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Tuning the Selectivity of Nitrate Reduction via Fine
Composition Control of RuPdNP Catalysts

Jacob P. Troutman, Jagannath Sai Pavan Mantha, Hao Li, Graeme Henkelman,*

Simon M. Humphrey,* and Charles J. Werth*

Herein, aqueous nitrate (NO; ™) reduction is used to explore
composition-selectivity relationships of randomly alloyed ruthenium-
palladium nanopatrticle catalysts to provide insights into the factors affecting
selectivity during this and other industrially relevant catalytic reactions. NO,~
reduction proceeds through nitrite (NO,~) and then nitric oxide (NO), before
diverging to form either dinitrogen (N,) or ammonium (NH,") as final
products, with N, preferred in potable water treatment but NH,* preferred
for nitrogen recovery. It is shown that the NO;~ and NO starting feedstocks
favor NH, ™ formation using Ru-rich catalysts, while Pd-rich catalysts favor N,
formation. Conversely, a NO, ™ starting feedstock favors NH,* at ~50
atomic-% Ru and selectivity decreases with higher Ru content. Mechanistic
differences have been probed using density functional theory (DFT). Results
show that, for NO,~ and NO feedstocks, the thermodynamics of the
competing pathways for N-H and N-N formation lead to preferential

NH,* or N, production, respectively, while Ru-rich surfaces are susceptible to
poisoning by NO, ~ feedstock, which displaces H atoms. This leads to a
decrease in overall reduction activity and an increase in selectivity toward N,
production. Together, these results demonstrate the importance of tailoring
both the reaction pathway thermodynamics and initial reactant binding
energies to control overall reaction selectivity.

1. Introduction

Traditional, colloidal heterogeneous cata-
lysts are crucial in increasing the reaction
rates and efficiencies for a great number of
industrially relevant reactions. The ever in-
creasing demands upon global energy, nat-
ural resources, and chemical products—
combined with the need to limit society’s
impact on the environment—means that
controlling catalyst selectivity remains at
the forefront of nanoscience and cataly-
sis research.['™* Catalyst selectivity can be
tuned by significantly lowering the bar-
rier of a desired reaction pathway with re-
spect to other potential pathways.l’) How-
ever, exerting control over catalyst selectiv-
ity presents a greater challenge than in-
creasing the relative catalytic activity. This
is because it is more challenging to spec-
ify which reaction pathway(s) are followed
in instances where multiple pathways with
disparate energy barriers co-exist. It is com-
paratively much easier to exert control
over a single rate-limiting energy barrier
in order to achieve activity improvements.
The ability to exert sufficient control over
competing reaction pathways is often hin-
dered by the scaling relationships between
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adsorbate species involved in chemical reactions (i.e., the re-
lationships between binding energies of the different adsor-
bate species), which limit the tunability of catalyst selectivity.[*®!
There are a number of approaches to break these scaling rela-
tions and improve catalyst selectivity, including tuning the cata-
lyst surface structure,*'2] or by changing the reaction conditions
(pressure, temperature, solvent, etc.).*"1¢l The reduction of ni-
trate (NO; ™) to ammonium (NH, ) in drinking water treatment
is a prime example of the importance of catalyst selectivity for
nutrient recovery.

Nitrate is one of the most pervasive contaminants in global
surface and groundwaters;!*’~2% it is found naturally in the envi-
ronment at concentrations < 1 mg-N L~1.[2!] However, NO, ™ lev-
els are often much higher, in large part due to over-application
of nitrogen-rich fertilizers coupled with poor nitrogen uptake by
crops.[22241 A 12-year study by the US Geological Survey (USGS)
National Water Quality Assessment Program (NAWQA) found
that 50% of tested drinking water wells had NO,~ levels above
1 mg-N L™, and 8% of wells had NO,~ concentrations above the
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Scheme 1. Catalytic reaction pathways for NO;~, NO,~, and NO hydrogenation over RuPdNP catalysts. The * symbol represents adsorbed states. The
end-product selectivity is determined by the divergent pathways stemming from adsorbed N which can either combine with another adsorbed N leading

to N, or with adsorbed H to eventually yield NH,*.

US Environmental Protection Agency (USEPA) maximum con-
taminant level (MCL) of 10 mg-N L~1.[°] High levels of agricul-
tural NO;~ pollution pose major environmental concerns due to
increased eutrophication and hypoxia in surface waters. Simulta-
neously, energy is wasted in the manufacture of ammonia-based
fertilizers via the energy-intensive Haber-Bosch process.[26-32]
High levels of NO, ™~ also pose a major public health risk to popu-
lations that rely on this water for drinking: NO,~ can be reduced
in vivo to nitrite (NO,~), which can cause methemoglobinemia
and may react further to form potentially carcinogenic N-nitroso
compounds. Implications of the latter include higher rates of var-
ious cancers with long-term exposure to even low levels of NO,~
being shown to increase rates of various cancers.[**¢ Currently,
the state-of-practice for NO,~ removal from drinking water is
ion exchange (IX). However, IX does not fully destroy NO,~, but
merely transfers it from the finished water into a concentrated
waste brine which requires further disposal or treatment. Ad-
ditionally, IX requires large amounts of brine to regenerate ex-
change resins, resulting in high operating costs. Other methods
(e.g., biological denitrification, reverse osmosis) have also been
explored, but these strategies have their own drawbacks that hin-
der their implementation and as such are not the focus of this
work.[]

Both thermal catalytic and electrocatalytic reduction of NO,~
have shown promise as potentially disruptive technologies for the
direct removal of NO,~ during water treatment by reduction of
NO,™ to create N, or NH,*. The first two steps of both processes
are adsorption of NO;~ to form NO;~ 4 and then the reduction
of NO;™ 4y to NO,™ 4. Generally, the NO,™ 4 is then subse-
quently reduced to NO,, and then, through a series of inter-
mediates to either N, or NH,* (Scheme 1).3*0 Typically during
electrocatalysis, the reduction process occurs through direct elec-
tron transfer from the electrode to the adsorbed N-species. The
competition of the various mechanisms during electrocatalytic
NO,~ reduction, which have been well summarized in a number
of recent reviews, have a direct influence on the end-product se-
lectivity. Traditionally, coinage metals (Cu, Ag, Au) and platinum-
group metals (PGM; Rh, Ru, Ir, Pt, Pd) are used as cathodic ma-
terials for electrocatalytic NO,~ reduction, though a number of
other metals and metal oxides (e.g., Ti, TiO,, Fe, Bi) have also
been studied in an attempt to improve catalyst performance or
to target certain end-products.?**#2] Some of these studies have
shown that the mechanism of electrocatalytic NO,~ reduction is
highly dependent on the actual exposed facets of the metal elec-
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trode, and exposing ideal facets can improve performance and al-
ter selectivity.*>*4] Further, the addition of secondary metals has
been used to improve activity during electrocatalytic NO,~ and
NO,~ reduction and to direct end-product selectivity.*>*¢ How-
ever, these studies have only explained why one end-product is
more favored than another, and they have not yielded tunable
end-product control. More recent work also suggests that while
electrocatalytic and thermal catalytic NO,~ reduction may follow
similar pathways, there are major mechanistic differences be-
tween the two technologies, and the study of one should not ex-
clude the other.[4046:49]

