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ABSTRACT: The design of electrocatalysts capable of selectively reducing nitrate to
ammonia is gaining interest as a means of transforming waste into fertilizers.
However, most prior investigations of prototypical electrocatalysts, such as
polycrystalline Pd and Pt, have focused on unraveling the mechanisms responsible
for the selective reduction of nitrate to nitrogen gas. Such polycrystalline noble metals
demonstrate notoriously low activity for nitrate reduction (nitrate to nitrite) and high
activity for nitrite reduction (nitrite to nitrogen). Here, we aim to elucidate the effect
Pd surface structure has on nitrate and nitrite reduction and to determine what role
catalyst structural design can play in enabling selective reduction of nitrate to
ammonia. Through synthesizing nanocatalysts with controlled facets (e.g., nanocubes, cuboctahedrons, octahedrons, and concave
nanocubes), we demonstrate that Pd(111) > Pd(100) > Pd(hk0) for nitrate reduction activity and Pd(100) > Pd(hk0) > Pd(111)
for nitrite reduction activity in an alkaline electrolyte. Octahedrons without Pd (100) facets exhibited nearly selective production of
NO,~ with little to no measurable NH; or N,. However, nanocubes that expose only the Pd(100) facet exhibited high activity for
NO," reduction to NH;. Cuboctahedrons that expose both Pd(111) and Pd(100) facets demonstrated the highest production of
ammonia (306.8 yg h™' mgp, ') with a faradaic efficiency of 35%. Density functional theory (DFT) simulations reveal that *NO,
dissociation to *NO, + O* is more favorable on Pd(111) than Pd(100), explaining the faster nitrate reduction kinetics on the
Pd(111) facet observed in the experiments. The simulations also show that *NO, binds less strongly to Pd(111) compared to
Pd(100). Thus, nitrite formed via nitrate dissociation readily desorbs from the Pd(111) surface, which explains why Pd(111)
selectively reduces nitrate to nitrite. The results show that cuboctahedron is bifunctional in nature, with the (111) facet catalyzing
the conversion of NO;~ to NO,™ and the (100) facet catalyzing the conversion of NO,” to NH;.
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B INTRODUCTION reduction (NO3RR) and nitrite reduction (NO,RR), as nitrite
is a well-known intermediate present in the catalytic trans-
formation to either nitrogen or ammonia. The NO;RR activity
on noble metals decreases in the following order Rh > Ru > Ir
> Pd—Pt.**~"! The low activity of Pd for NO;RR is due to the
low enthalpy of NO;~ adsorption on Pd when compared to
hydrogen.''* Despite the low activity for NO;RR, polycrystal-
line Pd expresses the ideal activity for NO,RR and generates
N, with high selectivity."*™'® Pd also experiences a lower
degree of catalyst poisoning when compared with nonprecious
metal alternatives, which is critical for long-term performance
in complex solutions (wastewater).g’17“’17’18

Thus, it is important to investigate the role of Pd catalyst
structure in an effort to overcome these tradeoffs and design

Increasing use of nitrogen-based fertilizers is largely respon-
sible for nitrate being one of the most common groundwater
contaminants.' > The significant health concerns attributed to
nitrate in drinking water (infant methemoglobinemia and
cancer) promote a need for nitrate treatment technologies to
meet maximum contaminant guidelines (ie, <10 pprn) as
defined by the US Environmental Protection Agency. Most
nitrate removal technologies require the use of physicochem-
ical treatment processes, such as reverse osmosis, ion exchange
resins, and electrodialysis. All three approaches result in a
significant amount of waste brine that is difficult and expensive
to dispose.” ® Catalytic approaches which transform nitrate
into less harmful (nitrogen) or useful (ammonia) products are
of emerging interest to minimize waste and close the nitrogen
cycle.

Electrocatalytic transformations have many potential advan-
tages over thermocatalytic approaches, with the most notable
being the ease of integration with renewable electricity. The
chief challenge with identifying an ideal electrocatalyst is
finding a catalyst that contains active sites for both nitrate
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efficient electrocatalysts capable of converting nitrate to
ammonia. Most design strategies to overcome slow NO;RR
kinetics on Pd center on the design of bimetallic catalyst on a
reducible support. The bimetallic catalyst typically contains Pd
and a ]I; omoter metal such as In, Rh, Cu, Ni, and
Sn. #1379 724 With a2 bimetallic catalyst, the transition
metal promotes the reduction of nitrate to nitrite while
oxidizing the support. The noble metal then allows for
activation of hydrogen, reduction of the support, and further
reduction of nitrite to *NO and/or *N,O. The choice of
bimetallic and catalyst structure can promote the favorable
accumulation of *NO or *N,O on the catalyst surface.
Spectroscopy investigations have indicated that surfaces that
preferentially form *N,O are critical to producing N,,**~*
while surfaces that preferentially form *NO may be critical to
producing NH;.

