation electrocatalysts by combining
novel synthesis and data-guided material designs for a range
of applications.
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The Ru-MEA NP catalyst was first synthesized on carbon
paper substrates using a high-temperature thermal shock
method (see Methods in the Supporting Information for
details).*® The high-temperature shock (1200 K) leads to fast
and complete decomposition of the precursor salts. Mean-
while, the short heating duration (~55 ms) along with the fast
heating/cooling rates ensure the formation of a solid solution
with a homogeneous elemental mixing state. Based on the
composition screening calculations (Figures S1 and S2, Notes
S1 and S2), the proposed Ru-MEA NPs should have a uniform
dispersing of Ru with the Pt, Pd, and Cu metal elements, to
form a cuboctahedralon particle. In addition to the Ru-MEA
NPs, monometallic NPs (Ru, Cu, Pd, Pt) control samples were
prepared using the same method (Figures S3—SS, Note S3).

A suite of characterizations was carried out to determine the
structures of synthesized Ru-MEA NPs (see Methods for
details). According to scanning transmission electron micros-
copy (STEM) energy-dispersive X-ray spectroscopy (EDX)
(Figure 2a), no phase or elemental segregation was observed in

https://doi.org/10.1021/acs.nanolett.3c01978
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the Ru-MEA NPs. The four constituent elements were
uniformly distributed. The high-angle annular dark-field
(HAADF) image (Figure 2b) further revealed the formation
of a face-centered-cubic (fcc) crystalline structure of the Ru-
MEA NPs. The pristine carbon paper and synthesized Ru-
MEA on carbon paper were compared using scanning electron
microscope (SEM) (Figure S6). The mean radius of Ru-MEA
NPs on carbon paper was identified as approximately 22.8 nm
(Figure 2c) from a low magnification (10 000X) SEM (Figure
S7). Moreover, the crystal structure identified from the powder
X-ray diffraction (XRD) pattern (Figure 2d) confirmed the fcc
structure, and small-angle X-ray scattering (SAXS) corre-
sponded well with the XRD data. For Ru-MEA NPs
synthesized with equally mixed precursor solutions, the bulk
composition was determined using Inductively Coupled
Plasma Mass Spectrometry (ICP-MS). The atomic ratio of
Ru, Pt, Pd, and Cu was found to be 37%, 21%, 22%, and 20%,
respectively. Additionally, the average atomic ratio at the
surface or subsurface of Ru-MEA was characterized using X-ray
photoelectron spectroscopy (XPS) and SEM-EDX based on
three parallel samples (Table S1). This composition of MEA
NPs is utilized for the following electrocatalytic tests. In
addition, the valence states of the constituent elements were
investigated by using XPS (Figure S8, Figures 2e—h). The
three peaks of Pt 4f,/, at about 71.35, 72.49, and 74.13 eV
shown in Figure 2e show the oxidation of Pt. Figure 2f shows
that Pd 3d;/, was formed by Pd (0) 3ds/,, PdO 3ds,,, and
PdO, 3dy), at 335.52, 337.32, and 338.88 eV, respectively.
Figure 2g shows the Ru (0) 3d 5/2 peak centered at 279.94
eV. Cu 2p;, spectrum (Figure 2h) showed peaks at 933 and
934.52 eV, agreeing with the Cu (I) and Cu (0) oxidation
states, along with a weak satellite peak at 945.94 eV, which
indicates the valence state of +1. Note that the minor oxide
components are likely due to surface oxidation of the NPs after
synthesis.”’ Details of the XPS peak fitting parameters are
summarized in Table S2.