In thermal catalysis, the reduction processes use atomic hydro-
gen as the electron donor. The atomic hydrogen is usually gener-
ated in situ by oxidative dissociation of H, using a PGM. The first
step of transforming adsorbed NO,~ to NO, ™ often requires the
presence of a promoter metal (e.g., In, Cu, Sn) to help activate the
first N-O bond in NO,~, and generally this step is not regarded as
rate limiting for thermal catalysis.>**!] Subsequently, NO,~ mi-
grates to the PGM where it is further reduced to NO, and then,
through a series of intermediates, to N, or NH,*. The promoter
is then regenerated by reduction with additional H,.[®55%] His-
torically, Pd has been the preferred PGM for thermal catalysis
(with In, Cu, or Sn as a promoter) due to its relatively high activ-
ity and its high selectivity for N,.[>25¢57] Formation of NH,* has
commonly been avoided as it promotes bacterial growth in fin-
ished water; this negatively impacts the taste and odor of drinking
water, and raises concerns regarding growth of pathogens.[>%-¢0l
However, NH, " is a valuable product that can be re-used in agri-
culture, such that its recovery has more recently garnered atten-
tion. Alternatives to Pd-based catalysts (e.g., nickel phosphide
(Ni,P), ruthenium (Ru), etc.) have emerged as promising alter-
natives that can achieve near complete selectivity toward NH,*
formation upon NO,~ reduction, and, importantly, they do not
require a promoter metal for the first step of NO;~ reduction to
NO,~.[6162] Unfortunately, Ni,P catalysts can only activate NO,~
in low pH environments (pH 2-4),[°!) whereas, Ru-based cata-
lysts show high activity for NO,~ reduction at pH ranges closer to
those of typical drinking water (e.g., 5.0-5.5).1°?] Ru is also signif-
icantly less expensive than Pd ($14.95 gp, =" versus $42.91 g, ™'
MetalsDaily and APMEX, Inc.; August 2023). A clear mechanis-
tic understanding of how Pd and Ru surfaces alter the binding
energies of species involved in competing NO,~ reduction path-
ways is notably absent in this arena. Having a detailed under-
standing of key catalyst structure-function relationships can help
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explain why certain catalyst compositions select for different end-
products, and how reaction thermodynamics can be exploited to
obtain desired ratios of N, to NH,*; to-date, these relationships
remain poorly understood from a fundamental standpoint. Al-
though mixed ratios of N, and NH,* might not be desirable for
most nitrate reduction applications, the ability to tune binding
energies to obtain specific product mixtures would have much
wider applications in industrial-scale catalysis.

The goal of this work is to explore structure-selectivity correla-
tions in ruthenium-palladium nanoparticles (Ru,Pd,,,_,NPs) as
a function of catalyst composition, which can itself be dictated by
synthetic design. We synthesized a series of Ru,Pd,,_,NPs with
target ratios that span the entire composition range, correspond-
ing to x = 10, 30, 50, 70, and 90, by adapting previously published
methods 1% that utilize a convenient and scalable microwave
(MW)-assisted synthetic approach.[*#®] We then characterized
the resulting solid-solution nanoparticles using a variety of tech-
niques, including powder X-ray diffraction (PXRD), transmission
electron microscopy (TEM), scanning transmission electron mi-
croscopy with energy dispersive X-ray spectroscopy (STEM-EDS),
X-ray photoelectron spectroscopy (XPS), and inductively coupled
plasma optical emission spectrometry (ICP-OES). This structural
information is combined with experimental model catalytic stud-
ies, which are able to provide kinetic information of NO;~, NO, ™,
and NO reduction as a function of Ru-Pd composition. Finally, we
employed computational chemistry in the form of density func-
tional theory (DFT) to elucidate the observed reactivity and to re-
late it to catalyst behavior as pertains to the most prevalent NO,~
reduction pathways that result in selective formation of N, and
NH,*.

All the Ru, Pd,,_, NP catalysts studied in this work were found
to display pseudo-first-order reaction rates for NO,~, NO,~, and
NO reduction by H,, and the apparent hydrogenation activity
was found to be heavily dependent on both the catalyst composi-
tion and the starting reagents employed. Furthermore, we found
that selectivity towards NH,* is indeed tunable as a function of
catalyst composition, driven by competitive binding between N-
species and H, at various Ru-Pd surface ensembles, which are
present in different frequencies based upon the specific Ru:Pd ra-
tios. Through our combined experimental and theoretical work,
we were able to explore the hypothesis, that: “intrinsic variations
in reactivity and adsorption of various reaction species on differ-
ent Ru,Pd,,_,NP surfaces are responsible for the observed dif-
ference in end-product selectivity, as well as the difference in ac-
tivity.”