Understanding electrocatalytic behavior on precious metals
with diverse facets for NO;RR/NO,RR is necessary for
developing rational design strategies for efficient ammonia
production from wastewater. Preferential crystal planes of Pt
show a strong structure sensitivity for NO;RR activity.”* ™’
Koper and co-workers have detailed the structure-sensitive
nature of nitrate reduction on Pt catalysts.”**" However,
similar investigations regarding the structure sensitivity of Pd
using shape-controlled nanoparticles are rare,""** and thus, our
chief aim is to elucidate the nitrate reduction reaction structure
sensitivity on Pd. To investigate this, we synthesize Pd shape-
controlled nanoparticles to explore the facet-dependent activity
and selectivity of NO;RR and NO,RR. We find that Pd(111)
facets catalyze NO;~ to NO,” and Pd(100) facets catalyze
NO,™ to NH,.

B EXPERIMENTAL SECTION

Materials and Methods. Materials. Palladium(II) sodium
chloride (Na,PdCl,, 98%), poly(vinylpyrrolidone) (PVP, MW
55000), potassium bromide (KBr, >99%), r-ascorbic acid
(C¢HgOgq, 99%), formaldehyde solution (HCHO, 37 wt % in
H,0), sodium nitrate (NaNO;, >99%), sodium nitrite
(NaNO,, >99%), p-aminobenzenesulfonamide (CzHgN,O,S,
>98%), N-(1-Naphthyl) ethylenediamine dihydrochloride
(C,H4N,, >98%), sodium nitroferricyanide(IIl) dihydrate
(CsFeNgNa,0-2H,0, >99%), phosphoric acid (H;PO,,
>85%), sodium hydroxide (NaOH, >97%), sodium hypo-
chlorite solution (NaClO, 10—15%), sodium citrate dihydrate
(C¢HsNaz0,-2H,0, >99.0%), and salicylic acid (C,HgO;,
>99%) were all obtained from Sigma-Aldrich. Vulcan XC72R
carbon powder used as a support came from Cabot
Corporation. The Nafion 212 membrane and commercial
Pd/C (20 wt %, 3—5 nm Pd NP) catalyst used in this study
were purchased from Fuel Cell Store Company. A nitrate kit
(Nitrate TNTplus Vial Test) for nitrate measurements was
obtained from HACH Company. Ultrapure water (18.2 MQ
cm) was used from Millipore Milli-Q. All gases were obtained
from Airgas.

Synthesis of Pd Nanocubes. Pd nanocubes were synthe-
sized through a previously reported protocol with minor
modifications.* In a typical synthesis,”*"> 58 mg of Na,PdCl,,
105 mg of PVP, 400 mg of KBr, and 60 mg of L-ascorbic acid
(AA) were used as a Pd precursor, a surfactant, a capping
agent, and a reducing agent, respectively. PVP, KBr, and AA
dissolved in DI water (8 mL) followed by preheated at 85 °C
for 15 min under magnetic stirring. The aqueous Na,PdCI,
solution (3 mL) was then rapidly injected into the preheated
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solution. The reaction solution was kept at 85 °C for 3 h under
magnetic stirring and then cooled down to room temperature.
The product nanocubes were collected by centrifugation and
washed with water and ethanol.

Synthesis of Pd Cuboctahedrons and Octahedrons. Pd
cuboctahedrons and octahedrons were synthesized through a
previously reported protocol.*® In a seed growth synthesis, 0.6
mg of Pd nanocube, 105 mg of PVP, and 0.1 mL of HCHO
were used as a seed, surfactant, oxidizing agent, and reducing
agent, respectively. The above chemicals were dissolved in
ultrapure water (8 mL) in an oil bath to preheat the mixture at
60 °C for 10 min. Each Pd precursor (8.7 mg of Na,PdCl, for
cuboctahedrons and 29 mg of Na,PdCl, for octahedrons) is
dissolved in each aqueous solution (11 mL) and then placed in
an oil bath to heat the mixture at 60 °C for 3 h under magnetic
stirring and then cooled down to room temperature. The final
steps are precipitation using ethanol and washing by ultrapure
water through centrifugation.

Synthesis of Pd Concave Nanocubes. Pd concave nano-
cubes were synthesized through a previously reported
protocol.*® In a seed growth synthesis, 0.6 mg of Pd nanocube,
14.5 mg of Na,PdCl,, 105 mg of PVP, 300 mg of KBr, and 60
mg of AA were used as a seed, Pd precursor, surfactant,
capping agent, and reducing agent, respectively. All chemicals
are in an aqueous solution (11 mL) and then placed in an oil
bath to heat the mixture at 60 °C for 2 h under magnetic
stirring and then cooled down to room temperature. The final
steps are precipitation and washing using ethanol and ultrapure
water through centrifugation.

