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Abstract

Nitrous oxide (N20O) is a greenhouse gas and an ozone-depleting gas. Electrocatalytic
N2O reduction reaction (N2ORR) is known to be catalyzed at noble metal electrodes such
as Pd and Pt, and the surface modification of such noble metals with Sn is known to
increase the N2ORR in acidic media. However, the role of Sn at the surface remains
unclear. In this work, NoORR activity was investigated for single crystalline Pt, Pd and
Pd-Pt electrodes with the (111) or (100) plane in the presence and absence of Sn at the
electrode surface in acidic media. /n situ X-ray crystal truncation rod (CTR)
measurements of Sn-modified Pt(111) and Pd(111) electrodes revealed the presence of
metallic Sn and SnO, respectively, at their surfaces. The surface Sn modification enhances
the N2ORR activity for Pd-Pt(100) or Pd(100) electrodes but not for the Pt(111), Pd-
Pt(111) or Pt(100) electrodes. The Sn-modified 15 at. % Pd-Pt(100) electrode shows
higher NoORR activity than Sn-modified Pd(100) or Pt(100) electrodes, indicating that
the co-presence of Pd and Pt at the (100) surface with Sn is important to maximize the
N20RR activity. Density functional theory (DFT) calculations revealed that the N.ORR
activity of the Sn/Pd-Pt(100) electrode can be attributed to (1) the strong N>O adsorption
capacity of the (100) surface, (2) the reduction of H poisoning by Pd-Pt alloying, and (3)
the activation of N2O molecules by Sn modification. Our model studies using atomically
defined single crystalline electrodes will enable researchers to design and develop
practical N2ORR electrocatalysts from the surface engineering point of view and then
contribute to global warming mitigation and stratospheric ozone protection through N>O

removal.
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1. Introduction

Nitrous oxide (N20) is a greenhouse gas nearly 300 times more potent than CO; and an
ozone-depleting gas.! N>O is increasing in the atmosphere by about one ppb per year.
N2O can be mainly produced from agriculture sectors and natural soils via a
denitrification process, where nitrate (NO3") can be reduced sequentially to dinitrogen
(N2) via N2O. To protect the climate and the ozone layer, on-site N>O removal techniques
are highly desirable to contribute to sustainable development goals.

Electrocatalytic N>O reduction reaction (N2ORR) is an ideal option to remove N>O
(N20 +2H" +2e” > N> + H20, E' = 1.77 V vs. SHE): it can be driven by electrocatalysts
at ambient conditions of room temperature and atmospheric pressure with low energy
consumption using no external reducing agent.’ At such mild conditions, N>O
decomposition has not been achieved for thermal or catalytic (direct catalytic
decomposition or selective catalytic reduction).>* As electrocatalysts, monometallic
N2ORR electrocatalysts have been studied for polycrystalline®” and single crystalline
electrodes.®!® In the monometallic electrodes, Pd is known to show high faradaic
efficiency (almost 100%) to N> for the NoORR with relatively low overpotential *->--11-12
As Pd alloy electrocatalysts for the N;ORR, a Pd/Cu film,'* carbon-supported Au@Pd
core@shell nanoparticles,'* fluorine-doped tin oxide (FTO)-supported Pt-Pd
nanoparticles,'®> and carbon-supported PtPdSn nanoparticles'® have been reported. In the
case of Pt-Pd-Sn nanoparticles, the interface between Sn and Pt-Pd serves as the active
site because much higher electrocatalytic N2 ORR activity with the contact with Sn specie
was achieved. Although the role of Sn in the enhancement for the NoORR remains unclear,
Sn species at the interface of the noble metal are believed to play important roles in N2O
adsorption and/or underpotentially deposited hydrogen (Hupa) because the N>O adsorption
to the metal surface is weak and Hypa hinders the N2ORR on the Pd electrode.®!7!8 The
surface Sn modification has also been known to enhance other electrocatalytic reduction

reactions such as the nitrate reduction reaction,'*?¢ CO» reduction reaction,>’?° oxygen

30-31

reduction reaction,***! and furfural reduction reactions.**-** These studies encouraged us

to systematically study electrocatalytic activity of model Pd-Pt electrodes:*>-2%** single
crystalline Pd-Pt electrodes modified and unmodified Sn species for the NoORR.