2. Experimental Results

2.1. Microwave Synthesis of RuPdNPs

Ruthenium-palladium nanoparticles with random, solid-
solution structures and finely tunable Ru:Pd compositions
(Ru,Pd,o,_,NPs) were prepared by the co-reduction of common
Ru*t and Pd?* salts using a microwave-assisted polyol method.
The target value of x was determined based on the molar ratio
of metal precursors employed in a given reaction, such that the
total molar amount of metal (Ru + Pd) was 0.10 mmol in all
cases (Table S1, Supporting Information). In general, a solution
containing a specified molar ratio of RuCl; and K,PdCl, was
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dissolved in ethylene glycol (EG) and injected directly into a hot
solution of EG containing excess poly(vinylpyrrolidone) (PVP)
that was pre-heated to 185 °C, at a controlled rate, within a CEM
MARS-5 microwave reactor. After heating for 30 min, the result-
ing PVP-capped RuPdNPs were isolated by precipitation (see the
Experimental Methods section in the Supporting Information
for details). ICP-OES revealed actual resulting compositions with
x = 83.9, 67.4, 45.6, 27.5, and 11.1, compared to the notional
(target) compositions of x = 90, 70, 50, 30, and 10, as shown in
Figure 1a; Table S2 (Supporting Information). The uniformly
close agreement between target and actual compositions across
all Ru:Pd ratios indicates that Ru** and Pd** were successfully
co-reduced under the chosen reaction conditions, without the
co-formation of secondary, monometallic species. The lattice
structures of the Ru,Pd,,,_,NPs were investigated using powder
X-ray diffraction (PXRD). In their monometallic forms, Ru
exhibits hexagonal close packing (hcp), while Pd resides in
the face-centered cubic (fcc) lattice. Ru can be crystallized in a
relatively stable, kinetic fcc setting in small nanoparticles, 66681
and as such, it is known to readily adopt an fcc structure when
alloyed with another fcc metal.[®36%7% Interestingly, in this case,
Figure 1b shows that the diffraction patterns of the samples
revealed characteristics of both hcp and fec lattice structures
(Figure 1b). The extent to which one structure dominated over
the other was dependent on the particle composition, such that
Ru-rich particles displayed greater hep character, while Pd-rich
particles showed more fcc character, in agreement with previous
reports.[©37172]

Transmission electron microscopy (TEM; Figure 1c—i) reveals
quasi-spherical particles for all Ru,Pd,,,_,NPs, contrary to pre-
vious reports of Ru-rich RuPdNPs which indicated elongated,
non-spherical particles.®3] This difference in particle morphology
could be due to capping agent effects from the higher PVP-to-
metal ratio used in this work versus that of Kusada et al., and/or
the presence of hotspots generated by the interaction of the mi-
crowave irradiation, in which early nanoparticle seeds could fa-
cilitate isotropic growth. In this work, as the atomic percent of
Pd in the alloy was increased, the particle shape became more
cuboctahedral, which is consistent with the equilibrium struc-
ture of foc nanocrystals, such as pure PANPs (Figure 1i).7374
As shown by Figure 1j, the size of the particles increases from
monometallic RuNPs (2.6 nm) as the amount of Pd increased.
The size reached a maximum at Ru,;,Pd;,NPs (8.4 nm) and then
decreased to Ru,,Pdy,NPs (8.0 nm) and again to monometallic
PdNPs (5.6 nm). All compositions of Ru,Pd,,,_,NPs displayed
narrow size dispersity (o < £20%).

Scanning transmission electron microscopy with energy dis-
persive X-ray spectroscopy (STEM-EDS) analyses were per-
formed to confirm random alloying of Ru and Pd within the par-
ticles as opposed to a mix of RuNPs and PANPs or a segregated
structure; representative results of the Rug,Pds,NPs are shown
in Figure 2. Figure 2b-d show the maps of Ru, Pd, and their el-
emental overlays, respectively. Taken together, these maps give
direct evidence of a solid-solution Ru-Pd structure, despite their
classical immiscibility in bulk at room temperature.[”>] EDS line
scan analyses (Figure 2e,f) further corroborate solid-solution al-
loys within individual particles. STEM-EDS maps of various com-
positions (Figure S1-S4, Supporting Information) confirm that,
on the nanoscale, Ru and Pd can be alloyed across the entire
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Figure 1. a) Comparison of measured nanoparticle compositions by different techniques versus the target composition (dashed red line): ICP-OES
(blue circles), EDS (green diamonds), and XPS (orange squares). b) Powder X-ray diffraction patterns for Ru,Pd;y,_,NPs. The vertical lines represent
expected reflections for hep Ru (black; from the bottom) and fec Pd (teal; from the top). Representative low-resolution TEM images for ¢) RuNPs, d)
RuggPdqoNPs, €) RuyoPd3gNPs, f) RugoPdsgNPs, g) RuzoPd;oNPs, h) RuigPdgyNPs, and i) PANPs. The insets show size distributions with histograms

of measured sizes. Scale bars shown are 50 nm. j) Relationship between particle composition and particle size for Ru,Pd;y,_,NPs.

composition range. The composition results from EDS anal-
ysis yield values of x = 94.1, 78.9, 54.7, 32.8, and 12.6, in
relatively close agreement with values calculated from ICP
(Figure 1a; Table S2, Supporting Information). STEM analyses of
the monometallic RuNPs and PANPs show that both monometal-
lic samples consisted of single crystalline particles (Figure S5 and
S6, Supporting Information, respectively). Analysis of the RuNPs
yields a lattice d-spacing of 2.061 A, closely corresponding to the
(101) planes of pure hcp Ru (expected d-spacing of 2.055 A). Anal-
ysis of the monometallic PANPs yields a d-spacing of 2.247 A,
which agrees with the expected d-spacing of the (111) planes of
pure foc Pd (2.246 A). The STEM images of the alloys show that

Small 2024, 20, 2308593 2308593

the alloyed particles were polycrystalline with small domains (see
Figure 2g,h, Figure S7-S10, Supporting Information). For parti-
cles with x < 50, the measured d-spacing corresponds to the fcc
(111) planes, with the measured d-spacing decreasing with in-
creasing Ru content (x). The measured d-spacing of Ru,,Pd; NPs
and Ruy,Pd,,NPs corresponds well to what was expected for hcp
(002) planes, and the measured d-spacings again decrease with
increasing Ru content (x). Our results are in close agreement with
previous reports of alloyed RuPdNPs that have demonstrated that
individual particles consist of small hep and fecc domains. (%3]

The surface and near subsurface compositions of the
Ru,Pd,,,_,NPs were assessed by X-ray photoelectron

(4 of12) © 2024 Wiley-VCH GmbH
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Figure 2. a) HAADF-STEM image, b) Ru-L EDS map, c) Pd-L EDS map, and d) Ru-Pd overlay of several RusqPdsoNPs. Scale bars shown are 10 nm.
e,f) Compositional EDS line profiles for Ru (purple) and Pd (cyan) for single RusqPdsqNPs. Scale bars shown are 5 nm. g) HAADF-STEM image and
h) corresponding BF-STEM image of a single RusoPdsoNP. Scale bars shown are 5 nm. Shown in h is the measured lattice d-spacing of 2.225 A, which

corresponds to the fcc (111) planes of the RusyPdsoNPs. The inset in h shows the forward Fourier transform (FFT) calculated from the NP.