Deposition of Shaped-Controlled Pd Nanoparticles
on Carbon Support. Shape-controlled Pd nanoparticles were
deposited onto Vulcan carbon XC72R by sonication for 3 h in
ethanol to obtain carbon-supported catalysts (denoted as Pd
nanocube/C, Pd cuboctahedron/C, Pd octahedron/C, and Pd
concave/C). The suspension was washed six times with
ultrapure water and ethanol through centrifugation. All Pd
shape-controlled nanoparticles were uniformly distributed on
carbon support (Figure S1).

Catalyst Characterizations. The concentrations of Pd
element in suspensions were determined using an inductively
coupled plasma mass spectrometer (ICP-MS, PerkinElmer
Elan DRC). Each concentration in the suspension is 97.5 ppb
of concave nanocubes, 93.3 ppb of octahedrons, and 86.2 ppb
of cuboctahedrons. ICP-MS verified that all Pd shape-
controlled nanoparticles are 20 wt % metal loading on the
carbon support. Transmission electron microscopy (TEM)
images were acquired to analyze the morphology and crystal
structure using a HT7700 microscope operated at 120 kV
(Hitachi). All shape-controlled nanoparticles were well
dispersed in isopropyl alcohol suspensions, and the sample
was prepared by drop casting on carbon-coated copper grids
(FCF200-Cu, Electron Microscopy Science) and dried under
ambient conditions in air.

Electrochemical Characterization. Electrochemical test-
ing was conducted using a ring disk electrode (RDE)
experimental setup (Pine Research) with a standard three-
electrode electrochemical cell. A Pt wire counter electrode and
Ag/AgCl (saturated potassium chloride) reference electrode
were used. All potentials were converted to a reversible
hydrogen electrode (RHE). Catalyst inks were prepared by
mixing/dispersing the catalyst (1.5 mg mL™") and a Nafion
ionomer solution (S wt %, Sigma-Aldrich) (20 L mL™") in
the mixture of isopropyl alcohol and ultrapure water. After
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ultrasonication for 20 min, 10 uL of uniformly dispersed ink
was deposited onto a glassy carbon electrode (GCE). The Pd
loading densities of all catalysts on GCEs were 25 ugpq cm ™2,
and the thin films on the surfaces of GCEs were dried under
ambient conditions in air. Cyclic voltammetry was performed
while rotating the shaft of the working electrode at 1000 rpm
with a scan rate of SO mV s~'. The potential sweeps started at
0.2 Vgyg and repeated in a potential range of —0.2 to 0.8 Vpy.
In all testing, an Ar-saturated 0.1 M NaOH aqueous solution
containing 20 mM NaNO; or 2 mM NaNO, was used as the
electrolyte. Alkaline conditions were deemed necessary to
reduce the proton concentration to investigate intrinsic
NO;RR/NO,RR activity of Pd facets. In addition, the study
of nitrate reduction in alkaline electrolytes provides insights
into opportunities for treating alkaline waste streams. There
are a number of industrial waste streams that exhibit high pH
and nitrate concentrations, with nuclear-based waste streams
being one such example.'

Electrolysis testing was conducted with an H-type electro-
lytic cell separated by a Nafion 212 membrane, which is
connected to an electrochemical workstation. The Nafion
membrane was boiled in 3% H,0O, for 1 h, ultrapure water for
2 h, and then 0.5 M H,SO, for 1 h, sequentially. After the
pretreatment, the membrane was thoroughly rinsed with
ultrapure water several times. The working electrode was
used as Pd-based catalysts that were spray-coated on carbon
papers as a working electrode and Ag/AgCl was used as a
reference electrode in the cathode chamber. Pt wire was used
as a counter electrode and placed in the anode chamber. The
geometric surface area of the working electrode was controlled
with 0.4 cm® The electrolyte in the H-type cell is the same as
our previous half-cell test solution. The 0.1 M NaOH
electrolyte was evenly distributed to the cathode and anode
compartment, and 400 ppm of NO;™-N was added into the
only cathode compartment for NO;RR with an Ar-purged
environment. Chronoamperometry (CA) was performed at a
potential of —0.2 Vyyg for 1, 2, 3, and 4 h, respectively, for
NO;RR, detecting concentration variations of NO;™-N, NO, -
N, and NH;-N.