In this work, we prepared single crystalline Pd-Pt(111) and Pd-Pt(100) electrodes with
different atomic ratios. These single crystalline electrodes were unmodified or modified

with Sn species and then studied their electrocatalytic N2 ORR activity in acidic media.
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Systematic studies using single crystalline alloy electrodes enabled us to understand the
effect of the surface atomic arrangement, composition and tin-modification on the
N2ORR activity. Density functional theory (DFT) calculations of Sn-modified Pd-Pt(100)
electrodes revealed the role of the surface Sn in the N>O adsorption and activation at the

Pd-Pt(100) electrode.

2. Materials and Methods
2.1. Materials.
Sulfuric acid (95.0%) and nitric acid (95.0%) from Junsei Chemical were used to prepare
mixed acid solutions for cleaning glassware. Sulfuric acid (99.999%) and perchloric acid
(70%, purity: 99.999%) from Sigma-Aldrich were used for electrochemical
measurements. Acetone and SnCl>-2H>0 (97.0%) were purchased from Fujifilm Wako
Pure Chemical and Kanto Chemical, respectively. Gas cylinders of Ar (99.9995%) and
N20 (99.99%) were commercially available from Air Water Hokkaido. Wires of platinum
(99.99%, 0.8 mm in diameter) and palladium (99.99%, 0.8 and 0.5 mm in diameter) were
purchased from Tanaka Kikinzoku Kogyo and Furuuchi Chemical, respectively. Pt(111)
and Pd(111) disks (¢10 mm X5 mm t) for surface X-ray scattering measurements were
purchased from Surface Preparation Laboratory and MaTeck GmbH, respectively.
2.2. Electrode preparation.
Single crystal electrodes were prepared based on the preparation procedure previously
reported. 2426

Single crystalline beads of Pt or Pd were obtained at the end of the corresponding
metal wire in methane-oxygen flame. For the preparation of Pd-Pt single crystalline beads
(5 or 15 at. % of Pd), Pd was added into the Pt single crystalline bead in methane-oxygen
flame. The single crystalline beads were oriented using the reflection of the He—Ne laser
beam from a (111) or (100) facet on the single crystalline bead, fixed in a poly(methyl
methacrylate) resin (Technovit 4004, Heraeus Kulzer), cut in the direction of the facet,
and then polished with diamond slurries to be mirror-finished. The polished single
crystalline electrode with the resin was kept in dichloromethane overnight to remove the
resin, and then ultrasonicated in acetone and Milli-Q water for 15 min each. The polished
single crystalline electrode was annealed in methane-oxygen flame at about 1200 °C for
4 h. The heating temperature was monitored by a radiation thermometer during annealing

the electrode.
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2.3. Electrochemical measurements.

Before electrochemical measurements, the glassware was kept in mixed acid
(H2SO4:HNO3 = 1:1, v/v) overnight to remove organic contaminants. After that, the
glassware was kept in boiling Milli-Q water for 30 minutes and then rinsed with Milli-Q
water. This cleaning process was repeated at least three times.

Before electrochemical measurements, Pd-Pt single crystalline electrodes were
annealed under Ho—Ar for 10 min. in the glass-tubing chamber that is placed in an
induction coil of an induction heating system (EASY-HEAT model 0224, Ambrell),
cooled for 1 min under H>—Ar, and then quickly immersed in Milli-Q water to protect the
electrode surface with a droplet of Milli-Q water from surface contamination. Pd single
crystalline electrodes were annealed in the same way except for under Ar because of the
hydrogen absorption property of Pd. The water-protected single crystalline electrode was
transferred into the electrochemical cell.

To confirm the well-defined electrode surface, cyclic voltammograms (CVs) of the
single crystalline electrodes were recorded in a 0.5 M H>SO4 aqueous solution under Ar.
The electrolyte solution was purged with Ar for at least 30 min before use. During the
electrochemical measurements, the polished electrode surface was touched on the
electrolyte solution in the hanging meniscus configuration. CVs of Pt and Pd-Pt
electrodes were recorded at a sweep rate of 50 mV s™! in the potential range between 0.05
and 0.85 V vs. RHE. CVs of Pd electrodes were recorded at 20 mV s™! in the potential
range between 0.18 and 1.4 V vs. RHE. To use Pd electrodes for the further
electrochemical measurements after recording CVs in the 0.5 M H>SOs4 solution, the
annealing for 2 h is needed to reproduce the clean electrode surface.

