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Chapter 1

General Introduction

1.1 Background for efficient nitrate and nitrous oxide removal

1.1.1 Background for efficient nitrate removal

Dinitrogen (N2) in the nitrogen cycle is harmless, but the contamination of
groundwater by its most oxidizing state nitrate anion (NO3") is harmful to the environment
and human health [1-5]. Anthropogenic activities, such as overuse of nitrogenous
fertilizers in agricultural lands, animal feces, discharge of treated wastewater, and
industrial effluents are mainly accountable for NOs™~ contamination [6]. Moreover, NO3 -
containing storm-water runoff from urban surfaces also leads to an increase in the amount
of NOs™ in surface and groundwater [7]. The NOs -contaminated water causes the
eutrophication phenomenon and consequently damages the aquatic ecosystems [8]. NO3~
is converted into N>O as a by-product through the biological denitrification processes
(NO3™—> NO2~— NO — N2O — N») in the natural environment, which is accountable for
global warming and depletion of the ozone layer [9]. NOs™ in drinking water is reduced by
gastro-intestinal microorganisms into nitrite (NO;") that causes methemoglobinemia,
which is called “blue baby syndrome” for children [10]. NO; in the body can react with
amino compounds to form N-nitrosamines, which are suspected to be carcinogenic [11].
More worryingly, NOs~ concentration in drinking water has exceeded 100 mg L™! in some
countries (Figure 1.1) [12—14]. To minimize the health threats of NOs~, the World Health
Organization (WHO) has recommended a maximum of 50 mg L™! as NOs~ (~11 mg L ! as
NO3™-N) in drinking water [15]. In Japan, the maximum concentration based on the sum
of NO3™-N and NO,-N is 10 mg L' [16]. Therefore, efficient technology is required for

NO3™ removal.
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Figure 1.1 (a) Studied regions and b) NO3~ concentration in groundwater in Asia. Adapted

with permission from ref. [12], copyright 2021, Elsevier.



1.1.2 Background for efficient nitrous oxide removal

N2O is one of the potential by-products of NO;~ reduction reaction (NO3;RR), which
is further reduced to N2. N2O is a greenhouse gas and a scavenger for the depletion of the
ozone layer [5,17]. N20O is mainly released from agricultural sources: fertilizers, manures,
and crop residues [9]. 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 N2>O in the atmosphere [18,19]. The concentration of N>O
in the atmosphere has increased by approximately 14% in 2017 when compared to the
concentration in 1940 and has an increasing trend up to date [20]. Global Monitoring
Laboratory reported the atmospheric concentration of N>O of 335 parts per billion (ppb)
till January 2022 with an increasing rate of about one ppb annually (Figure 1.2) [21]. The
increasing trend of the concentration of N>O over time is a great matter of concern because
of its long lifetime over 100 years and about 300 times greater global warming potential
than CO,[5,19,22-24]. Therefore, there is an urgent need to develop efficient catalysts that

can remove both NO3~ and N2O to keep the world sustainable.
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Figure 1.2 Globally-averaged, monthly mean atmospheric nitrous oxide abundance
determined from marine surface sites. Adapted with permission from ref. [21],

NOAA/GML.



1.2 NOs™ and N20 removal technologies

1.2.1 NOs removal technologies

Many technologies have been developed for NO3~ removal, for example, biological
treatments, ion exchanges, reverse osmosis, electrodialysis, electrocoagulation, catalytic
reduction, and electrocatalytic reduction processes [25-34]. However, biological
denitrification requires a long startup time, ion exchange, reverse osmosis, electrodialysis,
and electrocoagulation lead to secondary NO; -containing wastewater, and catalytic
reduction requires reducing agents, leading to their limited application [26,27,33]. On the
other hand, electrocatalytic reduction is the most promising technique for NO3;~ removal
because of no production of a secondary NO3 -containing waste stream, no requirement of
additional chemicals, no possibility of bacterial contamination, and renewable energy

friendliness [26,34-36].

