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ABSTRACT: Electrocatalytic conversion of nitrate in waste can
enable efficient waste remediation (NO;~ to N,) or waste
valorization (NO;~ to NH,*) depending on the selectivity of the
catalyst. Palladium and copper electrocatalysts typically exhibit
ideal nitrate and nitrite binding properties, allowing for effective
destruction of nitrate. However, rational steering of selectivity
through material design remains a critical challenge for PdCu
electrocatalyst. Here, we use the electrochemical underpotential
deposition method to synthesize palladium nanocube electro-
cataysts with controlled copper surface coverage (e.g., partial and
full copper coatings). We then examine the potential for NO;~
destruction (conversion) and NO,” reduction reaction. We identify that partial copper-coated Pd nanocubes not only effectively
facilitate the reduction of 95% of NO;™ but also increase the reduction of NO,™ to N, with 89% selectivity over 20 consecutive
cycles (80 h). We also show that under these conditions, the Pd(100) surface facet is exposed. Complete copper-covered Pd
nanocubes effectively facilitate the reduction of ~99% of NO;~. Complete coverage of copper; however, prevented exposure of
Pd(100) surface facet, promoting the selective reduction of NO,™ to NH,* with a 70% selectivity over 20 consecutive cycles (80 h).
Density functional theory (DFT) calculations show that NO;~ and NO,~ adsorb more strongly on the Cu(100) surface compared to
the Pd(100) surface, while the NO* intermediate generated from NO;~ or NO,~ reduction adsorbs more strongly on the Pd surface.
Barrier calculations show that NO* can readily migrate from the Cu domain to the Pd domain and that the N—N coupling barrier
on Pd is significantly diminished at high NO* coverage. Together, these results suggest that the high N, selectivity observed on the
PdCu electrocatalyst is caused by the spillover of NO* from the Cu domains to the Pd domains.
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B INTRODUCTION cost.’ The high disposal cost is due to the brine being labeled
as hazardous waste.

Catalytic conversion of nitrate from a feedstream (e.g,
groundwater or wastewater) or exhaust brine could enable a
more affordable solution for nitrate remediation (nitrate to
nitrogen) of valorization (nitrate to ammonium). The
thermocatalytic conversion of nitrate to nitrogen occurs mainly
in Pd associated with In or Cu on supporting oxide materials,
such as Al,O;, TiO,, and SiO, as typical catalysts. One major
drawback of catalytic conversion for nitrate removal is that
thermal catalytic reduction requires additional hydrogen
sources as the reducing agent. Furthermore, deactivation of
the catalyst by irreversible oxidation and reduction between

Nitrate is the most widespread groundwater contaminant
worldwide."” Nitrate exposure results in methemoglobinemia
(blue baby syndrome) and can cause several types of cancer
(gastric, colorectal, bladder, urothelial, and brain).3 These
public health impacts promote the regulation of nitrate in
drinking water and wastewater. Today, the maximum
contaminant levels for drinking water (MCL) are 10 ppm of
NO; =N and 0.3 ppm of NO, —N.* Nearly all nitrate
removal technologies for drinking and wastewater treatment
rely on biological nitrification-denitrification (BND) or
physicochemical separations (e.g., reverse osmosis, ion
exchange resins, and electrodialysis). Biological treatment
effectively converts nitrate to nitrogen gas. This is effective
but energy-intensive (S—15 kWh/kg N) and expensive Received:  October 1, 2022 Catalysis|
(approximately 10 $/kg N).> Conversely, physiochemical Revised:  November 27, 2022
nitrate separation technologies form a brine rich in nitrates. Published: December 12, 2022
The volume of brine produced can be equal to 1-5% of the

volume of water treated. This results in high operating and

maintenance costs, which are often 10—20 times the capital
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the catalyst and the support is a serious challenge.” This
induced the failure of the use of catalysts for large-scale water
treatment. Above all, the cost of catalyst systems and
electrically generated H, requires an additional cost $1.80 for
treatment of 1 m> of water containing 100 mg L™ pollutant.®

Alternatively, the electrocatalytic conversion of nitrate to
nitrogen or ammonium is an attractive strategy that can be
easily integrated with renewable energy. The process does not
require chemical addition and thus requires operating costs
lower than those of thermal routes.” Electrochemical
denitrification is dependent on pH influence, such as changing
applied potentials, atomic orientation, and adatom contribu-
tion. The pH values indicate the hydrogen species in the
electrolyte, and the hydrogen adsorption kinetics is much faster
than that of nitrate adsorption, resulting in a drop in the
activity and selectivity at the lower pH. The selective reduction
of nitrate to nitrogen occurs widely in the Pd electro-
catalyst'®™"* and Pt,"*”'® which are the most N, selective
catalyst. Controlling the structural shape and exposed facets
may maximize N, selectivity. However, Pd does not efficiently
convert nitrate to nitrite, often limiting the production
rate.'”'® Despite the low reaction rate, Pd still has promise
for the electrochemical reduction of nitrate, as these metals are
stable against poisoning. Strong adsorption of N intermediate
species on other metals is known to poison the catalytic surface
and inhibit long-term operations.'” To overcome the limitation
of the rate of Pd, while maintaining the stability of the
electrocatalyst, secondary promoter metals (Cu, Sn, In) are
added to Pd. Electrochemically deposited Pd—Sn bimetals on a
stainless steel mesh catalyst showed an efficiency of 88% nitrate
removal and a selectivity of 89% N,. The controlled crystal
structure (420) surface of the bimetallic electrodes produced
the most nitrogen with a further enhancement of electro-
chemical nitrate reduction.”” The nanostructured PdCu/C
catalysts produced 67.8% N, while Pd/C produced almost
100% H,. The presence of Cu prohibited the process
associated with HER.>' The synergistic cooperation of Cu—
Pd bimetals in reduced graphene oxide (rGO) maximized the
conversion of nitrate (96.7%) with the high N, selectivity
(85.5%) due to finely anchored PdCu nanoparticles in a highly
conductive rGO support.””

Cu is the promising material capable of suppressing
hydrogen adsorption. Thus, the addition of Cu as a secondary
adatom on Pd can aid in suppressing hydrogen evolution. The
synergistic effect between Cu and Pd has shown a high NO3
conversion.”*>® A higher composition of Pd in the bimetallic
system of PdCu could produce more N,. Maximum activity has
been reported at pH 9 for the Pd—Cu catalysts.” In addition,
the Cu(100) surface has been hypothesized to facilitate the
initial steps of NO,~ reduction, and the existence of Pd(100)
improves the selectivity to N,.*> A selectivity transition could
occur from NH; to N, due to alloying with Pd metals.”” From
a stability point of view, hydrogenated Pd stabilizes the
oxidized Cu during electrolysis; thus bimetallic electrocatalysts
of PdCu are an ideal combination for long-term oper-
ations.”””’ In this study, we desire to investigate the Cu
adatom on Pd(100) sites at neutral pH.