The Sn modification on the electrode surface was performed in a 0.1 M HCIO4
aqueous solution containing 0.1 mM SnCl for 1 to 20 s. The Sn coverage on the surface
can be controlled by changing the immersion time to some extent. The Sn-modified
electrode was rinsed in Ar-saturated Milli-Q water and then transferred into the
electrochemical cell of the 0.5 M H>SOj4 solution under Ar. To determine the surface
coverage with Sn, CVs were recorded at 50 mV s™! for ten cycles. CVs of tin-modified
and unmodified electrodes in the underpotentially deposited hydrogen, Hypd, desorption
region (<0.5 V vs. RHE) allows us to determine the surface coverage with Sn based on

the charges of Hupd, &sn(Hupd), using the following equation:
Osn=(Or° - Ony/ On’,
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where Qu’ and Qu indicate the Faradaic charges corresponding to the desorption of Hypa
before and after the tin modification, respectively.?*2° Based on the CV in the 10th cycle,
the surface coverage with Sn was determined.

To understand the electrocatalytic activity for the NoORR, CVs of electrodes were
recorded in a 0.1 M HCIlO4 aqueous solution under Ar as the background measurement
and then under N>O. CVs were recorded with five cycles at 10 mV s~! in the potential
range between 0.05 and 0.75 V vs. RHE, starting from 0.75 V vs. RHE. The electrolyte
solution was purged with Ar or N2O for at least 30 min before electrochemical
measurements.

2.4. Auger electron spectroscopy (AES).

Before AES measurements, the electrode was cleaned under ultrasonication in acetone
and Milli-Q water for 20 min each and then annealed in methane-oxygen flame at about
1200 °C for 2 h. AES data were recorded using an Auger electron spectrometer (JAMP-
9500F) under electron beam at 10 keV and 10 nA. Pd:Pt ratios of the prepared Pd-Pt
single crystalline electrodes were determined from ratios of the differential intensity at
330 eV for Pd and 1967 eV for Pt.

2.5. In situ surface X-ray scattering (SXS).

SXS measurements were performed at the BL22XU station in SPring-8. Pt(111) and
Pd(111) disk electrodes with 10 mm in diameter were used. The electrode was annealed
in hydrogen flame for 1-2 min at about 1200°C and then cooled under Ar for 10 min. The
electrode surface was confirmed by recording CVs in a 0.5 M H2SO4 aqueous solution
with hanging meniscus configuration. The electrode was modified with Sn at the surface
in the same way mentioned above, and then fixed to the electrode holder in the home-

1,3-3¢ made of Kel-F with the Pt wire counter

made thin layer spectroelectrochemical cel
and no-leak Ag|AgCl reference electrodes. A 6 pm-thick Myler film was used as the
window of the spectroelectrochemical cell and the electrolyte solution was introduced in
the cell chamber. The electrode potential was controlled by a potentiostat (Hokuto Denko,
HAL3001A). The spectroelectrochemical cell was set on x-type X-ray diffractometer
installed in the undulator beamline BL22XU. Incident X-ray energies at 11.27 keV
(wavelength: 1.09974 A) and 11.29 keV (wavelength: 1.09828 A) were used for SXS
measurements at Pt(111) and Pd(111), respectively, to avoid any fluorescence from Pt and
Pd electrodes. The coordinate system was hexagonal. The a- and b-axes were parallel to

the electrode surface, while the c-axis was normal to the electrode surface. X-ray crystal
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truncation rod (CTR) profiles of the reflectance along the (00) rod for the Sn-modified
Pt(111) or Pd(111) electrodes were recorded in 0.1 M HC1O4 and 0.05 M H>SO4 aqueous
solutions at 0.18 V vs. RHE under N», respectively.

2.6. Theoretical calculations

The initial structure model of the Pt crystal®’ is available for open access on the
American Mineralogist Crystal Structure Database website.>® The molecular structure
was constructed and optimized using BURAI 1.3 software® based on the Quantum
ESPRESSO framework.*

For the crystal surfaces, the (100) and (111) surface was modeled using a 2 x 2 cell
configuration with 4 layers in total, where the bottom 2 layers were fixed. The ultrasoft
Vanderbilt pseudopotential method with the Perdew—Burke—Ernzerhof (PBE) exchange-
correlation functional was employed. A plane-wave cutoff energy of 400 eV was used,
and the vacuum thickness in the calculations was set to 15 A. The Brillouin zone was
sampled using the Gamma point for the k-point grid, and atomic relaxations were carried
out until the maximum force on any atom was reduced to less than 0.02 eV/A. After
optimization, the minimum energy of each structure was obtained, and the adsorption
energy (Eads) can be calculated using the following equation®!:

Eqas = Emotssurs — (Emot + Esurs) (1)
where Ep, and Eg,,r represent the energies (eV) of the isolated molecule and the
surface, respectively, while Eypo145,r denotes the total energy (eV) of the surface and
molecule after adsorption.