Product Measurements Analysis. The ultraviolet—
visible (UV—vis) spectrophotometer was used to measure
ion concentrations in electrolytes, collecting a small amount of
samples after testing 1, 2, 3, and 4 h. NO;™-N concentrations
were estimated from absorption intensities at a wavelength of
345 nm that measured using the nitrate kit. NO, -N
concentrations were determined from the absorption inten-
sities at a wavelength of 540 nm that measured using a color
reagent that is a mixture of p-aminobenzenesulfonamide (4 g),
N-(1-Naphthyl) ethylenediamine dihydrochloride (0.2 g),
ultrapure water (50 mL), and phosphoric acid (10 mL).*
NH; N was measured using the indophenol blue method**
conducted through extracting 1 mL of testing solutions after
selected hours. In detail, 1 M NaOH solution containing S wt
% salicylic acid and 5 wt % sodium citrate was initially added
into samples, followed by the addition of 1 mL of 0.05 M
NaCIO and 0.1 mL of an aqueous solution of 1 wt %
C;FeNgNa,O into 1 mL of samples. The formation of
indophenol blue was detected in the absorbance at a
wavelength of 655 nm. All calibration curves of NO;™-N,
NO,™-N, and NH;-N showed good linearity in an
absorbance—concentration graph, and all samples were
measured with a proper dilution to match each calibrate
curve (Figure S2).
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For the analysis of gaseous products, an in situ mass
spectrometer (Cirrus 2, MKS Instruments) was connected to
the H-cell. Ultrahigh purity Ar gas was fed into the cathode
chamber in H-cell as a carrier gas at a flow rate of 20 mL min™"
during the measurement. All tests were initiated after the signal
on the gas analyzer was stabilized.

Calculation of the NH; Yield, Conversion Rate, and
Faradic Efficiency.

Cap, XV

NH, yieldJ=————
iRk My, X t X A

Cxp, is the ion concentration of NH;(aq), V is the

electrolyte volume in the cathode compartment (20 mL
including 400 ppm of NO;-N), Myy, is the molar mass of

NHj, ¢ is the reduction time, and A is the working electrode
area (0.4 cm?)

NO; convernsion rate = ACNO;/ C, X 100%

ACyp,” is the ion concentration difference of NO;™ before and
after reduction tests and C, is the initial ion concentration of
NO;~.
n X FX Cyy XV

My, X Q

Faradaic efficiency (FE) =

where n is the electrons involved in the formation of NH;
(assumed 8 e reaction), F is the Faraday constant (96 485 C
mol "), Cyp, is the ion concentration of NH;(aq), V is the

electrolyte volume (20 mL including 400 ppm of NO;™-N) in
the cathode compartment, Myy, is the molar mass of NH;, and

Q is the electric charge contributed to the formation of NH;.

Density Functional Theory (DFT) Calculations. The
energy of chemical species adsorbed on Pd surfaces and in the
aqueous phase was computed using density functional theory
(DFT) implemented in the Vienna ab initio Package (VASP)
version 5.4.4."" The core electrons were treated with the
projector augmented-wave (PAW) method’® employing
default potentials in VASP.>' The valence electrons in each
element treated explicitly were as follows: Pd—4d’Ss', N—
2s2p®, O—2s"2p*, and H—1s'. Exchange—correlation was
described by the generalized gradient approximation (GGA)
with the Perdew—Burke—Ernzerhof (PBE) functional.>” All
calculations employed spin polarization. The Methfessel—
Paxton smearing method™® was applied with 0.2 €V smearing
width. The plane-wave basis set was truncated with a 400 eV
kinetic energy cutoff. The Brillouin zone was sampled by a
Monkhorst—Pack (MP)>* k-point grid with § X 5 X 1 and 6 X
6 X 1 spacing for Pd(111) and Pd(100), respectively. A dipole
correction in the z-direction was applied for all structure
optimizations in vacuum, and a solvation single-point
correction was applied to all optimized geometries using the
VASPsol*>*® method with default parameter settings and a
dielectric constant of 78.4 for water. van der Waals interactions
were described by Grimme D3 dispersion.’”