Controlling Cu coverage at the Pd sites is critical to achieve
high NO;RR activity and high selectivity toward N, or NH;.
Researchers have focused on the development of highly active
and selective catalysts for denitrification, and reported surface
modifications on Pt electrodes.'®**™>> However, examination
of the use of secondary metals in shape-controlled nano-
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particles is rare.**"*° Therefore, here we propose to focus on a
strategy to incorporate Cu atoms into the surface of the Pd
nanocube to achieve more efficient NO3;RR activity and high
selectivity toward N,. In this case, the Cu atoms mainly
promote the initial reductions of NO;~ and the Pd(100) facet
steers the selectivity toward N,. Here, we develop fully covered
Cu atoms and partially covered Cu atoms on the surface of Pd
nanocubes to investigate their electrocatalytic behaviors toward
NO;™ conversion, selectivity, and long-term stability.

B RESULTS AND DISCUSSION

Engineered PdCu Electrocatalyst. We first prepared Pd
nanocubes (Pd NC) as a cornerstone and reference catalyst.
The UPD method was then used to prepare fully coated Cu on
Pd nanocubes (fCu Pd NC), and partially coated Cu on Pd
nanocubes (p-Cu Pd NC) (Figure 1). Two obvious reduction/
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Figure 1. Electrochemical behavior of Cu bulk deposition/dissolution
(C2/Al1) and Cu underpotential deposition/desorption (C1/A2) on
Pd nanocube/C. The CV curves were obtained in the absence and
presence of Cu®" in Ar-saturated 0.1 M HCIO, electrolyte with a scan
rate of 5 mV s™. (a) Bulk Cu on Pd NC (b-Cu Pd NC), (b) fully
covered Cu on Pd NC (f-Cu Pd NC), (c) partially covered Cu on Pd
NC (p-Cu Pd NC), and (d) Pd NC.

oxidation peaks (C1, C2, Al, and A2) arise during a cyclic
voltammogram (CV) in the presence of Cu**. We converted all
of the potentials to the reversible hydrogen electrode (RHE).
The first cathodic peak (C1) when starting the scan at 0.8
Vyug appeared at 0.57 Viye (Figure 1). This peak results in
partial underdepositions of Cu atoms on the surface of Pd
nanocubes. A second larger cathodic peak (C2) appeared at
0.3 Vyye. This peak results in a Cu bulk deposition. Here, Cu
coats the surface of the nanocube, forming multiple layers.
Two cathodic peaks (C1 and C2) are distinguished as Cu
underpotential deposition and Cu bulk deposition regions.
This agrees with previous experimental and theoretical
investigations.‘w’*%8

After bulk Cu deposition at 0.3 Vyyp (C2), an oxidative scan
dissolves Cu from the deposited Cu multilayers (Figure 1a).
The first anodic peak (Al) around 0.35 Vyyg helps dissolve
bulk Cu, resulting in fully covered Cu atoms on the surface of
Pd nanocubes (Figure 1b). Continuing the anodic scan results
in a second peak (A2) around 0.6 Vg (Figure 1c). The
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additional anodic stripping results in the formation of a partial
deposition of Cu on the well-defined Pd(100) nanocube facets.
After the second anodic peak (A2), the Pd nanocube does not
contain Cu atoms (Figure 1d).

Control over the amount of Cu atoms removed is possible
through tuning the scan-rate end applied potentials. The metal
desorption area at the second anodic peak (A2) provides
quantitative information on the degree of Cu coverage (Figure
1c). We verified using different negative potentials (Figure S2).
The amount of Cu bulk deposition (C2) and dissolution (Al)
of Cu is a function of the negative potential limits. The more
negative limiting potential showed the larger peaks of bulk Cu
deposition (C2) and dissolution peaks (Al). However, the Cu
underpotential deposition (C1) and desorption (A2) peaks are
well maintained, while the negative limiting potentials change.
This indicated that the behavior of Cu bulk deposition (C2)
and dissolution (Al) does not affect Cu underpotential
deposition (C1) and desorption (A2), suggesting that precise
control is capable of forming the f-Cu Pd NC and p-Cu Pd NC
catalysts. The Pd nanocube exhibited a single crystal structure
with a 0.197 nm lattice spacing parallel to both major facets
(Figure 2d). This spacing is consistent with the (200)
interplanar spacing corresponding to the face-centered cubic
Pd nanocube enclosed by well-extended fcc (100) facets.

Figure 2. Schematic illustration with complementary bright field
(BF)-STEM images of (a, d) Pd NC, (b, e) f-Cu Pd NC, and (g, f) p-
Cu Pd NC.

Elemental mapping demonstrated that the f-Cu Pd NC
catalyst clearly showed a core—shell structure in which Cu
atoms are fully covered on the surface of the Pd nanocube,
with Cu accounting for 4.9 at% of the nanoparticle
composition (Figure 3). This is additional evidence that the
Pd(100) facet is not exposed and only surface-deposited Cu
could react with nitrate ions. The p-Cu Pd NC catalyst showed
1.3 at% Cu atoms, which was distributed in a discontinuous
coating on the surfaces of Pd nanocubes. We verified 20 wt %
metal loading on carbon support for Pd NC/C, f-Cu Pd NC/
C, and p-Cu Pd NC/C, confirmed by ICP-MS. The NP:s for all
catalysts showed a uniform distribution on the carbon support
(Figure S3). We measured EDS mapping for all catalysts in low
resolution for numerous nanoparticles (Figures S4—S6). In low
resolution EDS mapping results, f-Cu Pd NC/C showed 3.9 at
% of Cu and p-Cu Pd NC/C exhibited 2.32 at% of Cu. Copper
was deposited on Pd and not on the carbon support (Figure
S7).

Perchloric acid rather than sulfuric acid was chosen as the
supporting electrolyte based on the voltage window. The
electrochemical adsorption/desorption and bulk deposition/
dissolution of Cu atoms are determined by charge area of
peaks during the voltammograms (Figure S21). The surface
area of adsorption Cu area estimated from the Cu UPD
method is 7.08 m* gpy ™" for 0.3—0.8 Vg (Figure S21a), 24.5
m?* gpg ! for 0.25—0.8 Viyy (Figure S21b), 32.7 m* gpy " for
0.2—0.8 Vpyg (Figure S21c), and 36.6 m* gpy~' for 0.1-0.8
Viue (Figure S21d) assuming 420 C cm™. This result
indicates that the Cu-UPD experiments are well performed
and controllable under perchloric acid electrolyte.