We performed first-principles DFT calculations to predict if
the Ru-MEA could improve the activity for ENR compared to
pure Ru. Due to its low energy (Note S4), we first investigated
herein the ENR reaction activity on the RuPtPdCu (111)
surface from Ru-MEA with an established atomistic structure
shown in Figure S9. For ENR on Ru-MEA, we examined an
eight-electron pathway as shown in Figure 3a, where NO;™ will
be first adsorbed on the metal surface, followed by reduction of
the adsorbed NO;~ to sequentially form NO,, NO, and
N.>'~** Finally, the formed N will be further protonated to
form NH, NH,, and the final product NH;. Figure S10 shows
the optimized adsorption configurations of all possible ENR
intermediates on RuPtPdCu (111) surface, which agrees well
with that on the unary hexagonal close packed (hcp) Ru
(0001) (Figure S11) and fcc Cu (111) surface.”® To efficiently
analyze all the possible chemical species in Ru-MEA, we then
applied a linear regression to correlate the DFT calculated
adsorption energies for various chemical species involved in
ENR on RuPtPdCu (111) with the chemical environments of
the active sites (Figure 3b, Figure S12, and Note S5), with all
fitting scores higher than 0.90. Table S3 shows that NO;~
reduction species are favorable to be adsorbed on the Ru atom
of the RuPtPdCu (111) surface, as compared to the Cu, Pt,
and Pd atoms, which proved our purpose of dispersing Ru in
MEA components. This finding also reveals that the NO;~
reduction will predominantly occur on the site containing at
least one Ru atom on the RuPtPdCu (111) surface.
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Consequently, we believe that ENR will proceed on the Ru-
MEA surface with the chemical environment having one Ru
atom on the first neighboring site and random atom
distribution on other neighboring sites, as shown in Figure
S13. It is also inferred that the Ru-MEA catalyst should exhibit
a similar ENR selectivity to metallic hcp Ru (0001), agreein§
well with our observations (Figure 4) and previous reports.5

To elaborate on the reaction mechanism and understand
how synergistic function works on Ru-MEA NPs, we further
applied DFT to calculate the free energy evolution for ENR to
NO,", N,, and NH; on both RuPtPdCu (111) and Ru (0001)
surface using the computational hydrogen electrode method.>
In Figure 3c, the desorption of *NO, requires a higher energy
barrier than that of NO,™ deoxidation, revealing that NO,™ is a
minor product of NO;~ reduction on the RuPtPdCu (111)
surface. Similarly, we predict that N is more energetically
favorable to be protonated to form NH than dimerization of N
to N,. Therefore, the NH; product on Ru-MEA is predicted to
be boosted via an eight-electron NO;~ reduction reaction
pathway. The limiting potential for ENR of Ru-MEA is
predicted to be 0.17 V on the RuPtPdCu (111) surface with
the corresponding rate-determining step being the protonation
of N to form NH. The metallic hcp Ru (0001) surface shows a
lower limiting potential of —0.36 eV to promote NO;~
reduction (Figure S14). This finding explains why Ru-MEA
exhibits a higher ENR activity than the unary Ru catalyst. In
addition, we examined the activity of competitive hydrogen
evolution reaction (HER) to gauge ENR selectivity on Ru-
MEA (Figure S15 and Note S6). By comparing the difference
between the limiting potentials for ENR and HER (denoted as
U.(ENR) — U, (HER)) on RuPtPdCu (111) (0.56 eV) and
hep Ru (0001) (0.07 eV), RuPtPdCu (111) is predicted to
have a higher selectivity toward ENR. In conclusion, our DFT
calculations predict enhanced selectivity of the Ru-MEA NPs
catalyst for ENR.

The ENR activities of catalysts were investigated in a
standard H-type cell with three electrodes (see Methods for
details). An acidic electrolyte (pH 2.5) with S0 mM NO;~ that
mimics the industrial-level wastewater was selected for
electrochemical measurements. The Ru-MEA catalyst showed
a current density nearly 1.54 times higher than Ru (—63.7 mA
ecm™? vs —41.4 mA cm™?) at —1.13 V vs RHE (Figure 4a).
Such an enhanced current density reflects higher ENR activity
of Ru-MEA over Ru, consistent with DFT prediction. Ru-MEA
increased the electrochemical surface areas (ECSA) than Ru
(Figure S16 and Note S7), which has a positive effect on ENR
activity. Notably, Ru-MEA features the highest activity among
all catalyst compositions studied (Figure S17). In addition to
the current density, the FEy\y; from monometallic catalysts
(Cu, Pt, and Pd) was compared at a fixed potential (—1.13 V
vs RHE). As a result, Ru exhibited the highest NO; conversion
rate and FEyy;. It should be noted that even though the Cu-
based catalyst was reported to show high selectivity toward
NH; in neutral medium,”" the unary Ru catalyst was measured
to show higher NHj selectivity than the unary Cu catalyst at an
electrode potential of —1.13 V vs RHE in acid medium,
agreeing well with our DFT prediction (Figure S19 and Note
S8). In addition, Cu and Pd significantly contribute to
enhancing the reaction activity, while the inclusion of Pt
further improves the ENR activity of RuPdCu. Among all
catalysts studied, the Ru-MEA catalyst showed the best FEy;3
of 79.8 + 5.8% (Figure 4b), which is also record-high among
literature reports. Pure Ru also exhibited a comparable FEy;y;
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Figure S. Stability test of Ru and Ru-MEA using a flow cell with fresh electrolyte (50 mM NO;™ in 0.5 M Na,SO,, pH 2.5), at —1.13 V vs. RHE,
detailed design of the flow cell is in Figure S30: (a) FEyy; of Ru and Ru-MEA. The FEy; of Ru-MEA remains above 75% for the 200 min test,