Four layers of Pd(111) and Pd(100) surfaces were generated
from a bulk Pd structure with an optimized lattice parameter of
3.89 A, which agrees with the literature value.”® The bottom
layer of the slab was fixed in all calculations. The distance
separating the periodic Pd slabs in the z-direction was at least
15 A in all cases. Atomic coordinates were optimized until the
maximum force between the atoms was less than 0.02 eV/A.
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Figure 1. TEM images of Pd shape-controlled nanoparticles. (a, e) Pd nanocube, (b, f) Pd cuboctahedron, (c, g) Pd octahedron, and (d, h) Pd
concave nanocube. Enlarged images in low-magnification TEM are shown in Figure S3.
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Figure 2. Electrochemical activity of (a) NO;RR and (b) NO,RR for all Pd catalysts over HER. Dash lines are blank CV tests for all Pd catalysts at
Ar-saturated 0.1 M NaOH in the absence of 20 mM NO;~ or 2 mM NO,~, whereas solid lines are CV tests at Ar-saturated 0.1 M NaOH in the
presence of 20 mM NO;~ or 2 mM NO,". (¢, d) Current density was collected at —0.2 Vg for (c) NO;RR and peaks around 0 Vg for (d)
NO,RR for all Pd catalysts.
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Figure 3. Concentration change of NO;™-N, NO, -N, and NH;-N over reaction time during chronoamperometry tests using an H-cell at —0.2
Vyue for (a) Pd nanocube/C, (b) Pd cuboctahedron/C, (c) Pd octahedron/C, (d) Pd concave/C, and (e) polycrystalline Pd/C.

The energies of HNO;, HNO,, and H, were computed in a 15
X 15 X 15 A unit cell with 1 X 1 X 1 MP k-points sampling.
Transition states were found usin§ the climbing image nudged
elastic band (CI-NEB) method.””®° Translational, rotational,
and vibrational corrections to the free energy were
incorporated using standard formulas from statistical mechan-
ics for gaseous species. Only vibrational corrections were
considered for adsorbed species on Pd surfaces.

We used the computational hydrogen electrode (CHE)®" to
estimate the adsorption energy of nitrate and the desorption
energy of nitrite as a function of the applied potential. The
reaction equation for nitrate adsorption is

NO;(aq) + * > NO{‘< + e

The free energy for this reaction, AG,q, (NO;7), is computed
using the following expression, where a thermodynamic cycle is
employed to avoid direct calculations involving the solvated
nitrate anion in the periodic simulation cell

AGads(NO;) = GNO;‘ + [Ge’ + GH+] - [GNOg + GH+]
— G*
1
= Gyor — Gy + EGHZ — eUpye
~ [Gyno, + 2303 RT (pK, — pH)]

where Gyo,» is the free energy of *NO; adsorbed on the Pd

surface, G is the free energy of the electron, Gy is the free
energy of the proton, Gyo,- is the free energy of nitrate in
solution, G+ is the energy of the Pd surface, e is the elementary
positive charge, Ugyy is the applied potential referenced to the
reversible hydrogen electrode (RHE), Gy, is the free energy of

gaseous H, at 1 bar, Gyyo, is the free energy of aqueous
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HNO;, R is the gas constant, T is the temperature, and pK, is
computed from the experimental® acid dissociation constant
of HNO; (ie., pK, = —1.4). The thermodynamic cycle ensures
that the free energy of the proton contained in the CHE
expression and in the acid dissociation expression cancels at
pH = 0. Adsorption/desorption energies can be corrected for
any arbitrary pH by simply correcting the free energy of the
proton by 2.303 RT pH. Here, this correction would be
identical for both surface facets, so the relative difference in
adsorption/desorption energies between the two facets does
not depend on pH. Similarly, the reaction equation for nitrite
desorption is

I\]Of‘< +e - NO;(aq) + *

The free energy of the reaction, AGy, (NO,7), is also
computed with a thermodynamic cycle

_ 1
AG(NO;) = Gy — GNOZ‘ - [EGHZ - EURHE]
+ [Guno, + 2303 RT (pK, — pH)]

where Gyo« is the free energy of NO, adsorbed on the Pd
surface, Gy, is the free energy of aqueous HNO,, and pK, is
computed from the experimental® acid dissociation constant
of HNO, (i.e,, pK, = 3.25). The reaction energies, reported in
Table S1, were computed at 298.15 K; the pressure and
concentration for Hy.), HNOj;(,q), and HNO,(,q) are 1 atm,
400 ppm, and 10 ppm, respectively.

B RESULTS AND DISCUSSION

All Pd shape-controlled nanoparticles exhibited well-defined
shapes and structures (Figures 1 and S3). The Pd nanocube
was enclosed by six {100} facets with an average edge length of
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Figure 4. NH; yield rate at 3 h and faradaic efficiency (FE) of all Pd
catalysts.
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Figure S. Reaction mechanism for nitrate reduction toward nitrite and
ammonia.