The changes of projected density of states (PDOS) were calculated by the BURAI 1.3
software. The lowest unoccupied molecular orbital was determined at the position higher
than the 0 eV vs Erin the PDOS diagram.

3. Results and Discussion

3.1. Characterization of Pd-Pt(111), Pd-Pt(100) and Pd(100) electrodes.

Single crystalline electrodes for electrochemical measurements were prepared by the
Clavilier method.**** To obtain the target content of Pd (5 or 15 at. % of Pd) for Pd-Pt
single crystalline electrodes, Pd was added into the Pt single crystalline bead in methane-
oxygen flame.?>?® The bead was cut in the direction of the (111) or (100) facets, polished

and then annealed to obtain the single crystalline electrodes. To confirm the successful
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preparation of the electrodes, CVs in a 0.5 M H2SO4 under Ar (Figure 1) and AES data
(Figures S1 and S2 and Table S1) were recorded.

The Pt(111) electrode shows characteristic and symmetric waves in the potential
range between 0.05 and 0.5 V vs. RHE in the CV recorded in the 0.5 M H2SO4 under Ar
(Figure 1a):*?> hydrogen adsorption and desorption at 0.05-0.30 V vs. RHE; sulfate anion
adsorption and desorption at 0.30-0.50 V; the phase transition of adsorbed sulfate anions
on the Pt(111) surface as the characteristic spike at about 0.45 V vs. RHE. This spike
decreases for Pd—Pt(111), suggesting that the long-range order of the Pt(111) terrace was
lost and Pd atoms are randomly distributed not only the surface but also the bulk.?>*
Instead of the spike at about 0.45 V for Pt(111), Pd-Pt(111) electrodes show sharp redox
peaks at 0.3-0.35 V vs. RHE and the intensity increases with increasing the Pd content
(Figure 1a). These peaks are associated with the adsorption and desorption of HSO4~
/SO4* on Pd(111) domains.*** The characteristic voltametric profiles are similar to those
for recently reported Pd-Pt(111) electrodes,*® indicating the successful preparation of Pd-
Pt(111) electrodes. AES data of the single crystalline electrodes labeled with 5 at. % Pd-
Pt(111) and 15 at. % Pd-Pt(111) shows 5.1+0.8 and 16.9+2.2 at. % of Pd, respectively
(Table S1 and Figure S2), also indicating the successful doping of the target Pd content.

T T T 0.10 R e
0.10f a) — P(111) : c) — Pd(100)
----- 5at.% Pd-Pt(111)
— 15at% Pd-PY(111) 0.05F
0.05} 1
D o
Eom— 15 000f
..... <
£ | 1E
= -0.05} § =, 0.05F
=010 3 —— P1(100)
-0.10F L 5 at.% Pd-P(100) -0.10¢p
~0.15 — 15at% Pd-P{(100) |
0.0 02 04 08 0.8 00 02 04 06 0.8 0.0 0.2 04 06 0.8 1.0 1.2 14
E/Vvs.RHE E/Vvs. RHE E/Vvs.RHE

Figure 1. (a) CVs of Pt(111) (the solid line in gray), 5 at. % Pd-Pt(111) (the dotted line
in black) and 15 at. % Pd-Pt(111) (the solid line in black). (b) CVs of Pt(100) (the solid
trace in gray), 5 at. % Pd-Pt(100) (the dotted trace in black) and 15 at. % Pd-Pt(100) (the
solid trace in black). These CVs were recorded at 50 mV s! in a 0.5 M H2SO4 aqueous
solution at pH 0.45 under Ar. (c) A CV of Pd(100) recorded 20 mV s™! in a 0.5 M H2SO4

aqueous solution at pH 0.45 under Ar.

The Pt(100) electrode shows characteristic peaks of hydrogen adsorption and
desorption in the potential range from 0.2 to 0.4 V vs. RHE in the CV recorded in the 0.5
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M H>S0O4 aqueous solution under Ar (Figure 1b). The sharp peaks observed for Pt(100)
at about 0.39 V vs. RHE are associated with extended (1x1)-Pt(100) long-range order.*’
The intensity of the Pt(100) terrace peak decreases and shifted to more negative potentials,
which indicates the formation of the Pd-Pt(100) alloy single crystalline electrodes.?>2647
The characteristic voltametric profiles mentioned above are similar to those reported for
Pd-Pt(100) electrodes,*® confirming the successful preparation of Pd-Pt(100) electrodes.
AES measurements of the electrodes labeled with 5 at. % Pd-Pt(100) and 15 at. % Pd-
Pt(100) gave 6.0+1.0 and 14.7£3.5 at. % of Pd, respectively, confirming the successful
preparation of the single crystalline electrodes (Figure S2 and Table S1).