spectroscopy (XPS), where the X-ray penetration depth was
somewhat selective to the NP exteriors. These data are in good
agreement with both the target nominal compositions and the
corresponding compositions measured by ICP-OES and EDS
(Figure 1a; Table S2, Supporting Information). In direct agree-
ment with elemental mapping studies, Ru surface enrichment
was not observed, despite the difference in reduction potentials
of the two metals: E, = 0.60 V versus Ep; = 0.95 V. The
lack of an observed surface Ru bias is likely due to the presence
of PVP overlayers; previous studies have demonstrated that
adsorbates such as H "] and N ) can stabilize Pd atoms at
NP surfaces. XPS was also used to examine the distribution of
average oxidation states of surface atoms, which were exposed
to air during synthesis and storage and were therefore assumed
to be oxidized to a greater extent than when under reducing cat-
alytic conditions (Figure S11-S13, Supporting Information). The
subsurface Ru and Pd atoms are expected to be zero-valent since
they are fully coordinated with other metal atoms. The Ru 3p
peaks were chosen for analysis due to the superimposition and
resulting convolution of the Ru 3d region with the C 1s region
(Figure S12, Supporting Information). For all Ru-containing
samples, the Ru atoms at the particle surface were present as
Ru’, with the Ru 3p,,, peak appearing at 461.7 eV (Table S3,
Supporting Information; cf. 461.20-461.70 eV).”87%1 XPS analy-
sis revealed a combination of Pd° and Pd?* for all Pd-containing
catalysts, with Pd 3ds,, peaks at 335.3 eV and 337.0 eV for Pd°
and Pd**, respectively. The Pd 3d;;, peaks appear approximately
5.3 eV higher than the Pd 3ds;, peaks (Table S4, Supporting
Information). Generally, ~25% of the Pd surface atoms were
present in the Pd?* oxidation state for all compositions (Table S5,
Supporting Information); this was in direct opposition to prior
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work with Pd-based alloys where the fraction of Pd** decreased
as the amount of Pd in the alloy decreased.[®*821 However, it
was anticipated that surface oxidation should not impact catalyst
performance, since the catalysts require pre-reduction under
flowing H, gas, so all exposed metal surfaces should be reduced
to their metallic, zero-valent state.[®’]

2.2. Catalytic Nitrate Reduction

The as-synthesized Ru,Pd,,,_,NPs, RuNPs, and PdNPs were
supported on amorphous silica (a-SiO,) via direct deposition
from aqueous-organic suspensions, with notional targeted metal
loadings of 4-5 wt% (Ru + Pd). ICP-OES analysis of the sup-
ported catalysts confirmed successful loading of all RuPdNP
compositions on a-Si0,, with actual loadings between 3.8
4.7 wt% (Table S6, Supporting Information). Analyses of the
supported particles by TEM demonstrated no change in particle
morphology during the deposition process (Figure S14, Support-
ing Information). Further, STEM-EDS analysis of SiO,-supported
Ru;,Pd; NPs after catalysis (Figure S15, Supporting Informa-
tion) confirmed the stability of the NPs on the SiO, support, and
showed that the atomic structure of the NPs was stable through-
out both deposition and catalysis. Amorphous SiO, was chosen
here as the catalyst support because it is relatively inert and thus
should not play a role in the measured catalytic activity or selec-
tivity, allowing for examination of the intrinsic structure-function
relationship of RuPdNPs.[#+#] Catalytic reduction experiments
using NO,~ were performed in semi-batch reactors using H,
gas as the reducing agent. For NO,;~ reduction, all catalysts
displayed pseudo-first-order kinetics (Figure S16, Supporting

© 2024 Wiley-VCH GmbH
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Figure 3. First-order rate constants for a) aqueous NO;~ reduction, b) aqueous NO,~ reduction, and c) aqueous '"NO reduction normalized to total
metal (i.e., Ru + Pd) as wt% of catalyst in units of liters per gram metal per min. NH,* selectivity (as a fraction of mol NH,* produced per mol N lost)
at d) 50% conversion (blue striped bars) and complete conversion of initial NO;~ (orange solid bars), e) complete conversion during NO,~, and f)

complete conversion during ">NO reduction.

Information), from which apparent first-order rate constants
were calculated (Table S7, Supporting Information). These rate
constants were then normalized to the total amount of metal
in each catalyst as shown in Figure 3a—c. These rate con-
stants were further normalized to turnover frequencies (TOFs;
Figure S17a, Supporting Information), and the trends in activity
between the mass-normalized activity and the TOFs were in good
agreement.

The catalytic activity of Ru,Pd,,,_,NPs in NO,~ reduction was
found to have a direct correlation with the value of x: as the
amount of Ru in the catalyst decreased, the NO,~ activity also
decreased. The monometallic RuNP-SiO, catalyst displayed the
highest metal-normalized activity of 0.97 L gy,! min~?, sev-
eral times lower than reported by Huo et al. (cf. 4.13 L gy,~!
min~').[%2] This difference may reflect the different reaction con-
ditions used here versus those used by Huo and coworkers,
or intrinsic reactivity differences that stem from the different
preparation methods of the RuNPs in that work and ours. The
monometallic PANP-SiO, catalyst displayed very little degrada-
tion of NO,~, with a calculated activity of 0.01 L g,,~! min~"; this
was in good agreement with other studies using Pd-based cata-
lysts for NO,~ reduction.l**578687] The decreasing activity of the
alloyed Ru,Pd,,,_,NP-SiO, catalysts with decreasing amount of
Ru present was due to the limited ability of Pd to abstract the
first oxygen from NO,~ to initiate the reaction. The estimated
Dambkohler coefficient (Da) was <<1 for the least active catalyst
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(RuyyPdyyNP-Si0,), indicating that external mass transfer limita-
tions of NO,~ and H, on the reactions were negligible; similarly,
the Weisz-Prater parameter (Cyp) Was <<1, indicating that inter-
nal mass transfer within the SiO, pores did not limit the overall
reaction rates (see Supporting Information for details on the cal-
culations of both parameters).