13.0 nm. The Pd cuboctahedron contained six {100} and eight
{111} facets with an average edge length of 20.5 nm. The Pd
octahedron had eight {111} facets with an average edge length
of 21.9 nm. Finally, the Pd concave nanocube had {100} facets
at the terrace and high-index {hk0} facets such as (730)* at
the edges/vertex with an average edge length of 19.0 nm.
These well-defined surface structures are contrast with that of
polycrystalline Pd nanoparticles (commercial Pd/C, 3—5 nm),
which are typically enclosed by randomly mixed facets of
{111}, {200}, {220}, and {311} facets.*"°

Activity of Electrochemical NO;RR and NO,RR on Pd
Nanocrystals. The electrochemical activities for NO;RR
(rate-determining step) and NO,RR (selectivity determining
step) were determined through cyclic voltammetry (CV)
(Figure 2a,2b). Current density is normalized by the

electrochemical surface area (ECSA) of each Pd catalyst
(Figure S4 and Table S2). Blank CVs in the absence of
reactant (either nitrate or nitrite) were measured in an Ar-
saturated 0.1 M NaOH electrolyte (dash lines in Figure 2a,b).
All of the Pd catalysts showed almost identical blank CV curves
with low current densities (~0.2 mA cm™ at —0.2 Vypyg).
These results are expected as the only reaction which can
proceed is the HER reaction, and alkaline conditions limit the
HER reaction. Electrochemical NO;RR activity of all Pd
catalysts was evaluated in the presence of nitrate ions (20 mM
NO;7) at an Ar-saturated 0.1 M NaOH electrolyte (solid lines
in Figure 2a). Due to the low HER activity, current from the
CVs arises primarily due to the NO;™ reduction reaction
(Figure 2c). NO;™ reduction at potentials between —0.2 Vyyp
and 0 Vpyg demonstrated an increased current with respect to
the blank CV. At —0.2 Vygg, the current density was 4.25 mA
cm™ for Pd cuboctahedron/C, 3.70 mA cm™? for Pd
octahedron/C, 1.65 mA c¢m™> for the Pd nanocube/C, 1.28
mA cm™? for the Pd concave/C, and 0.26 mA cm 2 for the
commercial Pd/C (denote polycrystalline Pd/C). Thus, the
activity for NO3;RR was Pd cuboctahedron/C > Pd
octahedron/C > Pd nanocube/C > Pd concave/C >
polycrystalline Pd/C. It is noteworthy that the primary feature
of cuboctahedron and octahedron is the presence of eight
{111} facets, which do not exist in the nanocube nor concave
cube. Thus, the electrochemical activity toward NO;RR on Pd
decreases in the order (111) > (100) > (hk0). Polycrystalline
Pd nanoparticles may be enclosed mainly by the (220) and
(311) facets as they show even lower NO;RR activity relative
to the other shape-controlled Pd nanoparticles. The highest
ECSA and less well-defined structure of polycrystalline Pd also
exhibited the lowest current density and NO;RR activity.
The electrochemical activity for NO,RR was next
determined through CV with and without nitrite ions (Figure

b
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Figure 6. (a, b) Top and side views of the transition state of *NO; — *NO, on (a) Pd(111) and (b) Pd(100). (c) Energy of NO;™ adsorption at
pH = 0 and the activation barrier for *NO; — *NO, plotted against the applied potential. (d, e) Top and side views of the transition state of *NO,
— *NO on (d) Pd(111) and (e) Pd(100). (f) Energy of NO,~ desorption at pH = 0 and the activation barrier for ¥NO, — *NO plotted against
the applied potential. The red, blue, and green spheres represent O, N, and Pd, respectively.
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2b). The electrochemical NO,RR activities of all of the shape-
controlled Pd/C in the presence of nitrite ions (2 mM NO,")
were measured in Ar-saturated 0.1 M NaOH electrolyte. NO,™~
reduction occurred around 0 V. At the peak, the current
density was 0.214 mA cm™? for Pd nanocube/C, 0.183 mA
cm™? for Pd cuboctahedron/C, 0.132 mA cm™? for Pd
concave/C, 0.127 mA cm™ > for polycrystalline Pd/C, and
0.079 mA cm™” for Pd octahedron/C. Thus, the activity for
NO,RR was Pd nanocube/C > Pd cuboctahedron/C > Pd
concave/C > polycrystalline Pd/C > Pd octahedron/C. Note
that the primary feature of the Pd nanocube is enclosed by
only the (100) facet, suggesting that the (100) facet may have
higher NO,RR activity than Pd(111) or Pd(hk0). Here, the
polycrystalline Pd catalyst showed higher activity than Pd
octahedron/C for NO,RR. This result indicates that (100)
facet is critical, which further highlights the origin of
polycrystalline Pd high NO,RR activity. Again, the activity
changes observed were not due to changes in HER activity,
which remained consistent and low in all tests (Figure 2d).

