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ABSTRACT: Solid-solution ternary Pd—Au—Cu nanoparticles (NPs)
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with broadly tunable compositions (Pd,«AuyCqu_(Hy); where x = 30— H, H, H,
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70 and y = 15—3S5) were prepared by a microwave-assisted polyol " *

reduction method. Commercially available Pd**, Au*, and Cu®* salts ‘g 15 . ;oW

were directly co-reduced by ethylene glycol and NaBH, in a one-pot /s

process to generate near-monodisperse ternary alloy NPs with mean

HE
€
2
sizes between 2 and 4 nm. Using the same synthetic approach, the 2 ’ ! A
E
£
¥8

corresponding binary alloy PdCu NPs with similar monodispersities and | S l;w&“o <./
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particle sizes were also prepared. The comparative catalytic perform- 0 P e — .
ances of PdCu NPs and PdAuCu NPs were assessed for the aqueous- 0 20 40 60 80
phase reduction of nitrate (NO;~) anions and were compared to Pd Composition (%)
previously published results for analogous binary PdAu NPs. The

experimental catalytic results and theoretical studies reveal that the

resulting catalytic activity of Pd surface sites are highly sensitive to the relative amounts of Au and Cu also present. We ultimately
prove that the hitherto unstudied ternary PdAuCu NPs are highly active and selective as NO,™ reduction catalysts and effectively
utilize Cu as an economically viable dilutant metal, without sacrificing the activity or stability of industrially important and well-
studied PdAu alloy catalysts. From an economic perspective, the ternary alloy nanocatalysts show superior price-to-activity ratios: the
measured turnover rates of Pdg;Au,,Cu;s NPs (3.353 min~! $7) outperform not only monometallic Pd NPs (0.797 min™" $~') but
also binary PdAu NPs and PdCu NPs of all accessible compositions.
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H INTRODUCTION include fast kinetics, ease of operation, low energy con-
. T . 2,7
Nitrate (NO,”) is the most ubiquitous groundwater sumption, and minimization of secondary waste disposal.”” As
contaminant in the United States.' Prominent sources of shown in the proposed catalytic reaction pathways (Scheme 1),
NO,™ arise from the use of fertilizers, livestock, and septic a metal species that is capable of H, activation is required

systems.”” Consumption of NO; -contaminated water can be
especially fatal to infants, causing methemoglobinemia or “blue
baby syndrome”.*® Therefore, the U.S. Environmental
Protection Agency (EPA) established a maximum contaminant

level of 10 mg L™" (as N) for NO; ™. Nitrite (NO,") is the first

throughout the NO,™ reduction processes; platinum group

Scheme 1. Proposed Reaction Pathways for Catalytic Nitrite
Reduction with Pd-Based Alloys

reduction intermediate of NO;~, having an oxidation state of NO, Pd-Malloy (ads) Pd-M alloy N,0 Pd-M alloy N,
N(III). It has shown greater acute toxicity than its N(V) H, H, H,
precursor and can produce carcinogenic N-nitroso compounds M = Ag, Au, Cu, etc. Pd-M alloy

.
in the human body.® Due to the abundance of NO;™ in H, NH,

drinking water that can act as a source of more highly toxic
NO,, the permissible level of NO,™ is more stringently
regulated, with a maximum contaminant level of 1 mg L™" (as Received:  April 12, 2023
N). Therefore, catalytic reduction of NO;~ and NO,~ Revised:  July 14, 2023
continues to gain increasing attention as a promising water
treatment technology. Catalytic denitrification offers obvious
advantages over current processes (e.g, biological treatment,
reverse osmosis membrane separation, or ion exchange), which
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Figure 1. (A) PXRD patterns of PdAuCuNPs with various compositions. (B) Vegard’s plot showing lattice constants of Pd,Aus,_,/,Cusq_,/,NPs as
a function of Pd composition. (C) TEM image of Pds,Au,4Cu,,NPs. Scale bar is 20 nm. Inset: size distribution histograph. (D) Pd 3d, (E) Au 4,

and (F) Cu 2p XPS spectra of Pds,Au,Cu,,NPs.

metals are most commonly used for this purpose. Metallic Pd
catalysts have gained considerable attention in this field over
the past decade: numerous Pd-based catalysts including Pd-
based alloys like Pd—Ag and Pd—Au have been reported to
display superior catalytic performances compared to other
platinum group metals, reflected by their superior activity,
selectivity, and stability.”*~"*