The end-product selectivity of the Ru,Pd,,,_,NP-SiO, cata-
lysts was assessed at both 50% loss and complete loss of NO;~
(Figure 3d and Table 1). In both instances, the selectivity for
NH,* decreased as the amount of Ru in the catalyst (x) was

Table 1. Selectivity of NH,* versus N, (as % NH,*) during NO;~, NO, ™,
and NO hydrogenation over Ru,Pdy,_,NP-SiO, catalysts.

Ru:Pd NO;~ reduction? NO;~ reduction® NO,~ reduction® NO reduction®)

100:0 97.6 (4.2) 99.8 (0.3) 43.7 (2.0) 64.3 (8.5)
90:10 97.1(2.6) 99.2 (1.4) 32.7 (0.2) 85.3 (4.3)
70:30 91.6 (1.9) 98.7 (1.9) 93.6 (0.9) 68.0 (9.2)
50:50 91.4 (1.5) 96.9 (4.4) 96.5 (2.8) 52.7 (5.6)
30:70 70.8 (11.8) 93.7 (1.6) 78.4 (6.8) 463 (13)
10:90 62.3 (7.0) 84.1(4.7) 68.9 (0.3) 33.7 (3.9)
0:100 - - 1.4 (0.) 1.2 (0.4)

b .
? Measured at 50% loss of NO;~; ) Measured at 100% loss of N-parent species.
Values in parentheses represent standard deviation of measurements.
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decreased. The NH,* selectivity of the catalysts increased
as NO,;~ conversion approached complete conversion. This
was likely due to the decreasing concentration of NO;~
in solution, which was anticipated to decrease the N:H
ratio on the catalyst surface, thus making the formation
of N-H bonds more likely.?*#-%1 Supported nanoparticle
catalysts with intermediate or higher amounts of Ru dis-
played > 90% selectivity towards NH,* even at 50% re-
duction of NO;7; in contrast, more Pd-rich catalysts dis-
played significantly less NH," selectivity (70.8% and 62.3% for
x = 30 and 10, respectively).

2.3. Nitrite and NO as Reduction Intermediates

The current mechanistic understanding of NO,~ reduction by
noble metal catalysts indicates that NO;~ is first reduced to
NO, ", which is further reduced to NO, then transformed to N,
which can ultimately lead to either NH,* formation by reac-
tion with nearby H atoms or N, formation by direct reductive
elimination.’1:628691.92] Tn this study, neither NO,~ nor NO was
detected during NO, ™~ reduction, indicating that the reduction of
both species was faster than their formation under the measured
conditions or they were strongly sorbed. To better understand the
impact of both species on the selectivity of NO,~ reduction, reac-
tions were performed with either NO,~ or NO as the initial N-
species.

When reactions were initiated using NO,~, all catalysts again
displayed pseudo-first-order kinetics from which apparent first-
order rate constants were calculated before being normalized to
the total metal content (Figure S18 and Table S7, Supporting In-
formation) and to TOFs (Figure S17b, Supporting Information).
The activity of Ru,Pd,,,_,NPs for NO,™ reduction decreased as
the amount of Ru in the catalyst (x) increased (Figure 3b). This
trend was in direct opposition to that seen when NO,~ was the
initial reactant species. The monometallic PANP-SiO, catalyst
displayed the highest activity of 1.53 L g, ' min™" (cf. 1.3 L g,
min~! from Hérold et al.,5?1 1.35 L g,,~! min~! from Troutman
etal.® and 2.0 L g,~! min~! from Seraj et al.®%). Only ~15%
of the NO,~ was degraded after three hours when using the pure
RuNP-SiO, or Ru,,Pdy,NP-SiO, catalysts (k= 0.036 L g, ! min~!
for both). This trend agrees with previous reports, where the
NO, ™ reduction activity on Ru-catalysts was much lower than Pd-
catalysts.[®?] Selectivity behavior of the Ru,Pd,,, ,NP-SiO, cata-
lysts during NO, ™ reduction was completely different than the se-
lectivity during NO,~ reduction (Figure 3e and Table 1). In agree-
ment with previous reports, the PANP-SiO, catalyst displayed al-
most complete selectivity for N, gas (98.6% N,), while the RuNP-
SiO, catalyst yielded a mix of NH,* and N, (43.7% NH,* versus
56.3% N,).1628082] A]] alloy catalysts except Ru,,Pdy,NP-SiO, dis-
played higher selectivity towards NH,* than the pure RuNP-SiO,
catalyst. The Rus,Pds,NP-SiO, displayed near-complete selectiv-
ity towards NH,*, closely followed by Ru,,Pd,,NP-SiO, (96.5%
NH,* and 93.6% NH,*, respectively).

When reactions were initiated using NO, all catalysts
displayed pseudo-first-order kinetics and demonstrated near-
complete (> 90%) reduction of all ’NO (Figure S19 and Table S7,
Supporting Information). The NO reduction activity of the
Ru, Pd,,,_.NP-SiO, displayed a volcano-shaped dependence on
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composition (Figure 3¢; Figure S17¢, Supporting Information),
in contrast with both NO,~ and NO,~ reduction activity. The
pure PANP-SiO, catalyst outperformed the pure RuNP-SiO,
(1.34 L g,,~! min~! versus 0.55 L g,,”! min~!, respectively).
Upon incorporation of a small amount of secondary metal (e.g.,
Ruy,Pd,,NPs and Ru,,Pdy,NPs), the activity was markedly de-
creased. The Rug,Pds,NP-SiO, catalyst displayed the highest
15NO reduction activity of 1.80 L g,,~! min~!. The selectivity be-
havior of the Ru,Pd,,,_,NP-SiO, catalysts is similar to that dur-
ing NO,~ reduction: generally, as the amount of Ru in the al-
loy (i.e., the value of x) increases the catalyst becomes more se-
lective for NH,* formation (Figure 3f and Table 1). The pure
PANP-SiO, catalyst displayed very little NH,* formation dur-
ing ®’NO reduction (1.2%), in agreement with previous stud-
ies looking at NO reduction using a Pd catalyst, which found
that Pd catalysts display high (> 90%) N, selectivity.”*] When
a small amount (e.g., 10%) of Ru was added to the catalyst, the
NH,* selectivity increased to 33.7%. The selectivity steadily in-
creased to reach that of the Ruy,Pd,,NP-SiO, catalyst (85.3%
NH,*). However, the pure RuNP-SiO, notably did not follow
this trend; instead, >'NO reduction over the RuNP-SiO, resulted
in a mixture of both ’'NH,* and "N, gas (64.3% NH,* and
35.7% BN,).

