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Nitrous oxide (N,O) is the third-largest greenhouse gas and must be
removed using a green method at ambient conditions, such as
electrocatalysis. Here, we report carbon-supported Pt-Pd-Sn
nanoparticles (Pt-Pd-Sn/C) for electrocatalytic N,O reduction
reaction (N2ORR) to N; in acidic media. Pt—-Pd-Sn/C shows about
100% Faradaic efficiency for the N,ORR to N, at 2+0.06 V vs. RHE.
Pt—Pd-Sn/C also shows high N,ORR selectivity to N, in the presence
of 0,: about 44% Faradaic efficiency at a 1:10 N,O-0, molar ratio.
Pt-Pd-Sn/C has Sn oxide or hydroxide patches on Pt-Pd
nanoparticles. The PtPd/Sn interface can work as the catalytic
active site.

Nitrous oxide (N20O) is the third-largest greenhouse gas with about
300 times greater global warming potential than CO, and is also
responsible for ozone depletion.2® N,0 is mainly released from
agricultural sources: fertilizers, manures, and crop residues as a by-
product of biological denitrification processes (NO3~ — NO,~ — NO
— N20 — N3).” Combustion of fossil fuels, biomass burning, and
industrial activities such as nitric acid, adipic acid, and caprolactam
production plants are also accountable for increasing the
concentration of N,O in the atmosphere.38 The concentration of N,O
is about 337 ppb till January 2024, with an increasing rate of about 1
ppb annually.® Therefore, there is an urgent need to develop efficient
technologies that can remove N,O in an environmentally friendly
way.

Several technologies have been developed for N,O removal:
thermal decomposition, direct catalytic decomposition, selective
catalytic reduction, and electrocatalytic reduction.1®14 Thermal
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decomposition and direct catalytic decomposition require harsh
conditions at very high (>1073 K) and medium temperatures (573—
773 K), respectively.101213 Selective catalytic reduction requires
reducing agents like propane/ammonia.l%12 |n contrast, the
electrocatalytic N,O reduction reaction (N,ORR) can reduce N,O to
N, or ammonia with no reducing agent under ambient conditions at
room temperature and atmospheric pressure.’>1® As N,ORR
electrocatalysts, noble metals, including Pt and Pd, have been
studied.1417-21 For example, Pd-based nanoparticles (NPs) supported
on carbon black® or fluorine-doped tin oxide?? have been reported.
In the latter case, the interaction between the noble metal and the
Sn-containing substrate enhances the N,ORR activity. Sn is known to
suppress hydrogen adsorption to the surface of noble metals and
thereby enhance the electrocatalytic reduction of NO3~and N,0.16:22-
25 Thus, electrocatalysts featuring the interface of noble metals such
as Pd with Sn can show high activity for the N,ORR.

Herein, we report the electrocatalytic N,ORR activity and
selectivity to N for carbon-supported Pt-Sn and Pt—Pd-Sn NPs in
acidic media (Fig. 1). To evaluate the catalytic activity and selectivity,
turnover frequencies (TOFs) and Faradaic efficiencies (FEs) for the
N,ORR to N, were determined. We also perform the N,ORR
electrocatalysis using Pt—Pd—Sn NPs in the presence of O, to obtain
the design concept of N,ORR selective catalysts for practical use
because the molar ratio of N;0:0, in the atmosphere is
1:(6.2x105).9.2
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Fig. 1 Schematic representation of the electrocatalytic N,ORR on Pt—
Pd-Sn/C in acidic media.



Pt—Pd-Sn NPs were synthesized from the mixture of [Pt(acac),]
(acac = acetylacetonato), [Pd(acac)z], and SnCl,-2H,0 as metal
precursors and a borane-morpholine complex as a reductant in
oleylamine after heating at three stages: 333, 363, and 453 K under
Ar and then immobilized on a carbon black of Vulcan XC-72R (Pt—Pd—
Sn/C; see the detail in the Supporting Information, Sl). As a control
sample, carbon-supported Pt-Sn NPs were also synthesized in the
similar synthetic procedure (Pt-Sn/C; see the detail in the Sl).

Transmission electron microscopy (TEM) images of Pt—Pd-Sn/C
showed the presence of NPs with an average size of 10.243.0 nm on
the carbon support (Fig. 2a and S2). High-angle annular dark field-
scanning transmission electron microscopy (HAADF-STEM) and
energy dispersive spectroscopy (EDS) mapping images of Pt—Pd—Sn/C
confirmed the Sn patches around Pt-Pd mixture NPs with a Pt:Pd:Sn
atomic ratio of 52:29:19 (Fig. 2b and 2c), which is almost the same as
the ratio of 48:29:23 obtained from inductively coupled plasma mass
spectroscopy (ICP-MS) measurements. For Pt-Sn/C, TEM, HAADF-
STEM, and EDS mapping images also revealed the Sn-patched Pt NPs
with a Pt:Sn atomic ratio of 81:19 (Fig. $3), which is the same as that
obtained from ICP-MS measurements. The average size of the Pt-Sn
NPs was found to be 8.2+2.1 nm. X-ray powder diffraction (XRD)
patterns of the Pt—Pd—Sn/C and Pt-Sn/C indicate the representative
face-centered cubic structure (Fig. S4 and Table S1).27.28

(a) (©

Fig. 2 (a) TEM, (b) HAADF-STEM, and (c) EDS elemental mapping
images of Pt—Pd-Sn/C. The red, pale white, and green dots indicate
the Pt, Pd, and Sn elements, respectively.