Electrocatalytic Performance, Selectivity, and Stabil-
ity. Electrochemical nitrate reduction (NO;RR) was carried
out in 0.05 M Na,SO, electrolyte with 20 mM NO;~ (Figure
4a) and electrochemical nitrite reduction (NO, RR) was
performed in a 0.05 M Na,SO, electrolyte with 2 mM NO,~
(Figure 4b). We measured the activity of the hydrogen
evolution reaction (blank LSV, dashed line) in 0.05 M Na,SO,
electrolyte as reference. To compare activity, we collected a
partial current density at —0.5 Vg for NO;RR and HER, and
obtained the current density at —0.25 Vg for NO,RR and
HER (summarized in Figure S8). Here, we assumed that the
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Figure 3. (a, d, e, f) STEM-EDS mapping results, (b) line scanning profiles, and (c) chemical compositions of f-Cu NC. (g, j, k, 1) STEM-EDS
mapping results, (h) line scanning profiles, and (i) chemical compositions of p-Cu NC.

89

https://doi.org/10.1021/acscatal.2c04841
ACS Catal. 2023, 13, 87-98


https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c04841/suppl_file/cs2c04841_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c04841/suppl_file/cs2c04841_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c04841/suppl_file/cs2c04841_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c04841/suppl_file/cs2c04841_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c04841/suppl_file/cs2c04841_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c04841/suppl_file/cs2c04841_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c04841/suppl_file/cs2c04841_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c04841/suppl_file/cs2c04841_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c04841/suppl_file/cs2c04841_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c04841/suppl_file/cs2c04841_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c04841/suppl_file/cs2c04841_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c04841?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c04841?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c04841?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c04841?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c04841?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c04841?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c04841?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c04841?fig=fig3&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.2c04841?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

a b c " L L L
~ O +~ °{NORR o Bd T e
5 § oo 80 1 80 2

20 g — S
p £ 0] 3 X 70 70 =
= =3 z ] o
2 40 z g% =
£ = b 3 > 50 50 g
c c £ b
204 ¥ S maran o | <
§ ] $ o | § @ B
£ ——f-Cu Pd NCIC < ——f-Cu Pd NC/C 7] e
£ -804 —— p-Cu Pd NC/C £ —— p-Cu Pd NC/C 2 200
5 5 30 1 >
o ——Pd NCIC o ——Pd NCIC 10 10
-100 T T T T T T T T 0 (]
-1.0 08 -06 -04 -02 00 02 04 -1.0 -08 -06 -04 -0.2 0.0 02 04 f-Cu Pd NC/C p-Cu Pd NC/C Pd NC/C
Potential (Vg,e) Potential (V,c) Catalyst
d N, EINH,; B INO; e A A
100 100 NO NO
WA TR A AR S

- 8 80 2
ISHR( 70 ¢ (\NO* «— NO,* «— NO,*
= [}
2> 60 60 -2
2 50 50 g N, < N,0* «— NO* o O o O
O 40 40 <
Q
g 30 0 S ° ° ° o o o

20 20 Lo
o
10 0 2 O 0 0 0 0 O
0

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Repeated test

Figure 4. Electrochemical reduction of (a) nitrate and (b) nitrite for Pd NC/C, p-Cu Pd NC/C, and f-Cu Pd NC/C catalysts. Blank LSV curves
(dash line) were collected in Ar-purged 0.05 M Na,SO, electrolyte. NO;RR and NO,RR tests (solid line) were conducted in Ar-purged 0.05 M
Na,S0, + 20 mM NO;~, and 0.05 M Na,SO, + 2 mM NO,", respectively. (c) NO;~ conversion yield and selectivity toward N,, NO,~, and NH,*
for Pd NC/C, p-Cu Pd NC/C, and f-Cu Pd NC/C. The NO;™ conversion yield and selectivity were measured after 4 h electrolysis at —0.5 Vi in
an Ar-purged 0.05 M Na,SO, + 100 ppm of NO; —N electrolyte. (d) Stability of p-Cu Pd NC/C by repeated 20 cycles (80 h electrolysis). (e)
Proposed synergistic reaction sequence on the p-Cu Pd NC catalyst, wherein rapid nitrate and nitrite reduction to NO* occurs on Cu domains,
NO* migrates to Pd domains, and NO* is reduced selectively to N, on the Pd domains.

difference of ECSA values for Pd NC/C, p-Cu Pd NC/C, and
f-Cu Pd NC/C are negligible because we build up the small
amount of Cu atoms on the same nanoparticle size of Pd NC/
C. Pd NC/C exhibited the highest HER activity (5.94 mA
cm™?) compared to f-Cu Pd NC/C (3.62 mA cm™) and p-Cu
Pd NC/C (5.85 mA cm™?). The high propensity of Pd to form
hydrides through hydrogen adsorption promotes the high HER
activity. Despite the high HER activity on Pd, the shape-
controlled Pd nanocube, which is exclusively enclosed by only
Pd(100) facets, showed good NO,RR activity. Our previous
work demonstrated that *NO, desorption is 0.19 eV more
favorable on the Pd(111) facet compared to the Pd(100)
facet.*® This indicated that NO3 will desorb quickly from the
surface of Pd(111) before further reduction.

The addition of Cu atoms on the Pd NC, both fully covered
Cu Pd NC/C (f-Cu Pd NC/C) and partially covered Cu Pd
NC/C (p-Cu Pd NC/C), enhanced the NO4RR activity of the
pure Pd NC/C. The {-Cu Pd NC/C catalyst demonstrated 4.2
times higher NO;RR activity (44.3 mA cm™ @ —0.5 Vyyg)
than the Pd NC/C (10.6 mA cm™> @ —0.5 Vgyyg) (Figure 4a
and Figure S8). The f-Cu Pd NC/C catalyst also demonstrated
the lowest HER activity (3.62 mA cm™ @ —0.5 Vigg). The
low HER activity of the f-Cu Pd NC/C catalyst is due to the
fully covered Cu surface, which does not readily form hydrides,
and the unique Cu electronic structure. These contribute to
increasing nitrate adsorption and electron transfer, constrain-
ing HER effectively and catalyzing the NO;RR processes.””

The p-Cu Pd NC/C catalyst also demonstrated a 3.6 times
higher activity toward NO;RR (37.8 mA cm™ @ —0.5 Vyyg)
than Pd NC/C. The activity; however, remained comparable
to that of f-Cu Pd NC/C. This indicates that NO;RR activity
depends on access to Cu sites and that enough active sites are
available on either catalyst. This is not surprising given the low
concentration of nitrate which was used in the experiments.