Selectivity of Electrochemical NOs;RR and NO,RR on
Pd Nanocrystals. The NO;™-N removal efficiency over 4 h at
—0.2 Vg applied potential was 49.4% for Pd cuboctahedron/
C, 48.8% for Pd octahedron/C, 33.8% of polycrystalline Pd/C,
28.9% of Pd nanocube/C, and 25.6% of Pd concave/C (Figure
3a—e). This is in line with the activity measurements, where
the highest current for the activity-determining step occurred
on Pd cuboctahedron/C and Pd octahedron/C. Thus, again
the presence of Pd (111) facets results in high conversion of
nitrate.

The critical products that form because of NO;RR are
NO,™-N, NH;™N, N,-N, and potentially H, In all batch
electrolysis tests, in situ mass spectrometer measurements
confirmed that H, was the only detected gaseous product for
NO;RR of Pd catalysts at CA —0.2 Vg in 0.1 M NaOH
solution. N,, N,O, and NO gaseous products were not
detected (Figure SS). The lack of selectivity toward nitrogen is
due to the Pd surface not producing N,O, which is being
inhibited by low NO* coverage that is essential for lowering
the N,O* formation barrier on Pd. The N,O formation is a
necessary intermediate needed to produce N, in alkaline
electrolytes.'”®” Furthermore, the high affinity of Pd for
adsorbed hydrogen aids in reducing NO;™ to NH,.**""" Note
that the total nitrogen balance after 4 h electrolysis was not
exactly the same as the initial nitrate concentrations (Table
S3). This is because many intermediates form in the
transformation process. We anticipate that other predominate
N intermediates not measured are NO, N,H,, and NH,OH.
Since NO was not detected in mass spectrometry measure-
ments, it may be adsorbed to the catalyst surface in low
concentrations.

NH;-N production over 4 h at —0.2 Vyyg applied potential
was 118 ppm for the Pd cuboctahedron/C, 47.8 ppm for the
polycrystalline Pd/C, 29.8 ppm of Pd nanocube/C, 23.8 ppm
for Pd octahedron/C, and 20.4 ppm of Pd concave/C (Figure
3a—e). This indicates that the presence of Pd(111) is critical
for enabling conversion of NO;™ to NO,™, and that Pd(100)
facets were beneficial for removing NO,™-N and effectively
converted from NO,™-N to NH;-N. Thus, although Pd
octahedron/C exhibited high activity (Figure 2a,2c), electro-
chemically formed NO, -N remained stable under further
conversion. This result shows that the reaction on the Pd(111)
facet is unfavorable because this facet reduces NO, -N
compared to other Pd facets, resulting in less produced
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NH;-N. Cuboctahedron is a uniform polyhedron enclosed by
eight (111) facets and six (100) facets, which contains 24
edges as a boundary. Thanks to many edges in Pd
cuboctahedron, after NO;™-N reduction passing through
(111) facets, desorbed NO, -N from (111) facets can be
directly readsorbed and reacted on (100) facets with high
accessibility of neighbor (100) facets, resulting in producing
the highest amount of NH;.

Pd cuboctahedron/C exhibited the highest NH; yield rate
and FE (307 ug h™" mgpg, 35.1%) compared to polycrystalline
Pd/C (113 ug h™' mgp,, 18.5%), Pd nanocube/C (103 ug h™*
mgpg, 6.76%), Pd octahedron/C (32.9 ug h™' mgp, 6.50%),
and Pd concave/C (29.2 ug h™' mgpy, 9.36%) (Figure 4). The
FE of the process from nitrate to ammonia was relatively low
because of the faster competitive HER and the complicated
pathways from nitrate to ammonia, which produces a number
of N species intermediates such as NO,, N,H,, and NH,OH.
The major FE excluding ammonia formation is derived from
HER because Pd nanocrystals could not produce any other
gaseous products except hydrogen. Pd nanocube enclosed by
{100} facets showed higher HER activity than Pd octahedron
enclosed by {111} facets, experimentally and theoretically.””
Higher HER activity of Pd nanocube could contribute to
achieving lower FE for ammonia. The lower HER activity of
Pd octahedron enclosed by {111} facets showed higher nitrate
reduction activity because of more suppressing HER than Pd
nanocube. However, Pd {111} showed the lowest nitrite
reduction activity. Thus, not only suppressing HER, but the
formation of tandem coordination of nitrate-to-nitrite and
nitrite-to-NO reactions is important. Nanocrystals also
exhibited excellent structure stability after electrochemical
NO,RR tests (Figure S6). The shapes of Pd catalysts were
maintained with their well-extended facets without severe
agglomeration of nanoparticles. Pd shape-controlled nano-
particles showed highly active and different performance by
facets, and highly stable after testing at CA —0.2 Vyyg in 0.1 M
NaOH electrolyte.