However, the limited availability and unpredictable market
price fluctuations of Pd present major issues for its
implementation, particularly because many other established
industrial processes continue to increase demand upon waning
global Pd reserves. As such, the development of cheaper
catalysts with improved Pd atom utilization and efficiency is of
timely importance. It is often not practical to simply shift away
from Pd-based catalysts and utilize more earth-abundant
metals because doing so may require a completely new
infrastructure, which is not cost-effective on an industrial scale.
Instead, one common compromise strategy involves the
synthesis of more economically practicable catalysts,"> which
remain directly compatible with existing infrastructure (ie.,
“drop-in” technologies) via the dilution of Pd with cheaper,
more earth-abundant metals—often in the form of alloys.
Importantly, this also provides access to unique synergistic
effects (eg, ligand,16 ensemble, and geometric effects”) that

11946

are intrinsic to alloys and can result in more efficient catalyst
materials compared to the corresponding monometallic
components.'”~*° This approach has been studied widely for
a range of binary metal alloy catalysts in both bulk form and as
well-defined nanoparticles (NPs).

Structurally well-defined ternary (ie, three-component)
alloy NP catalysts are much less common and have not been
widely studied for practical applications. Ternary alloys
theoretically provide access to the abovementioned synergistic
effects and offer finer tunability of surface reactivity, compared
to bimetallic alloys. Examples of the controlled synthesis of
binary nanoalloys from molecular precursors are increasingly
numerous; there are also a limited but growing number of
interesting reports of the preparation of so-called “high entropy
alloys”, based on several metals formin§ a single phase, albeit
with limited control over composition.”' By comparison, the
synthesis of compositionally controlled ternary systems remain
comparatively uncommon, particularly for combinations of
metals that have disparate reduction potentials, which present
inherent difficulties in achieving spontaneous co-reduction
using a simple and convenient polyol-type approach.”> While
changes in the average sizes of bi- and trimetallic NPs could
impact their final compositions, our focus in this study was to
obtain compositionally tunable PdCu and PdAuCu alloy NPs
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of similar sizes, using microwave-assisted synthesis.”*~>> The
incorporation of multiple metal atoms into a single,
homogeneous phase is inhibited by disparate rates of reduction
of ionic precursors in solution-based syntheses. Usually, such
issues result in the formation of inhomogeneous (ie., phase-
segregated) or core—shell structures.”””” Thus, the develop-
ment of unconventional synthetic routes that are amenable to
eventual synthesis at-scale, as well as a judicious selection of
chemical precursors, reducing agents, and reaction conditions
(i.e., temperature, pressure, solvent system, efc.) are vital to the
discovery of new nanocatalysts.

Among many novel synthetic approaches developed thus far,
microwave-assisted heating has been shown by our group and
others to be highly effective in synthesizing metastable alloy
NPs based on combinations of classically immiscible metals,
which are difficult to obtain using conventional (convective)
heating methods."”~*****” Under microwave irradiation, polar
solvent molecules and ionic metal precursors strongly couple
with the oscillating electromagnetic field, leading to rapid,
localized heat dissipation.””™>> This nonuniform heating
results in the generation of so-called “hotspots”, whereby
microscopic regions of a bulk solution can become superheated
for short periods of time, compared to the bulk.*”*> These
regions are believed to provide unique environments to
facilitate fast nucleation events under extreme conditions,
including forced coreduction of different metal ions with
dissimilar chemical reduction potentials.

Here, we present the syntheses of well-defined ternary
PdAuCu NPs with controllable compositions and randomly
alloyed (i, solid-solution) structures using microwave-
assisted heating. A systematic comparison of the experimental
catalytic aqueous NO,~ reduction activities of these novel
nanostructures versus the related binary alloy NP systems
(PdCu and PdAu) proves that the ternary alloys offer a greater
degree of tunability. Importantly, the ternary alloy NPs are no
less stable under identical operating conditions, and from an
economic perspective, ternary PdAuCu NPs with optimized
compositions displayed the best price-to-activity ratios,
surpassing both PdCu and PdAu binary alloy NPs. This
fundamental work underlines the significant longer-term
potential of these (and other) ternary alloy NPs as
economically appealing future catalysts.