20

Both the {-Cu Pd NC/C and the p-Cu Pd NC/C catalysts also
have a similar onset potential of 0.25 Vyyg, indicating a more
positive shift compared to the pure Pd NC control, which has
an onset potential of —0.12 Vyyg. Even the onset potentials are
the same for f-Cu Pd NC/C and p-Cu Pd NC/C catalysts, the
partial current density at —0.5 Vyyg of p-Cu Pd NC/C (37.8
mA cm?) is slightly lower than that of f-Cu Pd NC/C (44.3
mA cm™?). This finding indicated that the partially covered Cu
coexists with the surface of Pd(100), which is less likely to
adsorb nitrate ions compared to Cu. In addition, the surface
concentration of Cu atoms is less. Therefore, higher Cu atoms
on the surface are more favorable for catalyzing the NO;RR
without considering the exposed Pd surfaces. The deposited
Cu atoms could modify the Pd(100) surface structure and have
an influence on the adsorbed species during the NO;RR.

We next examined the NO,RR activity on the three
catalysts. The f-Cu Pd NC/C catalyst demonstrated a slightly
higher NO,RR activity (3.91 mA cm™> @ —0.25 Viyg) than
Pd NC/C (2.79 mA cm™ @ —0.25 Vgyp). Therefore, in terms
of activity toward NO;RR and NO,RR, Cu sites in f-Cu Pd
NC/C hold more adsorbed NO, as a reactant that contributed
to achieve higher NO,RR activity compared to Pd NC/C. The
p-Cu Pd NC/C exhibited the best NO,RR activity (5.00 mA
ecm™? @ —0.25 Vgyg). The p-Cu Pd NC/C also demonstrate
an obvious NO,™ reduction peak around —0.25 Vg in the
enlargement area in Figure 4b. This reduction peak is related
to the Pd(100) facet, which showed a similar reduction peak
around —0.25 Vgyg for Pd NC/C. This indicated that the
Pd(100) facets were well exposed on the surface of the f-Cu Pd
NC/C catalyst and coexisted with Cu adatoms. This finding
indicated that a harmony of Pd and Cu sites is ideal for
boosting the reduction processes of nitrate and nitrite.

Next, we quantified the NO;™~ conversion yield for Pd NC/
C, p-Cu Pd NC/C, and f-Cu Pd NC/C catalysts that convert
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the initial total NO;~ to NO,”, NH,", and N, as the main
products. In Figure 4c, the f-Cu Pd NC/C catalyst
demonstrated a high nitrate conversion (98.8%). The p-Cu
Pd NC/C showed slightly lower NO;~ conversion yield
(94.5%). The slight decrease in conversion is due to lower
concentrations of Cu atoms on the surface. Furthermore, the
exposed Pd facets have a lower binding energy of the nitrate
compared to that of the Cu, resulting in a slightly lower NO;~
conversion yield. Pure Pd NC/C showed only 32.8% of the
NO;™ conversion yield. This finding is in agreement with LSV
where the magnitude of the current is an indicator of nitrate
conversion (Figure 4a).

We also quantified the final product distribution (e.g., N,,
NO,”, and NH,") to determine the selectivity of the Pd NC/
C, p-Cu Pd NC/C, and f-Cu Pd NC/C catalysts (Figure 4c).
The f-Cu Pd NC/C showed excellent NH," selectivity (72%).
This is attributed to Cu as multilayers on the Pd surface.
During the electrochemical NO;RR on the Cu catalyst, the
overall reaction rate enhances with occupied d-orbital electrons
and unclosed d-orbital shells.”” In addition, the Cu structure
evolves with defects and oxidized status that enable to achieve
nearly 100% Faradaic efficiency (FE) and selectivity for NH,*
via eight electron transfers.*>*! The p-Cu Pd NC/C exhibited
excellent N, selectivity (89%). This is mainly attributed to Cu
adatoms that promote the reduction of NO;™ and NO,~, then
the existing Pd(100) facets catalyze the reduction of NO to N,.
NO* spillover from the Cu domains to hydrogenated Pd sites
plays an important role that contributed to achieve high N,
selectivity in p-Cu Pd NC/C (Figure 4e). The Pd NC/C
exhibited high N, selectivity (85%). This slightly lower N,
selectivity for Pd NC/C catalyst without Cu atoms is
attributed to the significantly lower overall conversion of
nitrate. Previous work on Pd NC has shown very low NO; RR
activity in the absence of Cu compared to other Pd shape-
controlled nanoparticles with Pd(100) facets.*

It should be noted that Pd NC/C and p-Cu Pd NC/C
showed only H, and N, as final gaseous products (Figures
$10—12). However, f-Cu Pd NC/C also evolved N,O gas in
addition to N, and H, (Figure S11). Less detection of H,
means lower HER activity because fully covered copper
multilayers blocked Pd surfaces. One possible reason for the
excellent selectivity to N, on p-Cu Pd NC/C is that the
existence of Cu(100) makes the generation of NO more rapid,
which increases the NO* coverage on Pd(100). At higher
NO* coverage, N,O formation is more favorable and Pd(100)
sites produced more N,.

Long-term electrolysis is necessary to achieve practical
application. The p-Cu Pd NC/C showed the excellent stability
in terms of NO;~ conversion yield, N, selectivity, and structure
shape. There was no significant decrease of the NO;~
conversion yield, maintained over 90%. The long-term
electrolysis tests showed the excellent and relatively constant
N, selectivity even after 20 repeated cycles (80 h electrolysis).
The final 20 cycles exhibited 82% of N, selectivity. We verified
the excellent cyclic and structure stability of p-Cu Pd NC/C
after long-term electrochemical NO;RR electrolysis tests by
TEM results (Figures S13 and S14). The majority of p-Cu Pd
NC well maintained the nanocube shapes without severe shape
collapse and nanoparticle agglomeration after the 20 repeated
cycles. After the electrolysis, we measured the leaching
concentration of Cu and Pd metals by ICP-MS and detected
the negligible amounts for both Pd (3.9 ppb) and Cu (2.2
ppb) in the electrolyte. The p-Cu Pd NC/C exhibited not only
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highly efficient and N, selective electrocatalyst but also highly
stable lifetimes for operating test conditions of NO;RR.