3. Computational Results

As mentioned above, selectivity can be controlled either by chang-
ing the reaction conditions (i.e., pH, H, gas flow rate) or by
changing the intrinsic reactivity via composition/structure tun-
ing (resulting in the control of relative barrier heights). It is well
documented that both pH and H, flow rate play a major role in
both NO,~ removal activity and selectivity towards NH,* versus
N, when using Pd-based catalysts.[>28>92] Ru-catalysts have also
shown pH-dependent NO,~ reduction activity, although the cat-
alytic selectivity remained high (> 90%) at all tested pH values
(pH 3-10).[2] Additionally, all NO,~ reduction experiments in
this work were well buffered (pH = 6.4 + 0.2) and were performed
with the same H, flow rate. Therefore, neither the pH nor the H,
flow were expected to cause the observed selectivity differences of
the alloy catalysts.

We hypothesize that the observed difference in end-product
selectivity, as well as the differences in activity, are due to vari-
ations in intrinsic reactivity and adsorption of various reaction
species on the different Ru,Pd,,,_, NP surfaces. This infers that,
when reactivity dominates, the observed selectivity is primarily
determined by the thermodynamics of the competing pathways
for N-species reduction. By comparison, when surface coverage
effects are dominant, the product selectivity is controlled by the
ratio of adsorbed N versus H species that are co-adsorbed on the
nanoparticle surfaces, which determines whether N-H or N-N
bond formation is more likely (regardless of potential differences
in the relative energies of the competing pathways). To evaluate
our hypothesis, we used DFT to calculate the adsorption free en-
ergies of key reaction species (e.g., NO;~, NO,”, NO, N, H, NH,
and N,) on various Ru,Pd,,,_, surfaces and to calculate the en-
ergetics related to NH,* and N, formation, shown in Figure 4.
We were thus able to examine how the thermodynamics of the
competing pathways for NH,* formation and N, formation, as
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Figure 4. a) Energy requirement to move from the N*, H* stage to the NH* stage (green squares) or from the 2N* stage to the N, * stage (red diamonds)
on a Ruygg, RuysPdys, RuysPdys, and Pdygy surface. The more favorable pathway is the one with a lower relative free energy for each composition. The
insets show the four possible representative triatomic ensembles on the alloy surface: Rus, Ru,Pd;, Ru;Pd,, and Pd;. b) Comparison of the binding
energies of nitrate (NO;*; blue circles), nitrite (NO,*; green diamonds), nitric oxide (NO*; teal squares), and hydrogen (H*; red triangles) on various

Ru,Pd;go_, surfaces.

well as surface coverage effects, impact selectivity during NO, ™,
NO, ", and NO reduction over RuPdNP surfaces.

3.1. Thermodynamics of Competing NH,* versus N, Formation
Pathways on RuPd Surfaces

Previous theoretical studies have demonstrated that the hydro-
genative reduction of NO,;~ follows a single pathway to the
formation of adsorbed NO (i.e., NO¥*, where “*” represents
an adsorbed state), before splitting into the pathways leading
to NH,* or N,.5*621 Here, using DFT calculations, we calcu-
lated binding energies of the NO*, N*, H*, NH*, and N,*
species on Ru,Pd,,_,NP catalysts to better understand the end-
product tunability of reaction selectivity during NO,~ reduc-
tion (Scheme 1). The relative free energies of the different re-
action steps were calculated on four different Ru,Pd,,_, NP sur-
faces (Ruyy, Ru,sPd,s, Ru,sPd s, and Pd,,). For alloy surfaces,
the overall adsorbate binding energy was calculated by taking a
weighted average of the adsorbate binding energies at each of
the possible triatomic ensembles (Table S8, Supporting Informa-
tion). The results indicate that the most important step in de-
termining selectivity is the progression from N* to either NH*
or N,* (i.e., forming an N-H bond from N* and H* or forming
an N-N bond from two adsorbed N*). Thus, comparing the N-H
bond formation energy with the N-N bond formation energy may
be a good descriptor of catalyst selectivity, where the lower forma-
tion energy (i.e., a more negative value meaning more exothermic
or a less positive value meaning less endothermic) will be more
favorable. These results are shown in Figure 4a, where the differ-
ence in binding energies of States 2 and 1 are plotted as a function
of catalyst composition (for example [E}, yy« — Ey+ — Ep ] as
shown by the green squares and [E,, , — 2E,, y,] as shown by the
red diamonds); the values used are presented in Table S9 (Sup-
porting Information). DFT calculations show that N* strongly
binds to the pure Ru catalyst surface, and so both N-H and N-
N formation are endothermic. On monometallic Ru,, catalysts,
N-H formation requires 0.06 eV, which is much less than the
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1.95 eV required for N-N formation. Thus, the formation of N—
H, and eventually NH, *, is thermodynamically favored on a Ruy,
catalyst. As the fraction of Ru in the catalyst decreases, the N bind-
ing energy becomes weaker (more positive), and the difference
between the N-H bond formation energy and the N-N bond for-
mation energy also decreases. Correspondingly, a Ru,sPd,s sur-
face is still predicted to favor N-H formation over N-N (—0.02 eV
versus 0.53 eV, respectively). However, in the other extreme, the
energy for N-N formation at a Ru,;Pd,; nanoparticle surface is
predicted to become slightly more favorable than N-H formation
(—0.45 eV versus —0.19 eV), indicating a change in overall selec-
tivity as the amount of Pd in the catalyst increases. On a pure
Pd,, surface, N* binds weakly compared with NH* and N,* so
both N-H and N-N formation are exothermic. N-N formation
is much more exothermic than N-H formation (—0.94 eV versus
—0.26 eV, respectively) meaning N, is expected to be the primary
product using a pure Pd catalyst.