1.2.2 N2O removal technologies

To date, several technologies, such as thermal decomposition, direct catalytic
decomposition, selective catalytic reduction, and electrocatalytic reduction have been
developed for N>O removal [37-41]. However, thermal decomposition and direct catalytic
decomposition require very high (> 800°C) and medium temperatures (> 300-500°C),
respectively [37,39,40]. Selective catalytic reduction requires reducing agents like
propane/ammonia [38,39]. On the other hand, electrocatalytic N>O reduction reaction
(N20ORR) does not require any reducing agent and can be powered by green energies like
wind and solar powers at room temperature and pressure [36,42]. This method is efficient
for not only the reduction of N>O directly, but also the reduction of N>O obtained from
NO;RR, leading to a green environment [36].

1.3 Electrocatalytic NO3;~ and N20 reduction

NO;™ can electrocatalytically be reduced towards the most desirable product N>
with the following by-products: nitrite ion (NO>"), nitric oxide (NO), nitrous oxide (N2O),
hydroxylamine (NHOH/NH3OH"), and ammonia (NH3/NH4") (Figure 1.3) [43-48]. The
formation of these by-products is the main obstacle to Na selectivity. On the other hand,
N2O is a potential by-product that should be completely reduced to a single product Na,
which is a two-electron and one-step process. Therefore, highly efficient electrode

materials are needed to develop for the efficient reduction of both NO3~ and N>O to benign
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N2 in terms of the water purification at the family level. Catalytic activity and product
selectivity of a catalyst mainly depend on electrode materials and their composition, and
surface structure [49].

N

3e” 2e” 1

=~ NH, OH345)—>> NH}

Noé(ads) NOE(ads) No(ads) 26 26

NZO(ads) NZ
No(sol)

Figure 1.3 The simplified reaction pathway of electrocatalytic NO3~ and N>O reduction
[43-45].

Numerous studies have been conducted on the development of efficient
electrocatalysts for the NO3RR towards N>. Monometallic electrocatalysts, such as Pt, Pd,
and Cu have been widely studied and show promising properties [26,45,50-52]. Bimetallic
electrocatalysts, such as Pt and Pd substrates integrated with promoter metals (p-block
elements and Cu) have been widely investigated and show improvement in the NO3RR
activity [53-62]. A few studies on trimetallic catalysts that are composed of Pt+Pd
mixture/alloy substrates modified with a 3™ metal as a promoter, such as Sn and Ge have
been conducted and show further enhancement of the NO3RR activity [36,42,43,46]. On
the other hand, NoORR has been studied mainly on transition metal electrodes [41,63—67].

1.3.1 NOs™ and N2O reduction on monometallic electrodes
NO;™ reduction on monometallic electrodes

In the 1970s, as many as 30 metals (M) including Pt and Pd were studied to compare
their electrocatalytic nitric acid/nitrate reduction activity and it was concluded that the
nitric acid/nitrate reduction activity of transition metals is related to the volcanic
relationship of the M—H and M—O interaction energies [68]. Later five transition metals
(Pt, Pd, Rh, Ru, and Ir) were investigated for electrocatalytic NO3RR in acidic media (0.5
M H>SO4+0.1 M NaNOs3) and the NO3RR activity was found to be decreased in the
following order: Rh > Ru > Ir > Pt and Pd [45]. Of the transition-metal electrodes, Rh
showed the highest NOsRR activity of about —0.15 mA c¢m™2 at +0.16 V vs. RHE



(reversible hydrogen electrode), which is very low when compared to bi- and trimetallic
electrodes described in the next. Pt and Pd showed very low NO3RR activity due to the co-
adsorption of hydrogen or the copetittion with hydrogen adsorption as the NO3™ has low
adsorption enthalpy on Pt and Pd when compared with hydrogen adsorption [45,69-71].
A kinetic finding was reported that the reduction of NO;™ to NO>™ is the rate-determining
step and the first electron transfer is involved in the rate-determining step (Tafel slope:
~120 mV dec™!) [45,72]. Thermodynamically, the step of the reduction of NO3~ to NO,~
shown below was also reported as favorable [50].
NO3 + 2H* + 2e™ - NO; + H,0 E® = 0.835V vs.NHE

where NHE is the normal hydrogen electrode.