B RESULTS AND DISCUSSION

The convenient and reproducible synthesis of PdAuCu alloy
NPs was achieved by a microwave-assisted polyol method that
was modified from that in our previous work. Briefly, common
metal salt precursors (K,PdCl,, HAuCl,, and CuCl,-2H,0;
with molar ratios defined by the target NP ratio,
Pd,Auso_/2)Cu(so_y/2)) Were co-dissolved in ethylene glycol
(EG) and injected directly into a preheated EG solution (at
150 °C) containing poly(vinylpyrrolidone) (PVP) and NaBH,
inside a microwave cavity. The addition rate was strictly
controlled to be 3.0 mmol(py,auscy) h™ by using a syringe
pump. Immediate darkening of the reaction mixture was
observed, suggesting the rapid formation of NPs. Upon
completion of precursor addition, the suspension was further
irradiated under rapid stirring for 30 min to ensure complete
reduction and to permit size-focusing. The final products were
then purified by cycles of precipitation and redispersion in
mixed solvent systems, before being analyzed using various
characterization techniques (see the Supporting Information
for more details). In our initial studies, the molar Au/Cu

precursor ratio was maintained at 1:1, while the Pd molar ratio
was systematically varied. We attempted to prepare five distinct
NP compositions corresponding to the notional target formula,
Pd,Au(so_./2)Cuso—r/2) where x = 70, 60, 50, 40, and 30.
Monometallic Pd, Au, and Cu NPs were also synthesized
under otherwise identical reaction conditions for comparison
purposes.

Powder X-ray diffraction (PXRD) patterns of the as-
synthesized ternary NPs showed reflections corresponding to
a single phase corresponding to a face-centered cubic (fcc)
lattice structure, akin to what was observed for the pure Pd,
Au, and Cu NPs (Figures 1A and S1). The center of each
observed Bragg reflection was measured to lie between the
index positions for monometallic Cu (26,,,, = 43.12°) and Au
(26,,0x = 38.10°) and were quite close to those of Pd (20,,,, =
40.15°) (Figure S1). The experimental lattice constants for the
synthesized PdAuCu NPs were in close agreement with the
calculated values obtained using Vegard’s law, indicative of the
formation of a random alloy arrangement within
Pd,Auso_./2)Ci(so-./2)NPs (Figure 1B). Unlike previously
studied Pd,Au(jgo_,y NPs, which show a significant overall
shift in the measured d-spacings as a function of x, the
observed change of lattice constant for the
Pd, Auso_./2)Cuso_/2)NPs with respect to the value of x was
less pronounced.”” This is to be expected because the lattice
constant of Pd (3.89 A) is close to the average constant for Cu
and Au (3.84 A).*® Measured peak widths at half-maximum
were also similar for all five compositions, indicating
comparable average crystallite domain sizes across the entire
composition range studied. The actual compositions of all NPs
were determined by digestion of samples in aqua regia
followed by inductively coupled plasma optical emission
spectroscopy (ICP-OES) analysis, which revealed only minor
inconsistencies compared to the initial target ratios: in all cases,
the actual measured values of Pd,Au(so_,/,)Cuso_,/,) deviated
by < 4% compared to the notional target compositions (see
Supporting Information, Table S1). This indicates that a given
desired composition of PdAuCu NPs can be accurately and
conveniently determined simply based on the metal salt
precursor molar ratios. Henceforth, the ICP-derived values, x,
y, and z (corresponding to Pd,AuCu,), are used when
referring to specific NP compositions. It is also worth noting
that the Au composition was found to be uniformly slightly
higher (i.e, 2—6 wt %) than the Cu composition, possibly due
to the higher reduction potential of Au®*/Au’ (1.50 V) than
Cu®*/Cu’ (0.34 V), which could favor faster incorporation of
Au atoms into the growing PdAuCu NP seeds.”’