X-ray photoelectron spectroscopy (XPS) data in the Sn 3d region
confirm the presence of SnZ* and Sn** species for Pt—Pd-Sn/C and Pt—
Sn/C (Fig. S5). It was also supported by Sn K-edge X-ray absorption
spectroscopy (XAS) data (Fig. S6). For Pt and Pd elements, metallic
species are dominant in both Pt—Pd-Sn/C and Pt-Sn/C, as confirmed
by XPS in the Pt 4f and Pd 3d regions (Fig. S5). Based on these results
and HAADF-STEM and EDS mapping images as mentioned above (Fig.
2), tin oxide or hydroxide species such as SnO,, SnO or Sn(OH); are
placed as patches on metallic Pt—Pd nanoparticles for Pt—Pd—Sn/C.
Curve fit analysis of Fourier transforms of extended X-ray absorption
fine structure oscillations (Fig. S7) allows us to determine the bond
lengths of Sn-O to be 2.03+0.01 A for Pt—-Pd-Sn/C and 2.06+0.01 A
for Pt-Sn/C (Table S2).
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To understand the redox behavior of Sn species, cyclic
voltammograms (CVs) of Pt—Pd—Sn/C and Pt—-Sn/C were recorded at
a sweep rate of 50 mV s1in a 0.1 M HCIO,4 aqueous solution under
an inert condition of Ar (Fig. $8). Hydrogen adsorption/desorption
currents were observed in the potential range between +0.06 and
+0.36 V vs. RHE. In the positive-going sweep, Sn oxidation waves
were observed between +0.6 and +0.9 V vs. RHE. No such wave was
observed for Pt—Pd/C and Pt/C. In the negative-going sweep, wider
reduction peaks of metal oxides or hydroxide between +0.54 and
+0.70 V vs. RHE for Pt—Pd-Sn/C and Pt-Sn/C were observed than
those of Pt—Pd/C and Pt/C.2° These results indicate that Sn species
are redox-active on the surface of Pt—Pd NPs for Pt—Pd—Sn/C. Under
the N,O-saturated condition, CVs of the Pt—Pd—Sn/C and Pt-Sn/C
showed cathodic currents in the potential range between +0.06 and
+0.36 V vs. RHE (Fig. 3a). These currents are associated with the
electrochemical N,ORR.2230 The Pt—Pd-Sn/C showed higher NORR
current density than the Pt-Sn/C did (Fig. 3a). The N,ORR current
density of =0.57 mA cm~2at +0.16 V vs. RHE for Pt—Pd-Sn/C is about
two times higher than that of —0.27 mA c¢cm~2 for Pt-Sn/C (Fig. 3b).
Thus, the trimetallic Pt—-Pd-Sn/C catalyst is more active than the
bimetallic Pt-Sn/C catalyst, which is in good agreement with our
previous electrocatalysts of Pt and Pd NPs on fluorine-doped tin
oxide (Pt/Pd/FTO and Pt/FTO).22 The value of the N,ORR current
density of Pt—-Pd—Sn/C at +0.16 V vs. RHE (Fig. 3b) was about two
times higher than —0.25 mA cm~2 of the Pt/Pd/FTO electrode.??
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Fig. 3 CVs of Pt—Pd-Sn/C, Pt—Sn/C, Pt—Pd/C, and Pt/Cina 0.1 M HCIO,
aqueous solution (a) at a sweep rate of 10 mV s~1under N,O in the
absence of 0,. (b) Current densities of the catalysts at +0.16 V vs. RHE
for the N,ORR.

The N,ORR activity of the catalysts used in this work is in the
following order: Pt—Pd—-Sn/C > Pt-Sn/C > Pt—Pd/C > Pt/C. Because Pt—
Pd/C and Pt/C showed much lower N,ORR activity at +0.16 V vs. RHE
than Pt—Pd-Sn/C and Pt-Sn/C, respectively (Fig. 3b), the presence of
Sn species drastically enhances the electrocatalytic N,ORR activity. In
the potential region between +0.06 and +0.36 V vs. RHE, the
adsorption of N,O competes with the adsorption of hydrogen (Fig.
§8).182021 The Sn/PtPd interface could enhance the adsorption of
N,O and/or suppress the adsorption of hydrogen, leading to the
enhancement of the N,ORR activity.2224 The modulation of the N,O
adsorption can be supported by the charge transfer from Snto Ptand
Pd in XPS of Pt—-Pd-Sn/C: lower binding energy shifts of Pt—Pd—Sn/C
than Pt—Pd/C in the Pt 4f and Pd 3d regions (Fig. S5a and S5b).