Among the noble metals, there are many findings on Pt and Pd electrodes to
understand the process of NO3RR to N,. On porous Pt electrode, N>O and N, were reported
as gaseous products of NO3;RR below +0.4 V vs. RHE (in the potential region of hydrogen
adsorption/desorption) in acidic media (0.5 M H>SO4+0.5 M NaNOQO3) [73]. To further
understand the NO3;RR pathway towards N», NO> reduction reaction (NO2RR) was
reported on porous Ptelectrode in acidic media (0.5 M H2SO4+0.012 M NaNO») and it was
concluded that the NO;™ is converted stepwise to NO (0.6—1 V vs. RHE), N,O (0.2-0.8 V
vs. RHE), and N> (0.1-0.6 V vs. RHE) [73]. NO is the key intermediate of the NO3;RR to
produce a selective product. Koper et al. studied Pt and Pd electrodes for NO reduction
reaction (NORR) in acidic (0.1 M H2SO4) and alkaline (0.1 M KOH) media [74]. They
reported N>O and NH4" as the products on the Pt electrode without the formation of N
and identified the Pd electrode as the best for selective reduction of NO to N> through N>O.
They concluded that the adsorbed NO is reduced to NH3 and both the adsorbed NO and
solution NO are necessary for the production of N>O (Figure 1.3) [45,74]. From the
thermodynamic point of view, all the steps involved in the NO;™ reduction towards N
shown below are favorable [41,50,73].

NO; + 2H* + 2e” - NO+H,0 E® = 1.202 Vvs.NHE
2NO + 2H* 4+ 2e~ - N,0 + H,0  E® = 1.59 V vs. NHE
N,O + 2H* + 2e~ - N, + H,0 E® = 1.77 V vs.NHE

N:O reduction on monometallic electrodes
Many metals including Pt and Pd have been widely studied for electrocatalytic

N2ORR [41,63—67]. The Pt and Pd electrodes showed about 100% Faradaic efficiency of



N2 produced from N>ORR in 0.3 M K»SO4 aqueous solution, although the adsorpton of
N0 is competitive with hydrogen adsorption on these electrodes in the potential region of
hydrogen adsorption/dsorption [41,64,66,67].

To understand the role of adsorbed hydrogen in the electrocatalytic NoORR, Ebert
et al. firstly studided polyoriented Pt single crystalline electrode in acidic media (Figure
1.4) [66]. The N>ORR was observed in the potential region of hydrogen
adsorption/desorption and the reaction was inhibited by the high concentration of adsorbed
hydrogen at the more negative potential. They concluded that the adsorbed hydrogen plays
an important role for the N2ORR to N and the reaction between adsorbed N>O and
adsorbed hydrogen is the rate-determining step (rds).

H* + e — Heqs)
N3O(ags) + Hags) = N2 + OH(aqs) (rds)
OH(ags) + H" + e - H,0 (fast)

TN ‘\f

ot

]
10

-2 { qu\‘/ E/V(H/.Pd)
-[. “+ \
o4 \

Figure 1.4 Cyclic voltammograms of a spherical Pt single crystal electrode in an aqueous

solution of 0.1 M H>SO4 (A) under Ar at a sweep rate of 200 mV s~! and (B) under N>O at

a sweep rate of 100 mV s7'. Adapted with permission from ref. [66], copyright 1989,

Elsevier.



Later, Attard et. al. studied polycrystalline Pd, Rh, Ir(111), and Rh(111) electrodes
for electrocatalytic N2 ORR in aqueous H2SO4 and HClO4 solutions and reargued on the
above-mentioned mechanism [64]. On the polycrystalline Pd electrode, the N2ORR
currents appeared at a more positive potential in HCIO4 solution than in H2SO4 solution,
and the onset potential of N2 ORR in HCIO4 aqueous solution was also found to be more
positive than a onset potential of hydrogen adsorption/desorption. They interpreted that the
adsorbed hydrogen is not essential for the N2 ORR, and N2ORR begins just at the end of
the oxide reduction. The adsorption of SO4~ causes such difference of onset potential in
different electrolyte solutions. They proposed that the rate-determining step should be the
N20(adgs) decomposition to N2 and adsorbed O, and concluded that the N2ORR rate depends
on available catalytic sites for N>O adsorption that are free of anions, hydrogen, and oxide
[64].