The CV of the Pd(100) electrode shows a sharp anodic peak at 0.35 V vs. RHE and
a sharp cathodic peak at about 0.22 V vs. RHE (Figure 1c¢). These peaks are associated
with the desorption and adsorption of HSO4 /SO4> on the Pd(100) surface.** At < 0.3 V
vs. RHE, Pd(100) shows cathodic currents involving hydrogen absorption into palladium
bulk overlapping the adsorption of sulfate anions. Characteristic anodic and cathodic
peaks at about 0.90 and 0.73 V vs. RHE are assigned to be the formation and reduction
of surface oxide, respectively.?® The peak potential in the CV is in good agreement with
those reported for the Pd(100) single crystalline electrode previously reported.?*>>* Thus,
the Pd(100) single crystalline electrode was successfully prepared.

3.2. Sn surface modification
The surface of the single crystalline electrodes was modified with Sn by dipping the
surface into a 0.1 M HCIO4 aqueous solution containing 0.1 mM SnCl,.2>2® The surface
coverage of the electrode with Sn was determined based on the charge with the desorption
of the Hypd, Gsn(Hupa) (Figures S3 and S4). The detection of Sn species in AES profiles
also allows us to confirm the presence of Sn on single crystalline electrodes (Figure SS).
In situ X-ray crystal truncation rod (CTR) measurements and curve-fitting analysis
of Sn/Pt(111) and Sn/Pd(111) (Figure 2) suggest the presence of metallic Sn on Pt(111)
and SnO on Pd(111). The X-ray CTR measurement is a powerful technique to understand
surface structures or coverages of adsorbed species on single crystalline electrodes.*®!
Curve fitting analysis of the CTR profile of Sn/Pt(111) (Figure 2a) shows the best-fit
result for a monolayer of metallic Sn with &,(CTR) = 0.32 on the two Pt layers (Table
S2). The Gn(Hupa) of the Sn/Pt(111) electrode was also determined to be about 0.65. The

estimated coverage of the tin species by X-ray CTR measurements is lower than that
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estimated by the electrochemical measurement. On the other hand, the curve-fitting
analysis of CTR data of Sn/Pd(111) gave the best-fit result for a monolayer of SnO with
&n(CTR) = 0.44 on the two Pd layers (Figure 2b and Table S3). These results indicate
that oxidation state of tin species depends on the surface of the metal electrode used. The
tin species tend to become higher oxidation states on Pd(111) than on Pt(111), which is

in good agreement with X-ray photoelectron spectroscopy data previously reported.?®

a) 10’5 : b) 10 - :
Sn/Pt(111) Sn/Pd(111)
2| o  Exp. i 21K o  Exp.
10 10
Fitted data Fitted data

& T (snPy ~ (snoPd) |

Intensity / a.u.
>
Intensity / a.u.
=

L / unit of c* L / unit of c*

Figure 2. CTR profiles of the reflectance along the (00) rod (the circles) and the fitting
results (the solid line) for (a) Sn/Pt(111) (the electrochemically estimated tin coverage is
approximately 65%) at 0.18 V vs. RHE in a 0.1 M HClO4 aqueous solution under N> and
(b) Sn/Pd(111) (the electrochemically estimated tin coverage is approximately 40%) at
0.18 V vs. RHE in a 0.05 M H2SO4 aqueous solution under N». X-rays at 11.27 and 11.29
keV were used for Sn-modified Pt(111) and Pd(111) electrodes, respectively. For the
fitting analysis, Sn® and Sn"O at the top layer were assumed for Sn-modified Pt(111) and
Pd(111), respectively.

3.3. Electrocatalytic N2ORR activity

Cyclic voltammograms (CVs) of single crystalline electrodes were recorded in a 0.1
M HClO4 aqueous solution under Ar and N>O to understand their electrocatalytic activity
for the NoORR (Figure 3). Bare single crystalline Pt(111) and Pt(100) electrodes show
cathodic currents under NoO maximizing at around 0.4 V vs. RHE but almost no current
under Ar (Figure 3a and c¢). These CVs under N>O are the same as those of Pt(111) and
Pt(100) previously reported.®%!852 Thus, the bare Pt(111) and Pt(100) electrodes have the
electrocatalytic NoORR activity.