Transmission electron microscopy (TEM) images of the as-
synthesized PdAuCu NPs suggest that most of the NPs adopt
an isotropic spherical (i, cuboctahedral) morphology, with
average diameters between 2 and 4 nm (Figures 1C and S2).
Individual size distributions were obtained by measuring at
least 250 individual particles for each composition. The
capping agent PVP is known to favor isotropic NP growth,
since it does not show a strong binding preference for any
particular surface structure [ie, (111) wvs (100)] and is
therefore not usually effective in directing epitaxial growth of
fcc metal NPs. Monometallic Pd NPs prepared by the same
method were also cuboctahedral but with a larger average
diameter of 6.7 + 1.0 nm (Figure S3). Monometallic Au NPs
prepared by the same method were much larger in size (20—30
nm) and displayed a greater morphological variation (Figure
S4). In contrast, monometallic Cu NPs displayed irregular
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Figure 2. (A) Representative HRTEM image of Pds,Au,;Cu,,NP with the lattice fringes shown with yellow dashed lines. Scale bar equals 2 nm.
Inset: corresponding FFT. (B) HAADF-STEM image of two Pds,Au,sCu,,NPs. Scale bar equals 2 nm. (C—F) 2D EDS mappings of (C) overlay;
(D) Pd; (E) Cu; and (F) Au signal. (G) Line scan profile of a Pds,Au,4Cu,,NP with corresponding elemental counts.
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Figure 3. (A) PXRD patterns for PdACuNPs of various compositions. The standard reflection positions for Pd (black dashed line) and Cu (magenta
dashed line) are also shown for reference. (B) Vegard’s plot showing lattice constants of PdCuNPs as a function of Pd composition. (C) TEM
image of Pd,,Cu,gNPs. Scale bar equals to 20 nm. Inset: size distribution histograph. (D) Particle size obtained from TEM analysis and PXRD
reflection broadness as a function of Pd composition. (E) Pd 3d and (F) Cu 2p XPS spectra of Pd,,Cu,NPs.
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Figure 4. (A) HAADF-STEM image of two Pd;,Cu,gNPs. Scale bar equals to S nm. (B—D) 2D EDS mapping of (B) overlay; (C) Pd, and (D) Cu
signal. (E) Line scan profile of two Pd,,Cu,sNPs with corresponding elemental counts.

geometries and a bimodal size distribution, with a prevalence
of smaller (26 + 9 nm) NPs and a minority of very large NPs
with diameters over 100 nm (Figure SS). Taken together, our
microwave-assisted synthetic method is clearly well-optimized
for the formation of the target binary and ternary alloys but is
not as well suited to the formation of monometallic species. It
also confirms (at least qualitatively) that the alloying of two or
three metals is important in the formation of small and near-
monodisperse NPs under these reaction conditions.

The surface chemical states of the various NP compositions
were studied by X-ray photoelectron spectroscopy (XPS). The
Pd 3d and Au 4f binding energies were measured to be 334.7
and 83.1 eV, respectively, which matched precisely with the
values corresponding to Pd° and Au’ from previous reports
(Figure 1D,E), with no evidence of these metals in more highly
oxidized states.”” On the other hand, a minority (ca. 14%) of
Cu®* (Eg = 932.9 eV) was detected in addition to the Cu® peak
at 931.1 eV in the ternary NPs. Spin—orbit splitting values for
the peak positions for Pd (3d/, and 3d;5,), Au (4f;, and
4f;,,), and Cu (2ps;, and 2p,,,) are 5.3, 3.7, and 19.9 eV,
respectively, which agree well with theoretical values.
Heteroatomic synergy between Pd and Au is also evident
from the XPS peak positions, where charge transfer from Pd to
Au leads to lower Eg values for Au, manifested as a downshift
of 0.9 eV.”® Cu is more easily oxidized by atmospheric oxygen
during purification steps; therefore, it is suspected that the
residual Cu** was caused by oxidation of surface (or near-
surface) Cu atoms in the alloy NPs (Figure 1F). Furthermore,
because Cu’ and Cu" have identical binding energies, Auger
spectroscopy was also employed to more accurately identify
the potential range of oxidation states of Cu present in the
ternary alloy NPs. The Cu-LMM Auger line (E, = 918.8 eV)
confirmed that the non-Cu*" sites within PdAuCu NPs were
only present in the Cu® state (Figure S6).*

Figure 2A shows a HRTEM image of a representative 3.5
nm cuboctahedral Pdg,Au,sCu,, NP with defined lattice
fringes. The lattice d-spacing measured from the HRTEM
image and fast Fourier transformation (FFT) was 0.224 nm,
which corresponds closely to the {111} plane and is in direct
agreement with the PXRD results (Figure 2A). Additionally,
high-angle annular dark field scanning TEM (HAADF-STEM)
imaging (Figure 2B), 2D-energy dispersive spectroscopy
(EDS) mapping (Figure 2C—F), and EDS line scan profiling
(Figure 2G) show no metallic heterogeneity or segregation of
any element throughout the NPs. Overall, our combined