3.2. Surface Coverage Effects from the Adsorption of H, NO, ™,
NO,™, and NO

It is important to note that the calculations in Section 3.1 do not
take into consideration surface coverage effects, and therefore
only represent the thermodynamically favored end-product for-
mation. We postulate that the selectivity of Ru,Pd,,,_,NP cata-
lysts during NO,;~, NO,~, and NO reduction may be impacted by,
if not controlled by, the competitive adsorption of NO,~, NO, ",
NO, and H,. For example, it has been proposed that increas-
ing initial NO,~ concentrations during reduction over pure Ru
and Pd catalysts leads to decreasing activity because the NO,~
outcompetes the H, for adsorption onto the catalyst surface,
which limits the overall reaction.l®>*] To understand how NO,~
and NO,™ adsorption impact selectivity during reduction start-
ing with each of these species, we calculated the binding ener-
gies of aqueous nitrate, nitrite, NO, and H on a pure Ru,,, sur-
face, a Ru,;Pd, surface, a Ru,;Pd, surface, and a pure Pd,, sur-
face, shown in Figure 4b; Table S10 (Supporting Information),
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following reactions 1-4. These binding energies can influence
the surface coverage of N- and H-species (and thus the N:H ratio
on the surface), which in turn influences the catalyst activity and
selectivity.

NO;J (aq) + * — NO;* (1)
NOj (aq) + * — NO,* (2)
NO (aq) + = — NO = (3)
%Hz (aq)+ * — H = “4)

3.2.1. Hydrogen Binding

Previous computational studies of nitrite reduction over metallic
catalysts have demonstrated that N binding on a metal surface is
often a key descriptor in catalyst activity and selectivity, and that
H binding energy, while important, is not a key determinant in
reactivity or selectivity for catalytic NO,~ reduction.[®) Our work
here confirms this trend. Shown in Figure 4b by the red trian-
gles, the overall difference in H binding between a pure Ru fcc
(111) surface and a pure Pd fcc (111) surface is relatively small
(—0.59 eV versus —0.61 eV, respectively). Additionally, it should
be noted that the H binding using several pure Ru hcp slabs is also
similar (approximately —0.6 eV). Further, our calculations show
that alloying Ru and Pd does not significantly impact the H bind-
ing energy (Table S10, Supporting Information), which is reason-
able, since both Ru and Pd have a high proficiency for dissociative
hydrogen activation.[>*] When compared to the binding energy
trends of nitrogen-containing species, the relative consistency of
H binding indicates that while H binding to the catalyst surface
is important, dissociative H, binding alone is not a key determin-
ing factor for overall selectivity. This is further evidenced by the
experimental setup: in all cases the experimental system is pre-
sparged with hydrogen gas so that the catalyst surface is antici-
pated to be covered with a layer of adsorbed H* atoms when the
NO,~, NO, ™, or NO is introduced.

3.2.2. Comparison of Nitrate, Nitrite, and NO Binding Energies to H

Figure 4b shows that NO, ™~ (blue circles) binds weaker to all cata-
lysts than H (red triangles), indicating that NO,~ should not out-
compete H for available surfaces sites and nitrate reduction is
not limited by a lack of H* atoms on the catalyst. On Pd-rich sur-
faces (pure Pd,, and Ru,;Pd;) the nitrate binding energy is pos-
itive (0.42 eV and 0.03 eV, respectively) indicating a weak binding,
so nitrate is unable to bind to the catalyst surface or binds very
weakly, resulting in negligible nitrate reduction activity for Pd-
rich catalysts on the extreme end of the composition range and
low activity for intermediate Pd-rich catalysts (Ru;,Pd,,NPs). On
Ru-rich surfaces (pure Ru,o, and Ru,sPd,s), nitrate binding en-
ergy is favorable (negative) but weaker than H binding (—0.28 eV
on Ru,o, and —0.33 eV on Ru,Pd,s). Thus, NO,~ can bind to
surface sites to initiate reduction, but a relatively high H* cover-
age is expected which contributes to the good performance of Ru-
rich catalysts for reducing nitrate. Hence, Ru-rich catalysts have
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higher activity for NO,~ reduction than catalysts with a moderate
or low amount of Ru.

As shown in Figure 4b, NO,~ (green diamonds) binds more
strongly to a pure Ru,, surface (—0.94 eV) and a Ru,;Pd,; sur-
face (—0.86 eV) than H (red triangles). This strong binding can
poison the catalyst surface with nitrite species leading to both de-
creased activity and NH,* selectivity due to a lack of H* atoms
(resulting in a high N:H ratio). On the other hand, nitrite binds
weaker to a pure Pd,, surface (0.02 eV) and a Ru,;Pd,; surface
(—0.44 eV) than H, resulting in more H* atoms on the surface
to carry out nitrite reduction. Interestingly, Figure 4b also reveals
that NO (teal squares) binds much more strongly than H. NO
binding is weakest on a pure Pd,, surface (—1.32 eV) and in-
creases once Ru is introduced. NO binding is strongest on the
Ru,sPd,s surface (—2.53 eV), and only slightly weaker on a pure
Ru,, surface (—2.48 eV). This suggests that NO should strongly
outcompete H for available surface sites, effectively poisoning
the catalysts and leading to low NO reduction activity, similar to
what is predicted for NO,~. However, this is not observed experi-
mentally. We believe this is because NO was introduced as a gas,
which introduces gas-to-liquid phase mass transfer limitations
that experimentally limit the adsorption of NO to the catalysts,
thereby lowering the N:H ratio on the catalyst surface. This limi-
tation of NO adsorption results in higher apparent NO reduction
activity.