The product analysis of Pt—-Pd-Sn/C for the N,ORR using gas
chromatography equipped with a thermal conductivity detector
reveals almost 100% FE to N, at 2+0.06 V vs. RHE.
Chronoamperometric experiments of Pt—Pd-Sn/C and Pt-Sn/C were
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performed in a 0.1 M HCIO4 aqueous solution under N,O at three
equidistant potentials: 0, +0.06, and +0.12 V vs. RHE for 1 h (Fig. S9).
The Pt—Pd-Sn/C and Pt—Sn/C showed almost 100% FE for N; at +0.06
and +0.12 V vs. RHE, whereas the FE of N, decreased at 0 V vs. RHE
due to the hydrogen evolution reaction (Fig. 4a and 4b, and Table
$3).14 At 0 V vs. RHE, the FEs of N, and H, at Pt—Pd—Sn/C were found
to be about 75 and 11%, respectively, whereas about 64 and 30%,
respectively, at Pt-Sn/C. The lower value of the FE to H, at Pt—Pd—
Sn/C than that at Pt-Sn/C indicates that the trimetallic Pt—Pd-Sn/C
catalyst is more selective to the N,ORR over the hydrogen evolution
reaction than the bimetallic Pt-Sn/C catalyst.
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Fig. 4 FEs of N, and H, at (a) Pt—-Pd-Sn/C and (b) Pt-Sn/C, and TOFs
of N, and H; at (c) Pt—-Pd—Sn/C and (d) Pt—Sn/C obtained from N,ORR
in a 0.1 M HClO4 aqueous solution under N,O in the absence of O,
after 1 h electrolysis at 0, +0.06, and +0.12 V vs. RHE at room
temperature and atmospheric pressure.

A TOF of Pt—Pd-Sn/C at +0.06 V vs. RHE for the N,ORR to N, was
determined to be 4.92+0.27 molnz (molpt+pa)™ min~t (Fig. 4c and
Table S4). This is about three times higher than that of 1.30+0.21
molnz (molpt)™* min~ for Pt-Sn/C (Fig. 4d and Table S4), about 82
times greater than that of Pd foil at +0.1 V vs. RHE, and about 11
times higher than that on Au@Pd core@shell nanoparticle electrode
at —0.4 V vs. SCE (+0.64 V vs. RHE), calculated from previously
published data.>3!

The high FEs and TOFs of Pt—Pd-Sn/C for the N,ORR to N,
encouraged us to investigate the Pt—Pd—Sn/C for the electrocatalytic
N,ORR selectivity in the presence of O,. In the N,O-0, mixture with
a 1:1 molar ratio of N,O to O, a FE of 71% for the N,ORR to N, retains
at +0.06 V vs. RHE (Fig. 5 and Table S5), and therefore Pt—-Pd-Sn/C is
N,ORR selective compared to O,. Even at an O,-rich 1:10 molar ratio
of N,O to O,, a FE of 44% was obtained. TOFs of Pt—Pd-Sn/C at +0.06
V vs. RHE for the N,ORR to N; in the N,O—0; mixture with 1:1 and
1:10 N,0-0; ratios were determined to be 2.14+0.02 and 0.52+0.02
molnz (molpespd)~ minTt, respectively (Fig. S10 and Table S5). Because
Pt and Pd efficiently catalyze the oxygen reduction reaction
(ORR),3233 one of the possible explanations is that Sn oxide or
hydroxide patches on the catalyst surface can block the access of O,
to the surface, resulting in the selective N;ORR to N,. Another

This journal is © The Royal Society of Chemistry 20xx

possible explanation is the difference in solubility between N,O and
0; in water: 24 mM for N,O and 1.3 mM for O, at 298.15 K.3435
Further experimental studies will be required to understand the
mechanistic insight into the N,ORR selectivity of Pt—Pd—Sn/C over the
ORR.

1:0 1:0.2 1:04 11
N20O:02 (molar ratio)

1:10

Fig. 5 FEs of N, obtained from N,ORR in a 0.1 M HCIO, aqueous
solution under different molar ratios of the N;O—0, mixture at Pt—
Pd-Sn/C at +0.06 vs. RHE at room temperature and atmospheric
pressure.

Conclusions

In conclusions, Pt—Pd—Sn/C exhibits high electrocatalytic N,ORR
activity and selectivity to N, in acidic media. The Sn oxide or
hydroxide at the surface increases the adsorption of N,O and/or
suppresses the adsorption of hydrogen, resulting in the higher
electrocatalytic N,ORR activity than the bimetallic Pt—Sn/C
catalyst. Pt—Pd—Sn/C shows about 100% FE for the N>ORR to N,
at 2+0.06 V vs. RHE under N,O in the absence of O,. Under 1:1
N,O—0; molar ratio, the FE of 71% is observed for Pt—Pd-Sn/C,
where possibly the Sn species block the access or adsorption of
O, at the Pt or Pd surface, which can catalyze the ORR. Our
results will provide design concepts for the development of
highly efficient N,ORR electrocatalysts and O,-tolerant
electrocatalysts for the removal of N,O from air.
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