characterizations confirmed the homogeneous mixing of Pd,
Au, and Cu within ternary NPs of various compositions,
indicating broad miscibility of the classically unstable Pd—Au—
Cu system on the nanoscale. It is worth noting that, unlike
PdAu, the PdCu system does not usually exist in bulk as a
disordered fcc phase over all compositions, below 600 °C.*® In
contrast, the AuCu system is known to form the ordered
intermetallic phases, Au;Cu, AuCu, and AuCus, at 240, 410,
and 390 °C, respectively.’”** Lastly, due to the similarly sized
PdAuCu alloy NPs in our case and metals being primarily
observed in the O oxidation states using XPS, ICP obtained
loading values can be accurately used to determine the catalytic
activity of these NPs. While some heterogeneity and
segregation of the metals in these alloys cannot be entirely
ruled out, such regions are not expected to play any
measurable role in the observed catalytic activities.*’

To facilitate more informative comparative structural and
catalytic studies, binary PdCu NPs were prepared using the
same microwave-assisted method. The PXRD patterns (Figure
3A) and corresponding Vegard plots (Figure 3B) clearly
confirmed that Pd,Cu,yy_, NPs could be prepared over a range
of compositions (x = 39—94). Comprehensive structural
characterization by TEM (Figures 3C,D and S7), XPS (Figures
3E,F and S8) and EDS (Figures 4 and S9, S10) collectively
suggest that the binary PdCu NPs have similar morphologies,
particle size, surface chemical states, and were homogeneously
alloyed, as with the ternary PdAuCu NPs. ICP-OES analysis of
the six distinct Pd,Cu,o, alloy NPs showed slightly higher
than expected (targeted) values of Pd/Cu. PXRD analyses of
the PdCu NPs also showed that the reflection positions were
tunable, as observed for PdAAuCu NPs. For instance, the <111>
reflection for Cu-rich Pd;yCug; NPs was closest to the pure Cu
reference, as shown by its relation to the Cu reference (dashed
magenta line; Figure 3A). Conversely, peak positions for
Pdy,Cug matched very well with pure Pd; these observations
are also in agreement with the corresponding Vegard plot
(Figure 3B), wherein measured lattice constants for all PdCu
alloys showed a linear increase upon increasing the Pd content.
TEM measurements confirm that the PdCu alloy NPs are also
near-monodisperse with average diameters ranging between 2
and 4 nm (Figure 3D), with the outlying Pd- and Cu-rich
compositions tending to be larger than intermediate
compositions. XPS and Auger analyses further confirmed
that only Pd’ was observed in PdCu NPs while Cu existed
primarily as Cu’ with small amounts of Cu®** also detected.
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Figure S. (A) Rate constants normalized by total metal as a function of Pd composition. (B) Rate constants normalized by Pd content plotted vs Pd
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(D) Rate constants normalized by the cost of catalysts for PdCu/a-SiO,, PdAu/a-SiO,, and PdAuCu/a-SiO, catalysts with different compositions.

Lastly, homogeneous distribution and alloying of Pd and Cu
was confirmed using HRTEM-EDS analysis (Figures 4 and
S10).

To enable model aqueous NO,™ reduction reaction studies,
various PdAuCu and PdCu NPs were dispersed onto
amorphous silica (a-SiO,) by direct impregnation in H,0/
EtOH, followed by filtration and drying under vacuum, to yield
composite catalysts with 1—2 wt % total metal loading (see the
Supporting Information). TEM imaging shows that the NPs
were spatially well separated after loading without detectable
structural changes. Pseudo-first-order kinetic parameters were
obtained, and up to 80% NO,~ conversion was observed in all
cases. Log concentrations versus time plots for SiO,-supported
PdCu and PdAuCu NPs are presented in Figures S15 and S16.
Analogous data for SiO,-supported PdAu NPs are available in
a previously published report for these bimetallics.'' To
ascertain the composition-dependent activities of the NPs as a
direct function of composition, the experimentally measured
first-order rate constants were normalized based on the total
metal loading values determined by ICP-OES (Table S1). A
composition dependence plot was derived by plotting the
normalized activities of various Pd,Au,Cu,/a-SiO, catalysts as
a function of Pd composition; a maximum was identified for
Pdg;Au,4Cuy;/a-Si0, (19.19 mmol,,.., ' min™"). Notably, this
catalyst also significantly outperformed the “conventional”,
monometallic Pd/a-SiO, catalyst (4.54 mmol,.,~' min™"),
while requiring 37% less Pd (Figure SA; red data). Moreover,
monometallic Au and Cu NPs supported on the same a-SiO,
support did not show any detectable NO,™ reduction activity.
Taken together, these observations provide direct evidence
that enhanced the catalytic activity results from synergistic
alloying effects between Pd, Au, and Cu.