We also examined the long-term stability of the Pd NC/C
and f-Cu Pd NC/C electrodes (Figures S13 and S15). Both
electrodes did not represent dynamic changes in terms of
NO;™ conversion yield and selectivity. Pd NC/C electrode
showed a poor but stable NO;~ conversion yield (32.8% —
31.2%) and relatively constant selectivity trend (N,: 85% —
88%, NH,*: 13% — 9%, NO, : 2% — 3%). This is because the
Pd catalyst is likely to produce N, than NH,* from NO,RR
with abounded *H. Due to its low activity for the first nitrate
reduction step, the less generated products did not affect the
long-term stability.*” The f-Cu Pd NC/C, which has small
amounts of deposited Cu atoms by the UPD approach did not
significantly alter a trend of NO;~ conversion yield (98.8% —
91.1%) and selectivity (N,: 21% — 26%, NH,": 72% — 70%,
NO,™: 7% — 4%) during the 20 repeated operations.

B MECHANISM

Density Functional Theory (DFT) Calculations. We
applied density functional theory (DFT) to investigate the
high activity and selectivity toward N, achieved by the p-Cu Pd
NC catalyst. The results explain the synergistic effect achieved
by the simultaneous exposure of Cu and Pd surface domains
on the p-Cu Pd NC catalyst, as well as provide insight into the
inherent selectivity differences observed for the Cu(100) and
Pd(100) surfaces.

As shown in Figure 4c, the selectivity toward NH,*, N,, and
NO,™ on p-Cu Pd NC/C is close to that on Pd NC/C, while
the NO3 conversion yield on p-Cu Pd NC/C is close to that
on f-Cu Pd NC/C. The experimental results strongly indicate
that Cu and Pd are playing a synergistic role in NO3 reduction
on the p-Cu Pd NC catalyst surface, with the NO3 reduction
activity governed by the Cu domain and the product selectivity
determined by the Pd domain. Therefore, we hypothesize that
Pd(100) and Cu(100) domains catalyze different steps of the
overall nitrate and nitrite reduction pathway. We propose that
the rate-determining steps occur on the Cu domain while the
selectivity-determining steps occur on the Pd domain, where
reaction intermediates spill over from the Cu domain to the Pd
domain.

Adsorption is the first step of the electrocatalytic
denitrification, and thus we began by computing the
adsorption free energy of the key intermediates, i.e., nitrate,
nitrite, and NO on both the Cu(100) and Pd(100) surfaces
(Figure S16). We found that both nitrate and nitrite bind
stronger on the Cu(100) surface than on the Pd(100) surface
by 0.33 and 0.18 eV, respectively. This suggests that the initial
step of nitrate and nitrite reduction (i.e., adsorption) occurs
more readily on the Cu(100) domains. This is consistent with
the experimental observation, which shows that the existence
of Cu(100) domains enhances NO;RR and NO,RR activity.
However, after nitrate and nitrite are reduced to NO* on the
Cu(100) domain, NO* will tend to migrate to the Pd(100)
domain, as the NO* adsorption energy on the Pd(100) surface
is significantly more favorable (i.e.,, NO* adsorption is 0.77 eV
more exergonic on the Pd(100) surface than on the Cu(100)
surface) (Figure S16). Since Pd NC/C exhibits the highest
HER activity in Figure 4a and b, which suggests the possibility
of high hydrogen coverage on the Pd domains, we also
considered the competitive adsorption of H* and NO* on the
Pd surface. We computed the explicit free energy for the
migration of NO* from the Cu domain to a hydrogenated site

https://doi.org/10.1021/acscatal.2c04841
ACS Catal. 2023, 13, 87-98


https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c04841/suppl_file/cs2c04841_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c04841/suppl_file/cs2c04841_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c04841/suppl_file/cs2c04841_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c04841/suppl_file/cs2c04841_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c04841/suppl_file/cs2c04841_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c04841/suppl_file/cs2c04841_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c04841/suppl_file/cs2c04841_si_001.pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.2c04841?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

on the Pd domain: NO*~® 4+ H*Pd % H, + NO*™d 4

#*=C8 The free energy of this displacement reaction is

thermodynamically favorable (—0.33 V), which indicates
that NO* can displace H* on Pd surfaces. We calculated the
NO* migration barrier to confirm the kinetic favorability of
NO* migration from the Cu(100) domain to the Pd(100)
domain (Figure S17). The migration barrier is surmountable at
room temperature on both the Cu(100) and Pd(100) surfaces
(i.e., barriers of 0.08 and 0.19 eV on Pd(100) and Cu(100),
respectively).

Therefore, after nitrate or nitrite is reduced rapidly on the
Cu(100) domains, subsequently generated NO* would
migrate to the Pd(100) domain without thermodynamic or
kinetic limitations (Figure 4e). Since Cu(100) binds nitrate
and nitrite stronger and is known to quickly convert nitrate to
nitrite,"*>?**%%% 3nd PA(100) is selective to N,,*° a
synergistic effect in the bimetallic system, wherein there is
NO¥* spillover from Cu to Pd, potentially explains the excellent
performance of the p-Cu Pd NC catalyst in achieving selective
nitrate reduction to N,.*7**

The experimental observations in Figure 4c suggest that
Cu(100) is selective to NH,* formation and Pd(100) is
selective to N, production. NO* is a known selectivity-
determining intermediate in the electrochemical denitrification
reaction.***” Thus, to explain for the selectivity difference
between Cu and Pd, we investigated the reaction pathway after
NO* forms on the Pd(100) and Cu(100) surfaces. The direct
NO#* dissociation barrier has been previously calculated on
various metal surfaces (i.e., Rh, Cu, Pd, Pt)46’48_50 and was
found to be prohibitively high at room temperature. Chun et
al*® investigated the (NO—NO)* dimer formation on the
Cu(211) surface and found dimer formation to be less
favorable than H-insertion in the NO* molecule. On the
Pd(100) surface, we found that the (NO—NO)* dimer is not
stable, as the N—N bond broke spontaneously during all our
attempts at structural optimization. Therefore, in this work, we
focused on the NO* hydrogenation pathway. We compared
the favorability of HNO* and NOH* formation on the
Pd(100) and Cu(100) surfaces, where HNO* is formed by
hydrogenation of the nitrogen atom in NO* and NOH* is
formed by hydrogenation of the oxygen atom. In both cases,
we considered both direct H-insertion and H-insertion via a
water-assisted proton shuttle.”"> We found that the proton-
shuttle yields a lower barrier for NOH* formation compared
to direct hydrogenation. However, the proton-shuttle did not
significantly alter the barrier for the formation of HNO¥, as the
geometry of the water shuttle incurs significant strain because
H* already lies close to the nitrogen atom of the surface-bound
NO*. On the Pd(100) surface, the reaction energy and
activation barrier to form HNO* with the proton-shuttle (0.37
and 0.80 eV, respectively, Figure S18) are close to those for
direct hydrogenation (0.33 and 0.88 eV, respectively, Figure
5a).