Although both of the bare Pt(111) and Pt(100) single crystalline electrodes show

higher magnitudes of the N>O reduction currents in the positive-going sweep than those

10
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in the negative-going sweep, their CV shapes are different. The Pt(111) electrode shows
the maximum cathodic current density for the NoORR centered at about 0.4 V vs. RHE
in both of the positive- and negative-going sweeps (Figure 3a). This result indicates that
the pzc of Pt(111) is about 0.4 V vs. RHE because it is proposed that N>O serves as a
chemical probe of the potential of zero charge (pzc): the maximum cathodic current for
the N2ORR occurs at a potential very close to or exactly at the pzc for Rh, Pd, Ir and Pt,
where the N2ORR involves competitive adsorption of N>O with anions such as Cl104™ and
cations such as H' to the electrode surface.®” In the case of the Pt(100) electrode, the
positive-going sweep gives much higher current densities for the NoORR than the
negative-going sweep (Figure 3c¢). The peak at about 0.25 V vs. RHE was assigned to the
pzc on 1D ordered (100) sites whereas the peak at about 0.35 V vs. RHE was assigned to
the pzc on Pt(100)-1x1 terrace sites.’

0.1 prerrrrrrrrrrerrrrrrrrerrrererereT

a) b)
Bn(Hupd)
Osn(Hupd L ]
T O :”(03"5) 2 1F =051 /
£ .
<<
£ -02fF 1F ]
-0.3fF
-0.4f pt(111)] | 5 at.% Pd-Pt{(111)]
001 02 03 04 05 06 07T 080 01 02 03 04 05 06 07 08
E/Vvs. RHE E/Vvs. RHE

0.1

c)

ok 1t
o -01F Bsn(Hupd) E 5/ 1F
5 =0.67
T ozf k
= Bsn(Hupa)
0.3F 1t =0.62
-0.4F Pt(100)] 5 at.% Pd-Pt(100)
0 0‘1 0‘2 0‘3 0!4 0!5 DTS DTT 080 01 02 03 04 05 08 07 08
E/Vvs. RHE E/Vvs. RHE

.......

% L
T2} L /
03F Gsn(Hupa)
=0.62 Osn(Hupd) = 0.41
04F 15 at.% Pd-Pt(100)] [ Sn/Pd(100)]
0 01 02 03 04 05 06 07 080 O‘Iﬂ 0‘.2 0,.3 Uj4 0:5 01,6 0’,7 08
E/Vvs. RHE E/Vvs. RHE

Figure 3. CVs of (a) Pt(111), (b) 5 at.% Pd-Pt(111), (c) Pt(100), (d) 5 at. % Pd-Pt(100)
and (e) 15 at. % Pd-Pt(100) electrodes. The traces in black and red indicate the CVs of
the electrodes with no Sn recorded under Ar and N>O, respectively. The traces in blue
show CVs of Sn-modified electrodes recorded under N>O. (f) CVs of Sn/Pd(100) under
Ar (in black) and N>O (blue). All CVs were recorded at 10 mV s™' in 0.1 M HCIO4

11
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aqueous solutions. The Sn surface coverage based on the desorption of Hupq for each

electrode is shown in each panel.

CVs of 5 at. % Pd-Pt(111) and Pd-Pt(100) electrodes show the similar cathodic
currents under N>O to those of the bare Pt(111) and Pt(100) electrodes, respectively
(Figure 3b and d), indicating that these single crystalline alloy electrodes also have the
electrocatalytic activity for the NoORR. There is no drastic difference in the peak-top
potential for the N;ORR between the non-doped and 5 at. % Pd-Pt electrodes, indicating
that doping of 5 at. % of Pd into Pt(111) and Pt(100) electrodes has no almost impact on
the NoORR activity as well as the pzc. We also observe no drastic difference in the
magnitude of current densities for the N2ORR between the non-doped and 5 at. % Pd-Pt
electrodes even though Pd doping decreases current densities of the Hupa region (0.4 V
vs. RHE) in CVs recorded in the 0.1 M HCIO4 aqueous solution under Ar (Figure S6).
These results indicate that 5 at. % Pd doping into Pt electrodes is insufficient to
significantly increase the N2ORR activity and/or not only the Hypa but also other factors
should be considered to understand the NoORR activity trend of Pd-Pt electrodes such as
the adsorption of anions including perchlorate®® and chloride, which can be produced by
the decomposition of perchlorate anions.®