M — N30(ags) = Nz (g) + M — O (rds, M: metals)
M — O(ags) + 2H" + 2e” - H, > M+ H,0 (fast)

Li et. al. studied the electrocatalytic N2ORR on the surface of electrodeposited Pd
on glassy carbon electrodes (Pd/GC) in different pH buffer solutions (Figure 1.5) [67].
They concluded that the Pd/GC electrode showed NoORR currents after the reduction of
the oxide layer, but the N;ORR currents were found to be poor in acidic electrolyte because
the hydrogen adsorption competes with the N2O adsorption. Because of the lack of such

competition in alkaline electrolytes, the same electrode showed efficient N2 ORR activity.

| B (pH =10.0)

A (pH = 2.0)

1/ A
(6]

-2 0.0 2 4 -4 0.0 4
E/V vs. SCE E/V vs. SCE

Figure 1.5 Cyclic voltammograms of the Pd/GC electrode in the citrate buffer solution
of (A) pH 2.0 and (B) pH 10.0 in the absence (...) and presence (—) of 0.73 mM N,O
solution at a sweep rate of 50 mV s~!. Adapted with permission from ref. [67], copyright

1998, American Chemical Society.



1.3.2 NOs™ reduction on bimetallic electrodes

Monometallic electrodes are not active enough for electrocatalytic NO3;RR as
mentioned above. Therefore, a second metal as a promoter is integrated onto the surfaces
of the noble metals, including Pt and Pd to improve their NO3RR activity [53—-62]. When
their surfaces are modified with p-block metal adatoms including Sn, the adsorption of
NO;™ increases at Sn/Pt or Sn/Pd interfaces, promoting the rate-determining step of the
NOs3™ reduction to NO>~ (Figure 1.6) [47,53,54,56,57,59,62,72,75]. Sn most likely interacts
with one of the oxygen atoms of NOs™ as it has higher affinity to oxygen than Pt or Pd and
the Pt or Pd may interact with nitrogen atom of NO;~ [72]. It is considered as an accepted

general model for improvement of electrochemical NO3™ reduction [53].

O
O O

+H;0 '+ e \/H

N_O +H30+ e”

PO “=2be

Figure 1.6 Mechanism of electrocatalytic NO3RR to NO;™ at the Pt/Sn interface. Adapted
with permission from ref. [72], copyright 2004, Elsevier.

Koper et al. studied the NO3RR on polycrystalline Pt electrode modified with p-
block metals including Sn in acidic media and identified Sn as the best promoter for
enhancing NO3RR activity with the formation of NO, N,O, NH,OH, and NH3 (Figure 1.7)
[53]. Based on the DFT calculations, they reported that the Sn surface alloy, adatoms or
oxidized states of Sn species such as Sn(OH)x on the Pt surface enhanced the adsorption

energy of NO;~ (Table 1.1).
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Figure 1.7 (a) Cyclic voltammograms of the bare Pt electrode (dotted line) and Sn-
modified Pt electrode (Sn coverage, &~ 0.337) (solid line) in an aqueous solution of 0.1
M H,SO4 containing 0.01 M NaNOs under Ar at a sweep rate of 1 mV s™! and (b) the
promoting effect and the product distribution along with the sites of Sn and other p-block
elements in the periodic table. Adapted with permission from ref. [53], copyright 2013,
Wiley-VCH.

Table 1.1 DFT free energies of nitrate adsorption on Pt(111), 50% Sn(surface alloy)—
Pt(111), and Pt(111) surfaces with Sn and Sn(OH)x adatom species [53].

Catalyst AGyo3/eV
Pt(111) —0.55
50% Sn(surface alloy)-Pt(111) —0.71
Sn(adatom)/Pt(111) —0.74
Sn(OH)x(adatom)/Pt(111) -1.17

Shimazu et al. widely investigated Sn-modified Pt and Pd electrodes for NO3;RR in
acidic media (0.1 M HClIO4+0.01 M NaNO3s) [54,72]. Sn-modified Pt electrodes showed
the Sn-coverage (6n) dependent NO3RR activity and at &, = 0.35, they showed the
maximum NO3;RR current density of —3.6 mA cm™ at —0.1 V vs. Ag|AgCl (sat. KCI)
(+0.16 V vs. RHE) [56,72]. On the other hand, Sn-modified Pd electrodes at &, > 0.65
showed the maximum NO3;RR current density of —10.3 mA ¢cm™2 at —0.1 V vs. Ag|AgCl