Comparisons of the reaction energy and activation barrier
for H* + NO* — HNO* and H* + NO* — NOH* on
Pd(100) and Cu(100) vyield insights into the selectivity
differences of the two metals (Figure Sa, b). On the
Pd(100) surface, when the oxygen atom in NO* is targeted
for hydrogenation (i.e., NOH* formation), the reaction barrier
and the reaction energy are 0.48 and 021 eV lower,
respectively, than those when the nitrogen atom is targeted
(i.e, HNO* formation). This suggests that the Pd(100)
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Figure S. Reaction energy diagram of H* + NO* — HNO* (blue
line) and H* + NO* — NOH* (orange line) on (a) Pd(100) and (b)
Cu(100) surfaces at 1/16 NO* coverage. (c) Reaction energy
diagram of N* + NO* — N,0* at 1/16 NO* coverage (red line), 1/
2 NO* coverage (green line), and 5/8 NO* coverage (black line) on
Pd(100). The insets show the structure of the initial state (IS),
transition state (TS), and final state (FS) of the reaction process. The
white, red, blue, green, and orange spheres represent H, O, N, Pd, and
Cu, respectively.

surface is more selective to NOH* formation both kinetically
and thermodynamically. However, on the Cu(100) surface,
HNO* formation is kinetically and thermodynamically more
favorable than NOH* formation by 0.18 and 0.28 eV,
respectively. Therefore, the Cu(100) surface is more selective
to HNO* formation. The different selectivity toward HNO*
or NOH* on the Cu and Pd surfaces likely leads to different
final products (i.e, NH," or N,), where it is expected that
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hydrogenation of the nitrogen site in NO* will lead to the
more hydrogenated product (i.e, HNO* yields NH,").

In addition to the nonelectrochemical reaction pathway for
NOH* and HNO* formation, which starts with surface-
adsorbed H* and NO*, we also considered NOH* and HNO*
formation in an electrochemical framework. Here, the initial
state consists of adsorbed NO* on the catalyst surface, a
proton in the electrolyte, and an electron in the electrode
surface.”> We compared the reaction diagram of the reactions:
H* + e~ + NO* - HNO* and H* + e~ + NO* — NOH* on
Pd(100) and Cu(100) surface at 0 Vyyg, which leads to the
same conclusion regarding selectivity toward NOH* on Pd
and toward HNO* on Cu (Figure S19). On the Pd(100)
surface, although HNO* formation is slightly more thermo-
dynamically favorable than NOH* formation by 0.01 eV, the
activation barrier of HNO* formation is much higher than
NOH* formation by 0.48 eV. On the Cu(100) surface, the
reaction barrier and the reaction energy for HNO* formation
are 0.28 and 0.20 eV lower than those of NOH* formation,
respectively. This further confirms the selectivity to HNO* on
the Cu(100) surface.

On the Pd(100) surface, after NOH* is formed, NOH* can
readily dissociate with the assistance of a water-mediated
proton shuttle to form N* (i.e, NOH* + H* - N* + H,0 +
*) which has a highly negative reaction energy (—1.38 eV) and
a surmountable barrier at room temperature (0.47 eV) (Figure
$20). N* can couple with NO* to generate N,O, which is a
precursor of N,.>* We found N—NO* coupling becomes more
favorable both thermodynamically and kinetically at higher
NO* coverage on the Pd(100) surface, as the kinetic barrier
decreases from 1.75 eV at an NO* coverage of 1/16 to 0.70 eV
at an NO* coverage of 5/8. Thus, Pd(100) becomes more
selective to N, at higher NO* coverage, which is consistent
with experimental results’* and with our NO* Cu-to-Pd
spillover hypothesis (Figure Sc). HNO* forms on the Cu(100)
surface, which makes a stable N—H bond at the onset that will
favor NH,* formation, as well as prevents N* formation and in
turn N—NO* coupling on the pathway toward N,.

B EXPERIMENTAL METHODS

Materials and Methods. Materials. Palladium(II) sodium
chloride (Na,PdCl,, 98%), copper(Il) chloride dihydrate
(CuCl,-2H,0, >99.0%), polyvinylpyrrolidone (PVP, M.W.
55000), L-ascorbic acid (C¢HgO4 99%), potassium bromide
(KBr, >99%), sodium sulfate (Na,SO,, >99%), sodium nitrate
(NaNO;, >99%), sodium nitrite (NaNO,, >99%), sulfanila-
mide (C¢HgN,0,S, >98%), N-(1-naphthyl) ethylenediamine
dihydrochloride (C,,H4N,, >98%), perchloric acid (HCIO,,
70%), phosphoric acid (H;PO,, >85%), sodium
nitroferricyanide(IIl) dihydrate (C;FeNgNa,O-2H,0, >99%),
sodium hydroxide (NaOH, > 97%), sodium hypochlorite
solution (NaClO, >98%), salicylic acid (C,HO; >99%),
sodium citrate dihydrate (C¢HsNa;0,-2H,0, >99%) were all
purchased from Sigma-Aldrich. Vulcan XC-72R carbon powder
used as a support obtained from the Cabot Corporation. The
Nafion membrane was purchased from Fuel Cell Store
Company and TNTplus vial test kit for nitrate measurement
was purchased from HACH company. Ultrapure water (18.2
MQ) was used from Millipore Milli-Q.

Pd Nanocube Synthesis. We used a previously reported
protocol with minor modification,”* >’ which was also used in
our previous work.*® Na,PdCl, (8 mg), L-ascorbic acid (AA, 60
mg), KBr (400 mg), and PVP (105 mg) were used as a Pd
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precursor, reducing agent, capping agent, and surfactant,
respectively. First, AA, KBr, and PVP were dissolved in
ultrapure water (8 mL) at 85 °C for 15 min. Then, the aqueous
Na,PdCl, solution (3 mL) was added and kept at 85 °C for 3
h. The suspension was cooled to room temperature. Pd
nanocube nanoparticles were washed with ultrapure water and
ethanol several times and collected by centrifugation.

Deposition of Pd Nanocubes Nanoparticles on Carbon
Support. For electrochemical characterizations, we used
Vulcan carbon XC72R as a support to deposit Pd nanocube
nanoparticles by using 3 h of ultrasonication in ethanol. We set
the Pd metal loading for 20 wt % confirmed by ICP-MS result.

Preparation of f-Cu Pd NC/C and p-Cu Pd NC/C Catalysts.
We conducted the underpotential deposition of Cu on the Pd
NC/C catalyst at glassy carbon electrode (GCE) or carbon
paper electrode. After the electrochemical conditioning step for
surface cleaning in 0.1 M HCIO, electrolyte, we controlled the
deposition amounts of Cu on Pd NC/C catalysts by selecting
different stopping potentials between 0.3 and 0.8 Vyyg in the
presence of copper salt (e.g., 3 mM CuCl,) (Figure S1).