When considering the Au-free PdCu/a-SiO, binary catalyst
system, the corresponding activity—composition curve also

11950

revealed a maximum NO,™ reduction activity for intermediate
Pd/Cu compositions (Figure SA; black data). The most Pd-
rich catalyst studied (PdgyCu,,) also showed a markedly higher
catalytic activity than that for monometallic Pd/a-SiO, (7.91
mmol,.; ' min~") (Figure SA).

By directly comparing the catalytic performances of
PdAuCu, PdCu, and the previously reported PdAu NPs, it is
clear that Au is more effective than Cu in promoting intrinsic
activity per Pd site.'” The ability to synthetically continuously
tune the Au/Cu ratios in the ternary alloys as a means to adjust
the catalytic activity is underlined by the fact that PdAuCu
catalysts show activities intermediate between the bimetallic
PdAu and PdCu systems. Specifically, the highest measured
activities (normalized by at % Pd) were 36.32, 30.64, and 10.07
mmolpy~! min~}, corresponding to 53, 63, and 72 at % Pd,
respectively, for PdAu, PdAuCu, and PdCu systems (Figure
5B,C). From an economic standpoint, the use of PdCu and
PdAuCu nanoalloys is most enticing because Cu is orders of
magnitude cheaper ($0.006 g~') than Pd ($53.58 g”') or Au
($49.15 g7') (Macrotrends; average price in 2019). Therefore,
when the measured activity is normalized by the cost of the
catalysts and plotted as a function of composition, some
interesting conclusions can be drawn (Figure SD).
Pdg;Au,,Cuy4/a-SiO, has the highest price—performance
activity of 3.353 min~! $7!, which is higher than that of either
Pds;Auy, (2.527 min™" $7') or Pd,,Cu,yg catalysts (1.753 min™*
$71). Tt is critical to fully understand the selectivity of aqueous
phase NO,™ reduction by using these ternary PdAuCu alloy
systems. Figure S11A shows the ammonia selectivity of
PdAuCuNPs, ranging from 0.87 to 26% with increasing Cu
contents and decreasing Pd contents. The remaining product is
assumed to be N, as shown in Scheme 1 and the literature."”
Our previous study showed near quantitative (>98%)
conversions of NO,” to N, using Pd,Au,q_, nanoalloys,'
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whereas PdCuNPs showed increasing ammonia selectivity
from 0.87 to 55% with increasing Cu contents (Figure S11B).
The ratio between Cu and Pd contents within these nanoalloys
seems to dictate the ammonia selectivity, at least partially.
Finally, postcatalytic studies of the supported NP catalysts
showed no noticeable structural changes, as confirmed by
TEM (Figures S12 and 13) measurements.

Next, to better understand the relationship between the
catalyst composition and apparent NO, ™ reduction activity, we
employed density functional theory (DFT) calculations.
Previous studies have shown that the atomic ensemble effects
are predominant in determining NP surfaces’ reactivity as
compared to strain and electronic effects for alloys comprising
strongly (e.§., Pd) and weakly binding (eg, Au and Cu)
metals.'**""** Specific ensemble geometries and bulk NP
compositions most accurately describe local adsorption
environments for adsorbates,*” which is of importance for
understanding the origins of catalytic activities, i.e., by ensuring
one substrate or intermediate is not too strongly bound so that
its release becomes a rate-determining step.”* *° Thus, the
activities of different alloy ensembles found on PdAu, PdCuy,
and PdAuCu surfaces were evaluated and compared using a 2D
volcano activity model for NO,™ reduction as a function of N
and N, binding energies (Figure 6)."” The reason why we used
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Figure 6. Volcano activity plot of nitrite reduction as a function of N
and N, binding energies on (A) Pd,,sAuy,s; (B) PdyseAugse; (C)
Pdy75Aug,s; (D) PdgsCuyss; (E) PdosoCugso; (F) Pdg7sCugasi (G)
Pdg,5Aug.375Cug 3755 (H) PdgsoAug5Cuq,ys; and (1)
Pdy;sAug 155Cug s surfaces. Random alloy models were used to
evaluate the reactivity on PdAu, PdCu, and PdAuCu(111) surfaces.
For each alloy composition, more than 15 randomly alloyed
configurations were generated for DFT calculations. The error bars
were calculated as the standard deviations of binding energies from 10
different random alloy geometries.