10



(sat. KCl) (+0.16 V vs. RHE) [54,61]. Even this value of NO3;RR current density is the
highest among all bimetallic electrodes already reported [54]. However, the Sn-modified
Pt and Pd electrodes including other noble metal electrodes have a good ability for N-O
bond breaking of NO;~, resulting in high NO3RR activity [61]. Note that the unmodified
and Sn-modified Pt and Pd electrodes (Sn/Pt and Sn/Pd) were reported to show almost
similar NO2RR activity in acidic media [76]. This result further supports the rate-
determining step of the NO3™ reduction to NO>".

The products of the Sn-modified Pt and Pd electrodes in acidic media were
summarized in Table 1.2, which are NOz~, NO, N>O, N, NH;OH*, and NH4". Sn-modified
Pt electrodes produce a hydrogenated species of NH30H" (46%) as the main product due
to their high N—H bond formation ability and the low N—N bond formation ability, whereas
Sn-modified Pd electrodes mainly produce N>O as the main the product because of having

their N-N formation ability and suppression of N-H formation ability [54,58,61,72].

Table 1.2 Distribution of products for NO3RR on Sn-modified Pt and Pd electrodes.

Electrode Electrolyte Experimental Ionic products Gaseous Detection Ref.
conditions products methods
Sn/Pt (thin 0.1 M HCIOs + | =0.2 V vs. Ag|AgCl | NO2 (10%), N20 (7%), ADEMS, ion
film), 0.01 M NaNOs (sat. KCl), 5h NH:OH" (46%), N2(26%) chromatogragy [61,72]
Gn~0.35 NH4 (11%) b
& FIA
Sn/Pt (poly), NO,
6~ 0.41 0.1 M HCIOs + | ImV s, 05~0Vvs. N0
0.01 M NaNOs RHE Not investigated (main), N2 In situ online [57]
Sn/Pt (poly), NO (main),
60~ 0.926 N0
Sn/Pt (plate), 0.1 M HCIO4 + | ImV s 05~0Vvs. | NO7, Ion
6%:~023& | 0.1 M HNO; (or | RHE NH;0H" (main), | Not chromatogragy | [58]
0.91 0.1 M NaNOs) NH4' investigated
Sn/Pd/Au, 0.1 M HCIOs + | 0.2 V vs. Ag|AgCl | NO2 (13%), N20 (78%) | *pgps, ion
60> 0.65 0.01 M NaNOs (sat. KCl), 5h NH3;OH' (9%) chromatogragy [54,61]
& FIA
Sn/Pd/Au, 0.1 M HoSOs + | I mV st 0.5~0 Vvs. | NH;OH' (main) NO, In situ online &
Gn: 0.60~0.80 | 0.1 M HNO3 RHE NH4' N20 (main), | ion [47]
N2 chromatogragy

*DEMS refers to differential electrochemical mass spectrometry.

bFIA refers to flow injection analysis.
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1.3.3 NOs™ reduction on trimetallic electrodes

As mentioned above, bimetallic electrodes: Sn-modified Pt and Pd electrodes are
active for electrocatalytic NO3RR. To further improve their NO3;RR activity and the
product selectivity towards Nz, Pt and Pd are mixed and their surfaces are modified with
Sn [46]. Sn-modified PdPt alloy (Sn/PdPt) electrodes, Pd/Pt = 31/69 molar ratio prepared
by sputtering method onto the previously sputtered Au on the glass, were investigated for
the electrocatalytic NOsRR in acidic media (0.1 M HC1O4+0.01 M NaNO3) (Figure 1.8a)
[46]. The Sn/PdPt electrode was found to show higher NO3RR activity than the bimetallic
counterparts of Sn-modified Pt or Pd electrodes (Sn/Pt or Sn/Pd) and the NO3RR current
densities at —0.1 V vs. Ag|AgCl (sat. KCl) (+0.16 vs. RHE) decreased in the following
order: Sn/PdPt (-5.1 mA cm2) > Sn/Pt (-4.1 mA ¢m™2) > Sn/Pd (-3.6 mA cm2) (Figure
1.8b) [46]. The clear increase of NO3RR activity at the Sn/PdPt electrode is attributed to
the synergetic effect of Pt and Pd [43,46,75]. Next, the products of NO3RR at the electrodes