Catalyst Characterizations. TEM and HRTEM images
(FEI Tecnai F20) were acquired at 200 kV operation.
Aberration corrected high-angle annular dark field scanning
TEM (HAADF-STEM) images and complementary energy
dispersive X-ray spectrum (EDS) images were obtained on
JEOL JEM2200FS (200 kV) equipped with a third-order
CEOS aberration corrector and a Bruker XFlash silicon drift
detector. The TEM samples were dispersed by ultrasonication
in ethanol and dropped on gold grid (Electron Microscopy
Science Co.), and then dried for analysis. Inductively coupled
plasma mass spectrometer (ICP-MS, PerkinElmer Elan DRC)
was used to determine the 20 wt % concentrations of Pd
nanocube for the deposition at carbon support and measure
the leaching concentrations of Pd and Cu after electrolysis
tests.

Electrochemical NOs;RR and NO,RR Tests. A standard
three-electrode electrochemical cell (Pine Research) con-
nected with potentiostat was used. Working electrode is
prepared by drop casting of catalyst ink on glassy carbon
electrode at ring disk electrode (RDE). Pd NC/C catalyst was
dissolved into a mixture of Nafion ionomer solution (5 wt %,
20 puL mL™"), ultrapurewater and isopropanol acolohol (1.5
mg mL™"). The Pd metal loading on the GCEs was 15 ugp,
cm™2, and it was dried under ambient conditions in air. A Pt
wire and Ag/AgCl (saturated potassium chloride) were used as
a counter electrode and reference electrode, respectively. We
used hydrogen gas purging into electrolyte and Pt electrode to
convert a reversible hydrogen electrode (RHE) from measured
potentials. The surface of Pd NC/C electrocatalyst was
electrochemically cleaned by sweeping potentials (—0.4 to
0.8 Viyg) for 200 cycles in 0.05 M Na,SO, electrolyte before
measuring the LSV curve. Then, we introduced Cu and
measured the LSV curves for p-Cu Pd NC/C and f-Cu Pd
NC/C electrocatalysts. The LSV data of NO;RR and NO,RR
were measured while rotating at 1000 rpm with a scan rate of
50 mV s~ The potential sweeps started at 0.5 Vg to —1.0
Viue for electrochemical NO;RR and NO,RR. An Ar purged
environment in all electrolytes was supported to remove
possible remained oxygen in electrolyte. We added 20 mM
NO; or 2 mM NO, into 0.05 M Na,SO, electrolyte for
NO;RR and NO,RR activity, respectively. Electrolysis tests
were performed in a two-chamber electrolytic cell connected
with the potentiostat and in situ mass spectrometry for
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measuring gaseous products. The working electrode geometric
area was controlled with 0.25 cm®. We prepared pristine Pd
NC/C catalyst ink first and spray-coated on carbon paper as a
working electrode. To fabricate bulk scale of f-Cu PANC/C
and p-Cu PANC/C electrodes, we conducted Cu UPD method
with a pristine Pd NC/C coated on carbon paper and
deposited Cu atoms as same conditions with half-cell tests. By
controlling the sweeping potential Ag/AgCl reference elec-
trode was placed in the cathode chamber and Pt wire was used
as a counter electrode and placed in the anode chamber. The
electrolytes in the cathode and anode chambers both were 0.05
M Na,SO, electrolyte. The 100 ppm of NO; —N was only
added into the cathode compartment. Chronoamperometry
(CA) was performed at —0.5 Vpyp for 4 h. Long-term
electrolysis for the stability of p-Cu Pd NC/C electrode was
performed at —0.5 Vyyg electrolysis for 4 h and repeated 20
cycles (80 h electrolysis).

Determinations of Products. Ion concentrations of
NO; —N, NO, —N and NH,"—N are analyzed by a titration
technique using the ultraviolet—visible (UV—vis) spectropho-
tometer based on our previous study.”® NO, —N concen-
trations were estimated from a calibration curve obtained from
the absorption intensities and wavelength (345 nm) by using
the nitrate kit (HACH Co.). The detection of limit for NO; —
N is 0.4 ppm. NO, =N ion concentrations were determined
from a calibration curve obtained from the absorption
intensities at a wavelength (540 nm) by using a color reagent.
The color reagent is prepared by dissolving N-(1-naphthyl)
ethylenediamine dihydrochloride (0.2 g) and p-aminobenze-
nesulfonamide (4 g) into phosphoric acid (10 mL) and
ultrapure water (50 mL) solutions. The detection of limit for
NO, —N is 0.02 ppm. NH,"—N was estimated using the
indophenol blue method. We prepared S wt % salicylic acid in
1 M NaOH solution and S wt % sodium citrate that was added
into samples. Then, 0.05 M NaClO (1 mL) and 1 wt %
CsFeN¢Na,O solution (0.1 mL) were added into 1 mL of
samples. The change from colorless to blue color was detected
in the absorbance at a wavelength (655 nm). The detection of
limit for NH,*-—N is 0.2 ppm. For gaseous products
measurement, an in situ mass spectrometer (Cirrus 2, MKS
Instruments) was attached to the sealed two chamber cell. We
used the ultrahigh purity Air carrier gas for the calibration. The
typical atmospheric pressure entry of 760 Torr is used, the
entered mass was 28 for diatomic nitrogen, and the percentage
for the contribution of mass 28 was 78%. The multiplier mass
was set to 29 for a 0.57% contribution to the partial pressure of
air. Ultrahigh purity Ar carrier gas was purged into the cathode
chamber at a 20 mL min™' during the electrolysis. All
electrolysis tests were only initiated after the gas analyzer signal
was stabilized.

Calculation of NO;~ Conversion Rate and N,
Selectivity.

_ AC(NOS_)
NO; conversionrate = ———————— X 100%
CO(NO3 —N) (1)

C.(NO, —N

S(NO, )% = f(é_) X 100%
AC(NO,”—N) (2)
C,(NH,"™—N

S(NH,")% = GINHN) oo
AC(NO; —N) (3)
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AC(NO;”—N) — C,(NO,”—N) — C,(NH,*—N)
AC(NO;"—N)

S(N,)% =

x 100% 4)

ACy(NO; —N) is the difference of NO,~ ion concentration
between initial and after electrolysis tests and C; is the initial
NO;~ ion concentration. The electrolyte volume in the
cathode compartment is 20 mL of 0.05 M Na,SO, including
100 ppm of NO;™—N. The C, is concentration change after the
reduction time, and selectivity of N, is calculated by total
nitrogen mass balance considering NO;”—N, NO, —N, and
NH, —N.