The effect of size of Pd NPs for NHj yield was examined by
annealing at 700 °C (Pd/C-700C, 27.8 nm) and 800 °C (Pd/
C-800C, 48.2 nm) for 1 h in the Ar/H, gas environment using
polycrystalline Pd/C (commercial Pd/C, 3—S nm) (Figure
S8). Polycrystalline Pd/C, Pd/C-700C, and Pd/C-800C
showed very similar NHj; yields regardless of different Pd
NP sizes (Figure S9). This result demonstrated that ECSA has
little impact on the selectivity for NH; yields."” Compared to
Pd cuboctahedron/C and polycrystalline Pd/C, Pd cuboctahe-
dron/C (307 ug mgpy h™") showed higher NH; yield rate than
polycrystalline Pd/C (113 ug mgpg h™"), Pd/C-700C (114 ug
mgpg h™'), and Pd/C-800C (118 ug mgps h™'). This is because
(220), (311), high-index facets (hk0), and lack of well-defined
edge sites between (111) and (100) facets for desorption/
adsorption were not facilitated to electrochemical kinetics from
NO,~ to NH,.

Theoretical Investigation on the Nitrate Reduction
Mechanism. Important aspects of the nitrate reduction
mechanism on transition-metal catalysts established in the
literature””*”* are summarized in Figure 5. Catalytic activity is
determined by the first step of nitrate adsorption and
conversion to nitrite (light-blue arrows in the figure), while
selectivity toward nitrite versus ammonia is controlled by the
favorability of *NO, desorption versus dissociation to *NO
(dark-blue arrows in the figure). Thus, we use DFT to study
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the difference in the energetic favorability of these steps
between Pd(111) and Pd(100).

We first compared the favorability of nitrate adsorption and
dissociation on the two surfaces (Figure 6a—c). Figure 6¢
shows that nitrate adsorbs more favorably on Pd(100)
compared to Pd(111) by 0.14 eV. However, the barrier for
*NOj dissociation is 0.26 eV lower on Pd(111) compared to
Pd(100). Thus, the apparent barrier for nitrate adsorption and
dissociation (i.e., the nitrate adsorption energy and *NO,
dissociation barrier summed) is 0.12 eV higher on Pd(100)
than on Pd(111). This implies that Pd clusters that expose the
Pd(111) facet will exhibit faster nitrate reduction, in agreement
with the experimental observation that cuboctahedron and
octahedron Pd have higher NO;RR activity (Figure 2a,2c).
Turning to the nitrite desorption step versus the dissociation
step, we find that the activation barrier for *NO, dissociation
to *NO is similar on Pd(100) and Pd(111) (Figure 6d—f).
However, *NO, desorption is 0.19 eV more favorable on
Pd(111) compared to Pd(100), implying that nitrite will
desorb more readily from the Pd(111) surface before it can
dissociate and form ammonia. Thus, the Pd nanocube exposing
Pd(100) is more active than the octahedron exposing Pd(111)
during NO,RR, in agreement with Figure 2b,2d. *NO,
dissociation is less likely to occur on Pd(111), which results
in the selective nitrite production exhibited by the Pd
octahedron (Figure 3c). In contrast, *NO, adsorbs on
Pd(100) surfaces more strongly, and thus ammonia formation
is favored on Pd nanocubes. The simulation results confirm
that Pd(111) can more readily catalyze the initial nitrate
reduction step to form nitrite, while Pd(100) can more readily
catalyze nitrite reduction to form ammonia. This explains the
high activity and selectivity toward ammonia achieved by Pd
cuboctahedron structures that expose both the Pd(111) and
Pd(100) facets that can work in tandem to catalyze the full
reaction to form ammonia.

B CONCLUSIONS

We synthesized Pd shape-controlled electrocatalysts with
various well-exposed Pd facets and deposited each catalyst
on a carbon support. All shape-controlled Pd catalysts showed
high and different NO3;RR activity and excellent shape stability
after performing NO;RR and NO,RR in an alkaline electrolyte.
DFT simulations demonstrated that Pd(111) facets exhibit
faster NO;RR kinetics due to a lower *NO; dissociation
barrier, while Pd(100) facets exhibit higher selectivity to NH;
over NO,~ because *NO, adsorbs more strongly on Pd(100)
than on Pd(111). Pd cuboctahedron/C showed the highest
NH; vyield rate and FE because Pd cuboctahedron/C is
enclosed by eight (111) facets and six (100) facets; the (111)
facets rapidly activate and reduce NO;~ to NO,™ and the
(100) facets reduce NO,” to NH;. Thus, controlling the
structure and facets of Pd nanoparticles can enhance NH;
production. This provides fundamental insights into the
rational design of NO;RR electrocatalysts for efficiently
transforming nitrate into NHj.
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