The surface modification of Sn increased the NoORR activity for 5 at. % Pd-Pt(100)
whereas it almost completely suppressed the N2ORR activity for Pt(111), 5 at. % Pd-
Pt(111) or Pt(100) electrodes (Figure 3a-d). The Sn-modified 5 at. % Pd-Pt(100)
electrode shows cathodic currents at <0.48 V vs. RHE. Although the onset potential of
Sn-modified 5 at. % Pd-Pt(100) for the N2ORR is shifted to more negative potentials than
that of unmodified one, the cathodic current densities of Sn-modified 5 at. % Pd-Pt(100)
reaches about —0.27 mA cm at 0.05 V vs. RHE for the NORR (Figure 3d). This current
density is approximately three times higher than that of the unmodified electrode (about
—0.1 mA cm2 at 0.42 V vs. RHE). Note that the current densities of Sn-modified 5 at.%
Pd-Pt(100) electrodes for the N ORR depends on the Sn surface coverage (Figure S7). It
seems that the optimal &sn(Hypa) is around 0.6.

The Sn-modified 15 at. % Pd-Pt(100) electrode shows the highest NoORR activity
in this work: its current density reaches about —0.43 mA cm~2 at 0.05 V vs. RHE for under
N20 (Figure 3e). These results indicate that the Sn modification at the electrode surface

is effective to improve the N>ORR activity for Pd-Pt alloy electrodes with the (100)
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surface. The activity trend of the Sn-modified Pd-Pt alloy single crystalline electrodes at
the (100) surface for the N2 ORR was determined as follows: Sn/Pt(100) < Sn/5 at. % Pd-
Pt(100) <Sn/15 at. % Pd-Pt(100). The combination of Pd-Pt alloy formation and the (100)
surface is important to maximize the N>ORR activity in the 0.1 M HCIO4 aqueous
solution because a CV of a Sn-modified Pd(100) electrode (Figure 3f) tends to show
lower cathodic current densities than that of the Sn-modified 15 at. % Pd-Pt(100)
electrode. The possible main product for the N2ORR using Sn-modified Pd-Pt electrodes
is N2 rather than ammonia or hydroxylamine: Sn-modified Pd(100) and Pd-Pt(100)
electrodes produced N> for the NO3™ reduction reaction whereas Sn-modified Pt(100)
electrodes did not produce N, confirmed by differential electrochemical mass
spectrometry.?® Recent studies on carbon-supported PtPdSn nanoparticles for the N,ORR,
which show almost 100% Faradaic efficiency to N> for the N2ORR at >0.06 V vs. RHE,
also suggesting that N is the possible main product.!® Note that the bare Pd(100)
electrode also shows the N2ORR activity (Figure S8). However, we have some issues
with obtaining reproducible data. One of the main reasons possibly comes from the

hydrogen absorption into pure Pd.

3.4. DFT calculations on the adsorption energy of N20O
It is widely accepted that the N2ORR on the electrode surface involves three key steps:
N>O adsorption, N>O activation, and N>O decomposition.'* These steps are shown in the

following equations:

N>O — *N,0 (2)
*NL,0 + e —=*N,O" (3)
*N,O + 2H" + ¢ —N» + H,O (4)

where * indicates the adsorption species. The N>O adsorption step (Eq. 2) is generally
regarded as the rate-determining step.’* Additionally, in aqueous solutions, N>O
adsorption often involves competition with H adsorption.®*!3-® Therefore, we also
investigated the adsorption of H on each electrode for DFT calculations. The adsorption

configurations of N2O and H on the eight electrode surfaces are shown in Figure 4a.
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Figure 4 (a) The most stable adsorption configurations of N2O and H on various crystal
planes. (b) Adsorption energy of N>O on various crystal planes. (¢) Adsorption energy of
H on various crystal planes. The adsorption energy calculation results are provided in
Tables S4 and SS in the SI.

For the N>O adsorption on the (100) crystal planes, N>O binds to the electrode surface
through nitrogen atoms, forming a nearly vertical configuration. In contrast, on the (111)
crystal planes, N2O adopts a horizontal configuration relative to the electrode surface,
which is consistent with previous reports.'**> Regarding H adsorption, after structural
optimization, H is adsorbed at the bridging sites of the (100) crystal plane whereas H is
primarily adsorbed at the top sites on the (111) crystal plane. These results align with
previous studies.>®

From the perspective of adsorption energy, N>O adsorption on the (100) crystal plane
is significantly stronger than on the (111) crystal plane with an adsorption energy ratio
(Figure 4b), Eags_ Pt(100)/ Eags_ Pt(111), of 14.01 although N>O can spontaneously bind
to both the (111) and (100) crystal planes. These findings are similar to those reported for
Pt(100) and Pt(111) electrodes.> In terms of H adsorption, the (100) crystal plane
demonstrates a slightly stronger ability to adsorb H compared to the (111) crystal plane
(Figure 4c¢), with an Eags Pt(100)/ Eags_ Pt(111) value of 1.35, closely matching the 1.29
previously reported.’® Thus, the (100) crystal plane demonstrates substantially higher
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activity in N>O adsorption, leading to enhancing N2ORR activity. In contrast, achieving
efficient N2ORR on the (111) crystal plane is challenging because of the competitive
adsorption of H with N>O. In the following discussion, we focus on the (100) crystal
plane.