whereas the FEyy; at 20 min is 93.5%. (b) Photo of the electrocatalytic flow cell. (c) Current density (mA cm™) and NH, yield (ug h™'

Ru and Ru-MEA.

cm™2) of

of 71.9 + 2.6% representing its intrinsic good NHj selectivity.
As a result of enhanced current density and FEyy;, the Ru-
MEA catalyst doubled the NHj yield (3171.0 g h™' cm™)
compared to pure Ru (14612 u g h™' cm™2) (Figure 4c),
which proved the DFT calculation that ENR is promoted on
Ru-MEA surface with the chemical environment having one
Ru atom on the first neighboring site and random atom
distribution on other neighboring sites.

We then investigated the FEyy; of Ru-MEA with varying
applied potentials. For ENR in 50 mM NO,~ (Figure 4d), with
decreasing applied potentials, the FEyy; first increased and
then gradually decreased. For applied potential between —0.60
V and —1.13 V vs RHE, the FEyy; increased as the reduction
was promoted, while NO,™ and other intermediate species
were reduced into NH;. The measured optimized potential
was at —1.13 V vs RHE, exhibiting a FEyy; of 79.8% =+ 5.8%.
When the applied potential was further reduced, the effect of
competing hydrogen evolution reactlon (HER) became more
significant, thus reducing FEyy;.° © As the potential decreased,
the selectivity of NHj increased and the selectivity of the toxic
byproduct NO,™ decreased accordingly (Figure 4e). At the
optimum condition (—1.13 V vs RHE), the NH; selectivity
was 71.15%, and selectivity toward NO,~ was approximately
23.07%, the reaction consistent with first-order kinetics (Figure
S20 and Note S9).

ENR performance on Ru-MEA was also investigated with
different NO;~ concentrations. In addition to 50 mM NO;”,
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10 mM and 100 mM NO;~ were considered to cover the range
of other types of NO; -containing wastewater at the source of
generation, such as textile wastewater and nuclear indus-
try.'”>’7> NO,~ reduction was hindered by competition
reaction, mainly HER, especially for low NO;~ concentration;
however, a proton is necessary for the NO;™ reduction. At 10
mM NO;~, the FEyy; went through a peak with applied
potential since mass transport of NO;~ becomes the limiting
factor, even for more negative potentials (Figure S21). This
trend can be further proved with higher NO;™ concentration
(Figures $22—23), and when there is more NO;~ available in
the electrolyte, mass transport becomes less limiting for the
NO;™ reduction reaction. However, the higher FEyy; at high
NO,~ concentrations (100 mM NO;~) compared to 50 mM
NO;™ under more negative potential is most likely due to the
competitive adsorption of protons with the NO,™ ion (Figure
4g) considering the Ru site is preferred for both NO;™ and *H
species (Table S3). In addition, overall FEy,. increased with a
higher initial NO;™ concentration, contributing to further
NO,~ degradation. Since the availability of active sites mainly
limits reaction kinetics, NO,™ reduction is understandably less
efficient than NO;~ reduction due to the lack of active
adsorption sites for NO,™ and available *H on adjacent sites,
leading to NO,” desorption and accumulation in the
electrolyte. Lastly, when considering the ENR performance
at a specific NO;~ concentration, the FEyy; was found to
increase with more negative applied potential due to the
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enhanced reducing power, which has a higher impact on ENR
compared to that on HER. When applied potential became
more negative, the HER became dominant, which was
observed by the increasing FEy, in Figures S21—-23.