Theoretical Calculation Method. We applied the Vienna
ab initio Simulation Package (VASP) version 5.4.4°"” for the
density functional theory (DFT) calculations. The nuclei and
frozen core electrons were treated using the projector
augmented wave (PAW)®° formalism with VASP default
potentials.”’ The valence electrons (N-2s22p®, O-2s22p*, H-1s',
Cu-3d'%4s', and Pd-4d°Ss') were treated self-consistently. The
Perdew—Burke—Ernzerhof (PBE) generalized gradient approx-
imation (GGA) exchange-correlation functional®”® was em-
ployed. The van der Waals interactions were described by
Grimme’s D3 dispersion.’® All calculations were spin-polarized
with a 400 eV kinetic energy cutoff for the plane-wave basis
sets. The calculations were performed on four layers of
Cu(100) and Pd(100) surfaces with the bottom layer of the
slab fixed in bulk positions. The periodic slabs were separated
by at least 15 A in the z direction. A Monkhorst—Pack (MP)**
k-point mesh of 4 X 4 X 1 was sampled on 4 X 4 periodic
supercells for both Cu(100) and Pd(100) slabs. The electronic
energy was converged to within 107> €V for each electronic
self-consistent-field cycle and forces in reported geometries
were converged to within 20 meV A™'. The Methfessel—
Paxton smearing was set at 6 = 0.2 eV, A dipole correction
perpendicular to the surface was applied for all calculations.
Transition states (TS) were found using the climbing image
nudged elastic band (CI-NEB) method®*®” with the force
converged to within 50 meV A™!, where the dimer method®®
was applied to refine the search for saddle points. The TS
structures were confirmed to have only one imaginary
frequency.

The absolute free energies of species (Gaogx) were calculated
using eq S derived from standard formulas from statistical
mechanics:*’

0
GZ98K = ESCF + ZPE + HZ98K - TSZQSK (5)

where Egcp represents the ground state electronic energy at 0
K, ZPE represents the zero-point energy, T represents the
temperature (298 K), H,ggi is the enthalpy correction at 298
K, and S,y represents the entropy at 298 K.’ Translational
and rotational degrees of freedom were neglected for species
chemisorbed on the surface. Vibrational contributions of the
surface species were calculated from frequencies computed
with a finite difference analysis in VASP, where the surface
metal atoms were fixed. The Egcp energies of HNO;, HNO,,
NO, and H, were computed separately in a 20 X 20 X 20 A3
unit cell with 1 X 1 X 1 MP k-points sampling in VASP. The
ZPE + H,ggx — T'Syosx correction values for the molecules were
directly calculated using the NorthWest Chemistry
(NWChem) modeling software’" for the equivalent molecule
geometry.

To calculate the adsorption free energy of the reaction
shown in egs 6—8
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NO;,” + * — NO,* + e~ (6)
NO,” + * 5 NO,* + e~ (7)
NO + * - NO* (8)

where the * represents Cu(100) and Pd(100) surface sites, we
used the same calculation method described in our previous
work’® (egs 9—11):

AGads(NO3_) = GNO3* + [Ge_ + GH+] - [GNO3_ + GH*]
1
— G*=GN03* — G* + I:EGHZ - eUR}LE]

~ [Guno, + 2303RT(pK, — pH)] ©)

AG,4(NO,") = Gyo + [G- + Gyl = [Gyo,- + Gyl
= Gu=Gyo,x — Gy + [%GHZ - EURHE]
— [Guno, + 2.303RT(pK, — pH)] (10)

AGads,NO = Gno = Gy — (11)

where Gy Gyo,» and Gyg+ are the free energy of NO;,

GNO

NO,, and NO adsorbed on the metal surfaces, separately, G-
is the free energy of the electron, G+ is the free energy of the
proton. The free energy of the electron—proton pair was
computed using the computational hydrogen electrode
model.””G- is the energy of the Cu(100) or Pd(100) surface.
Gy, is the free energy of the H, at 1 atm. Upyy is the applied

potential referenced to the reversible hydrogen electrode
(RHE), R is the gas constant, T is the temperature, and Gno,
is the free energy of NO;™ at a concentration of 20 mM, Gy -
is the free energy of NO,™ at a concentration of 2 mM. Gy,
and Gyo,- were computed using a thermodynamic cycle to
avoid calculating the energy of an anion in the periodic
simulation cell, where the free energy of the anion is computed
from the free energy of its neutral acid and associated pK.,.
Ghno, is the free energy of HNO; at a HNO; concentration of
20 mM, and the pK, of HNO; is —1.4.73’74GHNOZ is the free
energy of HNO, at a HNO, concentration of 2 mM, and the
pK, of HNO, is 3.25.°Gyo is the free energy of NO at a
concentration of 0.2 mM. The adsorption free energy was
calculated at pH = 7, 298 K, and a potential of —0.5 Vyyg.

The NO* migration from Cu to the hydrogenated Pd site is
described by eq 12:

_ _ 1 _ _
NO* Cu + H* Pd N —HZ + NO* Pd + *—Cu
2 (12)

where and represent Cu and Pd sites, respectively.
The free energy of this migration step is computed with eq 13:

#—Cu —Pd

1
AG = Gy_cy + Gros—pa T+ EGHZ — Ghx—pd

(13)

where Gygy_pq and G:_c, are the free energies of the
Cu(100) surface with and without NO* adsorbed, respectively.
Gy, is the free energy of the H, (g) at 1 atm. Gygy_pq and

- GNO*—Cu

GNo#—_cy are the free energy of NO* and H* adsorbed on the
Pd(100) surface, respectively.
The potential-dependent activation barriers for the reaction
A"+ H" + e — AH"

at a potential of Upyy were calculated using eq 11 based on the
methodology of Janik and co-workers:>’

Ea(URHE) = Ea(UO) + ﬂF[U - U()] (14)
1
y = Saenr ~ Ga ~ 5O
o e (15)

E.(Uy) is the activation barrier at the equilibrium potential for
the adsorption of a proton—electron pair on the metal surface.
J represents the symmetry factor, which is assumed to be 0.5 in
all steps, F is the Faraday constant, and e is the positive
elementary charge. Gp», 4+ denotes the free energy when both
H* and reactant A* are adsorbed on the metal surface. G yx
represents the energy when only reactant A* is adsorbed on
the metal surface so there is an open adjacent site denoted as *.
Gp,(g) is the free energy of H, at 1 atm. Geometries of

converged structures are provided at https://github.com/
tsenftle/PdCu_ Selectivity.
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