N and N, binding energies as the descriptors is that the N
binding energy generally has good linear relationships with the
binding energies of other reaction intermediates in nitrite
reduction toward N, formation (except the N, binding
energy), which was proven by our previous work®” and also
discussed in a recent review.*® Therefore, once we know the N
and N, binding energies, we can quickly estimate the reaction
energetics based on the previously identified linear relations.*”
The rate-determining step of the left side of the volcano is NO
direct dissociation, while that of the right side of the volcano is
rate-limited by NO dissociation after hydrogenation. More
modeling details can be found in the Supporting Information.

This volcano model has shown high accuracy for predicting the
nitrite reduction performance of various mono-, bi-,* and
trimetallic®® systems. Unlike Pd(111) surfaces, pure Au(111)
and Cu(111) surfaces adsorb N too weakly to be active, which
is in agreement with the experimental observation that
monometallic Au and Cu NPs are inert for NO,™ reduction.
In contrast, (111) surfaces for PdAuCu ternary alloys present a
statistical variation of M; ensembles (i.e., Pd;, Pd,Au, Pd,Cu,
PdAuCu, PdAu,, PdCu,, Au,Cu, AuCu,, Au;, and Cu,) as a
function of Pd,Au,Cu,, at which N and N, will have different
binding energies. DFT provides a means to examine these
more complicated systems by providing average binding
energies. Pd; triatomic ensembles are the most strongly
adsorbing sites, with binding energies that reside closer to the
“volcano peak” (meaning, the theoretical optimum) compared
to other possible ensembles. However, alloying different
amounts of Au, Cu, or both Au and Cu into a Pd surface
enables tuning of the activities of Pd; ensembles, making them
more active compared to monometallic Pd(111) at certain
compositions; this is due to electronic effects that extend
beyond individual Pd; ensembles on the NP surfaces. As
shown in Figure 6, Pd; sites at the surfaces of PdseAug s,
Pdy;5Cuq,s, and Pdy;sAug55Cug 55 lie at the volcano peak,
suggesting that NPs of such compositions are the most active
in each family. This calculation qualitatively matches our
experimental catalysis results (Figure S). Due to the high
computational cost for sampling many different ensemble
surfaces, we evaluated all the possible triatomic ensembles on
PdAu and PdCu but only the most notable ensembles on
PdAuCu. PdAuCu trimers are not active due to the too-weak
binding to the adsorbate, and it is far away from the volcano
peak. Therefore, we did not include PdAuCu trimers in our
DFT calculations. To summarize our results, alloying of Au
and/or Cu into Pd is found to optimize the NO,™ reduction
activity of Pd-rich sites (eg, the 3-fold Pdy site) by slightly
weakening its N-bonding, which is due to the synergetic
contribution of strain and electronic effects originated from the
differences in the lattice constant and work function among Pd,
Ay, and Cu.

B CONCLUSIONS

In conclusion, ternary PdAuCu NPs with controllable
compositions were prepared using a microwave-assisted polyol
method with the aid of NaBH, as a secondary reducing agent.
Thorough structural characterization confirmed that
Pd,Au,Cu, NPs with various compositions all exist as
homogeneously alloyed (or solid-solution) structures. PdAuCu
NPs and binary PdCuNPs synthesized using the same
programmable method were supported on amorphous silica
and were found to be both highly active and stable in aqueous
nitrite reduction using H, gas as the reductant. The
comparative catalytic activities of both PdCu and PdAuCu
catalysts were found to be superior to previously studied PdAu
nanocatalysts, as well as monometallic Pd. DFT calculations
suggest that alloying Au, Cu, or both Au and Cu with Pd leads
to improved performance for optimized compositions due to
the weakened binding energies of the most highly active Pd;
triatomic ensembles, which were found to have more favorable
N-binding energy compared to monometallic Pd(111)
surfaces. More interestingly, we show that the activities can
be tuned by adjusting the ratio of Au to Cu in the alloy. From
an economic standpoint, the ternary NPs show significantly
better price-to-activity ratios than binary analogues of PdAu
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and PdCu systems, lending promise to the development of
such novel ternary alloy systems for future applications at scale.
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