We compared the electrochemical stability of Ru and Ru-
MEA catalysts using chronoamperometry (CA) at —1.13 V vs
RHE with 50 mM NO;~ in a flow cell (Methods, Figure Sb,
Figure S30). For Ru, the initial FEyy; was at an average of
74.5% for the first hour with an NHj partial current density
(ings) of 242 mA cm™ However, the performance decayed
over time and dropped to 53.8% at around 180 min, followed
by a further decline in the following hours (Figure Sa). In
contrast, the Ru-MEA catalyst demonstrated a much higher
FEnps at 93.5% in the first 20 min. Though the FEyy; also
slightly decreased in the following hours, the value remained
high and relatively stable (75.7%) until 180 min (Figure Sa),
along with a high iy, of 42.8 mA cm™ (Figure Sc). Tables S4
and S5 summarize the up-to-date reported highest FEyy;
under the different conditions, where our Ru-MEA catalyst
stands out. The decline in FEyy; may be caused by several
factors. For example, metal corrosion and leaching may cause
catalyst composition change and affect sample L?erform:mce,
which has been reported and is hard to avoid.®’~®* Material
poisoning caused by strong adsorption energy between active
sites and intermediates may cause temporary or permanent loss
of reaction sites for ENR. Particle aggregation and nanostruc-
ture change will also cause an irreversible change of catalysts’
morphology. To understand these effects, we characterized the
surface elemental composition (Figures $24—25), catalyst
morphology (Figures S26—27), and crystal structure (Figure
S28) of Ru-MEA after a 4 h stability test. While the crystal
structure and the composition remained relatively stable, we
observed a notable decrease in the number of NPs on the
carbon paper surface (e.g, 169 to 107, Figure S27), suggesting
detachment issues. We further utilized ICP-MS to analyze the
electrolyte after the test (details in the Supporting
Information), and the results revealed a loss of 12.8 wt % of
Cu and 6.8 wt % of Ru in the initial catalyst during the ENR
process. The losses of Cu and Ru were also shown by the
SEM-EDX analysis of the catalysts after the stability test
(Table S6). Direct NO;~ reduction in an acidic environment
has historically been a challenging process due to catalyst
leaching issues. Therefore, to enhance the stability of catalysts,
we incorporated a binder of 20 wt.% Nafion. With the binder,
we observed that the current density changed by less than 8%
within 3 h, vs 16.8% without the binder (Figure S$29).
Nevertheless, this Ru-MEA catalyst design for the first time
enables highly selective ENR to NHj in acidic solutions with
record-high FEyy; and better stability compared to benchmark
Ru catalysts.

This study for the first time reported a MEA NP catalyst
designed for efficient ENR toward NH; with dispersed Ru sites
and synergy between Ru and Pd, Pt, and Cu. A simple thermal
shock method achieved solid-solution-level mixing of Ru in the
MEA NPs. DFT assisted by ML predicted the enhanced ENR
activity and NH; selectivity on Ru-MEA NPs compared to the
benchmark Ru catalyst, exploiting the synergistic effect of the
components to provide optimized multistep NO;~ reduction
energy. The resulting Ru-MEA NP catalyst exhibits record high
FEyy; in acidic conditions among existing catalysts and
superior stability compared with the Ru. This work
demonstrated a rational catalyst discovery pathway by
integrating novel synthesis and DFT-guided design toward a
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range of applications related to sustainability. In future studies,
the critical masses of Pt and Pd need to be optimized and the
composition of the designed MEA could be extended to
economically more viable components (e.g., non-noble
metals). In addition, considering the cost of catalysts and
pretreatment of acidic wastewater, a thorough techno-
economic analysis would be necessary to ensure a practical
and economically viable solution for treating acidic wastewater.
It needs to be acknowledged that the catalyst loading for this
study is relatively lower (2 wt %) than existing studies; with a
potential improvement of the catalyst loading, the NH; yield
has the potential for a significant increment to satisfy the
practical requirements. In addition, Ru-MEA must be tested in
real NO; -containing wastewater with various coexisting
components.
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