Pd-Pt alloying weakens the adsorption of both N>O and H, compared with the Pt(100)
crystal plane (Figure 4b and 4c). The reductions in adsorption strength are 18.7% for
N20 and 24.1% for H, respectively, suggesting that Pd-Pt alloying has a more significant
impact on weakening H adsorption. Consequently, Pd-Pt alloying enhances the
competitiveness of N>O adsorption by reducing H adsorption on the Pt(100) crystal plane,
thereby mitigating the effects of H poisoning.

Sn modification leads to a reduction in the N>O adsorption capacity on the (100) crystal
plane (Figure 4b). Specifically, the thermodynamic energy barrier of N2O adsorption on
Pt(100) and Pd-Pt(100) increases by 0.33 eV and 0.26 eV, respectively, after Sn
modification. As a result, the activity of Sn/Pd-Pt(100) suggests that Sn may play a crucial
role in other aspects beyond N2>O adsorption, potentially having a significant impact on
the N2ORR activity of Sn/Pd-Pt(100).

We propose that Sn may play a role in facilitating electron transfer to adsorbed N,O
during the N2ORR process. To test this hypothesis, we calculated the projected density of
states (PDOS) for Sn on the Pd-Pt(100) electrode after N>O adsorption (Figure S). Upon
adsorption of NoO on the Pd-Pt(100) surface, the energy of the lowest unoccupied
molecular orbital (LUMO) of the N2O molecule is approximately 2.87 eV (Figure 5a).
With the introduction of Sn, hybridization occurs between the Sn 5p orbital and the N 2p
and O 2p orbitals of the NoO molecule, leading to a reduction in the LUMO energy to
approximately 2.78 eV (Figure 5b). Additionally, numerical analysis of the density of
states indicates that Sn incorporation increases the LUMO state density of N2O,
potentially enhancing its ability to accept electrons during the reduction reaction. In
summary, the combined effects of LUMO energy reduction and increased LUMO state
density confirm that Sn can activate N>O on the Pd-Pt(100) electrode and promote its
decomposition into N> (Egs. 3—4).
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Figure 5 Effect of Sn modification on the energy level distribution of N>O molecules
after adsorption on the Pd-Pt(100) electrode. (a) PDOS diagram of Pd-Pt(100) without Sn
modification; (b) PDOS diagram of Sn/Pd-Pt(100).

DFT calculations indicate that the N;ORR activity of the Sn/Pd-Pt(100) electrode can
be attributed to three key factors. Firstly, N>O is strongly adsorbed to the (100) surface.
Secondly, Pd-Pt alloying suppresses the H poisoning during the N>O adsorption. Thirdly,
the Sn modification activates the N-O bond in the N>O molecule after the adsorption.
These combined effects at the Pd-Pt(100) surface with the Sn adatom are responsible for
enhancing N>ORR activity on the Sn/Pd-Pt(100) electrode.

4. Conclusions

The electrocatalytic NoORR activity of Sn-modified Pd-Pt(111) and Pd-Pt(100)
electrodes was studied in acidic media. The AES and in situ X-ray CTR measurements
show the presence of Sn species even under electrochemical conditions: metallic Sn and
SnO are present on the Pt(111) and Pd(111) surfaces, respectively. The surface Sn
modification is effective on the enhancement of the electrocatalytic N2ORR activity
particularly for Pd-Pt(100) electrodes. The activity trend for the tin-modified electrodes
was determined as follows: 15 at.% Pd-Pt(100) > Pd(100) > 5 at.% Pd-Pt(100) >> Pt(100).
These results indicate that the interface of Pd-Pt(100) with the Sn species is crucial to
efficiently catalyze the electrocatalytic N2 ORR. DFT calculations suggest that Pd-Pt
alloying at the (100) surface is effective to drive the N>O adsorption to the surface over
the Hupa adsorption and the Sn modification helps the N—O bond cleavage at the surface.

Our work demonstrates that surface engineering of electrocatalysts is crucial in N2 ORR
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electrocatalysis, encouraging researchers to develop practical electrocatalysts with high
N2ORR activity and then to contribute both global warming mitigation and stratospheric

ozone protection.
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