4, Discussion

4.1. Selectivity During NO,~ and NO Reduction is Primarily
Controlled by Thermodynamics

Our experimental results for NO;~ reduction, where NH,* is
predominantly formed by Ru-rich catalysts, and N, is formed
in significant amounts only when the Ru composition is <
50% (Figure 3d) are in good agreement with the thermody-
namic behavior of NH,* and N, production as calculated by DFT
(Figure 4a). At 50% loss of nitrate, all Ru-rich catalysts (i.e., x >
50) displayed over 90% selectivity for NH, " production. Based on
our DFT results, the formation of N-H from adsorbed N and ad-
sorbed H is much more favorable than N-N formation on these
catalysts. Additionally, the surface coverage effects contribute to
the NH,* selectivity. The relatively weak binding of NO, ™ as com-
pared to H will mean there is a relatively low N:H ratio on the
surface making N-H formation statistically more likely to occur.
Thus, both thermodynamics and surface coverage result in high
NH, " selectivity during NO,~ reduction on Ru-rich catalysts. As
we shift to more Pd-rich catalysts (i.e., x < 50), the selectivity
for NH,* at 50% loss of NO,~ decreases and N, is produced
in appreciable amounts (29.2% N, for Ru,,Pd,,NPs and 37.7%
N, for Ru,,Pdy,NPs), though the majority of the end-product is
still NH,*. The relatively weak NO,~ binding (0.03 eV) on a Pd-
rich surface indicates that though NO,~ will adsorb to these sur-
faces, it is difficult to do so. This weak binding will result in a
low N:H ratio on the catalyst surface, and the abundance of H
atoms and lack of N atoms make N-H formation more likely
than N-N formation, even though N-N is thermodynamically
favored. Note that since a pure Pd catalyst cannot reduce NO,~
on its own, we cannot compare selectivity experiments with our
theoretical calculations for NO;~ reduction. When we look at
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selectivity at complete conversion of nitrate, we see a similar
trend as at 50% loss of nitrate. All of the Ru-rich catalysts again
show near-complete selectivity for NH,* production (> 95%),
and even the Ru,,Pd, NPs show 93.7% selectivity for NH,*. As
we approach complete conversion of NO;~ using Ru,,Pd, NPs,
the surface coverage effects become even more important. Pre-
vious work by Zhao, et al. demonstrated that as hydrogenation
approaches full conversion, the ratio of adsorbed N:H becomes
even lower than at initial stages of reaction.’®! This decreasing
N:H ratio further emphasizes the surface coverage effects, mak-
ing N-H formation even more likely to occur, especially since
both N-N and N-H formation are exothermic on Pd-rich sur-
faces. Thus, the NH, " selectivity of all the catalysts increases as
NO,~ reduction approaches complete conversion, and more so
for the Pd-rich catalysts than the Ru-rich catalysts.

Generally, the selectivity behavior of Ru,Pd,;,_,NPs dur-
ing NO reduction (Figure 3f) follows that of NO;~ reduction
(Figure 3d). Despite the very strong binding energies of NO, the
adsorption of NO to the catalyst surface is limited by mass trans-
fer from the gas phase to the aqueous phase, and so thermody-
namics typically dominate the selectivity. Throughout the entire
range of alloy compositions, as the amount of Ru increases, the
NH,* selectivity increases following the trend of N-N formation
being more favored than N-H formation on Pd-rich surfaces but
switching to N-H formation being more favored on Ru-rich sur-
faces. However, drawing firm conclusions about selectivity be-
havior is difficult because of the problems that arise from the NO
feedstock being introduced as a gas, versus an aqueous species
like NO, ™.

4.2. Selectivity During NO,~ Reduction is Controlled by both
Thermodynamics and Surface Coverage Effects

While the selectivity behavior of Ru,Pd,,,_,NPs during NO;~
is well explained by NH* and N,* formation, there is a devia-
tion between the selectivity during NO,~ reduction (Figure 3e)
and the thermodynamics of the formation pathways. This devi-
ation stems from the surface coverage effects demonstrated by
the binding energies of NO,™ and H. As mentioned above, the
activities of the Ru,Pd,,,_,NPs during NO,™ are also controlled
by NO,™ and H binding. For pure Ru and very Ru-rich surfaces,
NO, ™ binds more strongly than H. This strong NO, ™ binding poi-
sons the catalyst surface, slowing activity. Additionally, because
the NO,~ outcompetes the H for available surface sites, there is a
very high ratio of N:H on the catalyst surface for Ru-rich catalysts.
Thus, even though the thermodynamics would favor N-H for-
mation, the lack of available adsorbed H means that N-N forma-
tion is more likely on the Ru-rich surfaces. When we look at the
behavior of the Ru,,Pd,,NPs, this is exactly what we see: 32.7%
selectivity for NH,*. However, as we shift to more intermediate
compositions (i.e., x = 50 and 70), the binding energy of NO, ™ be-
comes weaker while the binding energy of H stays relatively con-
stant. Thus, NO,~ does not as strongly outcompete H for avail-
able surface sites, and so the effect of surface coverage decreases
and the effect of thermodynamics increase. Thus, the NH,* se-
lectivity increases moving from Rug,Pd,,NPs to Ru,,Pd,; NPs to
Ru;,Pd; NPs. As we move to intermediate Pd-rich and very Pd-
rich catalysts, the binding energy of NO,~ continues to weaken;
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on a Ru,;Pd,; surface, the calculated binding energy of NO, ™ is
only slightly weaker than the binding energy of H, so we would
expect a slightly higher H surface coverage than NO,~ surface
coverage. Additionally, the thermodynamically favored pathway
switches, and N-N formation becomes more favored than N-
H formation. Consequently, the selectivity of Ru,,Pd, NPs is a
product of both effects, which is evidenced by the experimental
results: 78.4% NH,* and 21.6% N,. As we continue to become
more Pd-rich, the binding of NO,~ becomes even weaker, but
N-N formation also becomes much more favorable, and thermo-
dynamics become more dominant resulting in a lower selectivity
for NH,* production.

5. Conclusion

We have shown that the end-product selectivity of aqueous NO,~
reduction can be effectively and broadly controlled by varying
the ratio of Ru:Pd in randomly alloyed Ru,Pd,,, NP catalysts,
supported on amorphous SiO,. Although Ru and Pd are consid-
ered to be classically immiscible at room temperature across all
compositions in bulk, metastable nanoalloys of Ru and Pd were
confirmed using a variety of complementary spectroscopic tech-
niques. Experimentally, we demonstrated that the selectivity of
NO;~ and NO reduction can be tuned by controlling the compo-
sition of RuPdNPs; specifically, a Ru-rich composition favors the
formation of NH,* and a Pd-rich composition favors N, forma-
tion. These results are supported by extensive DFT calculations
of the thermodynamics of the competing pathways for NH,* and
N,. However, the selectivity during NO,~ reduction follows a
slightly different trend where NH,* selectivity peaks at ~50%
Ru. DFT calculations indicate this behavior is because the surface
coverage of reactants plays a larger role than the thermodynam-
ics of competing pathways during NO,~ reduction compared to
NO,~ and NO reduction. Specifically, Ru-rich surfaces are sus-
ceptible to poisoning by NO,~ coverage resulting in reduced ac-
tivity and higher N, selectivity. Overall, in agreement with our
original hypothesis, we prove that one must consider both the
thermodynamics of competing pathways and the surface cover-
ages of starting reactants when considering catalyst design for ni-
trate reduction. This provides an important lesson for those who
pursue the future discovery of other new catalysts for industrially
relevant reactions, where end-product selectivity is a critically im-
portant consideration.
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