have been discussed.
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Figure 1.8 (a) Cyclic voltammograms of Sn/PdPt electrodes with different Sn coverages
(6sn) for NO3RR in an aqueous solution of 0.1 M HClO4 containing 0.01 M NaNOj3 under
Ar at a sweep rate of 10 mV s! and (b) Sn coverage dependence of the NOsRR current
density at —0.1 V vs. Ag/AgCl (sat. KCl) (+0.16 V vs. RHE). Adapted with permission
from ref. [46], copyright 2020, Elsevier.
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For the product distribution of NO3;RR at Sn/Pt, Sn/Pd, and Sn/PdPt electrodes, 5
h electrolysis at—0.2 V vs. Ag|AgCl (sat. KCI) in an aqueous 0.1 M HCIO4+0.01 M NaNO3
solution was performed [46]. The Sn/PdPt electrode produced a higher amount of N> (44%)
than Sn/Pt (N2, 32%) and Sn/Pd (N2, 28%). In addition, the amount of hydrogenated
products (NH;OH™+ NH4", ca. 26 %) at the Sn/PdPt electrode was found to be lower than
that at the Sn/Pt electrode (ca. 36 %), and the amount of N>O (ca. 25%) at the Sn/PdPt
electrode was lower than that (ca. 29 %) at Sn/Pd electrode, resulting in the high amount
of N> at the Sn/PdPt electrode. It was concluded that the N-H bond formation ability
(hydrogenation ability) of the Sn/Pt electrode decreased and the N—O bond cleavage ability
of the Sn/Pd electrode increased in the Sn/PdPt electrode. Thus, the maximum formation

of N> (44%) was achieved at the Sn/PdPt electrode.

In a reverse system, Pt nanoparticle (NP)-modified fluorine-doped tin oxide (FTO)
substrate electrodes (Pt/FTO) were investigated for electrocatalytic NO3RR in acidic
media (Figure 1.9) [62]. Note that Pt NPs with different pulse numbers were prepared by
an arc-plasma deposition (APD) method. It was concluded that the Pt/Sn interface of the
Pt/FTO electrodes acts as the catalytic active site for NO3;RR, as the Pt NPs on glassy

carbon substrates (Pt/GC) showed almost no such activity.
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Figure 1.9 Cyclic voltammograms of the Pt NPs with different pulse number on fluorine-
doped tin oxide (FTO) substrate electrodes (Pt/FTO) in an aqueous solution of 0.1 M
HCIlO4 containing 0.01 M NaNOs under Ar at a sweep rate of 10 mV s!. Adapted with

permission from ref. [62], The Electrochemical Society of Japan.
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1.3.4 NOs™ reduction on single crystalline electrodes

Surface structure and composition of electrode materials play an important role in
electrocatalytic NO3RR activity and product selectivity. Based on the high NO3;RR activity
of the Sn-modified Pt and Pd polycrystalline electrodes, Sn-modified single-crystalline
electrodes: Pt(111), Pt(100), Pd(111), PdPt(111) (3 wt% Pd), and PdPt(100) (3 wt% Pd)
were investigated for NO3RR in acidic media (0.1 M HCIO4+0.1 M NaNO3) (Figure 1.10)
[75]. The unmodified single-crystalline electrodes showed almost no NOs3RR activity,
whereas the modification of their surfaces with Sn improved NO3;RR activity. The NOsRR
activity order decreased in the following order: Sn/PdPt(100) > Sn/PdPt(111) > Sn/Pt(100)
>Sn/Pd(111) = Sn/Pt(111). At+0.16 V vs. RHE, the Sn/PdPt(100) showed NO3RR current
density of —12.4 mA c¢m2, which was higher than the maximum NOsRR current density
of —=10.3 mA cm™2 +0.16 V vs. RHE on Sn-modified Pd thin film electrode [54]. From XPS
observation, it was concluded that the Sn® was deposited on the (100) surfaces, whereas
Sn?>* was on (111) surfaces. Thus, the Sn alloy formation on the PdPt(100) surface and the
combination of these metals modulate the adsorption ability of NOs™, resulting in the high
NO;RR activity. The gaseous product selectivity on the Sn-modified (100) surfaces has

been discussed in the next.
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Figure 1.10 (a) Cyclic voltammograms for NO3RR on Sn-modified Pt and PdPt (3 wt%
Pd) alloy single crystalline electrodes in an aqueous solution of 0.1 M HClO4 containing
0.1M NaNOs; under Ar at a sweep rate of 10 mV s™!. Adapted with permission from ref.
[75], copyright 2017, Elsevier.

15



The gaseous products of the Sn/Pt(100), Sn/Pd(100), and Sn/PdPt(100) electrodes
for NOsRR were reported in acidic media (0.1 M HCIO4+0.1 M NaNOs3) [36]. On
Sn/Pt(100), NO and N2O were identified as volatile products with a Faradaic efficiency
of ca. 25%, indicating the NH3; and NH>OH as non-volatile products. On the other hand,
Sn/Pd(100), and Sn/PdPt(100) produced not only NO and N>O but also N,. The total
Faradaic efficiency of these gaseous products was ca. 92 % at +0.2 V vs. RHE, in which
the N> was 34 %. It was concluded that the Pd(100) surface proceeds with the reduction
of NO to N rather than the formation of non-volatile products. The most important
conclusion was that the PdPt(100) had a weaker affinity with H-adatoms than Pt(100) and
thus, the modulation of H-adsorption energy for metal alloys would be a key to the

selective N> production.

1.4 Objective of this thesis

Previous studies have shown that the high NOs;RR activity can be achieved at
trimetallic Sn-modified PdPt alloy (Sn/PdPt) electrodes when compared the bimetallic
counterparts of Sn-modified Pt or Pd electrodes (Sn/Pt or Sn/Pd) and these electrodes were
not studied for N2ORR. In a reverse system, Pt nanoparticle (NP)-modified fluorine-doped
tin oxide (FTO) substrate electrodes (Pt/FTO) were studied for NO3RR, in which the Pt/Sn
interface acts as the catalytic active site. However, most of the studies for NO3RR have
been done on Sn-modified noble metal electrodes. The same electrode was not investigated
for the reduction of NO;~and its potential by-products: NO,~, NO, and N>O.

The objective of this thesis is to expand the investigation on (i) the reverse system:
(Pt+Pd) mixture NP-modified FTO electrodes and (ii) chemically synthesized Sn-
containing Pt-Pd NP electrodes for NO3;RR, NO;RR, NORR, and N>ORR. Firstly, the
(Pt+Pd)/FTO electrodes were optimized with Pt:Pd = 3:2 atomic ratio by an arc-plasma
deposition (APD) method for NO3;RR, and the optimized electrode was investigated for
NO:2RR, NORR, and N>ORR to understand the role of the PtPd/Sn interface. As this is a
model study, further Pt-Pd—Sn NPs with the optimized Pt:Pd = 3:2 atomic ratio were
synthesized by a wet chemical method and immobilized on carbon support to investigate
the electrocatalytic reduction of the most potential by-product N2>O obtained from NOsRR.
Finally, Pd nanocubes (NCs) and Sn-modified Pd NCs were studied for electrocatalytic

N>ORR to understand the role of surface structure.
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1.5 Outline of this thesis

The main body of this thesis includes five chapters.

Chapter 1 described the background for efficient NO;~ and N2O removal, NO3~
and N>O removal technologies, advantages of electrocatalytic NO3;~ and N>O removal
technologies, and previous studies on electrocatalytic NO;RR and N2ORR, objective and

outline of this thesis.

Chapter 2 described the preparation of the Pt and/or Pd NPs on fluorine-doped tin
oxide (FTO) electrodes: Pt/FTO, Pd/FTO, and Pt/Pd/FTO by an arc-plasma deposition
(APD) method and the advantageous of this method. The electrodes were characterized by
cyclic voltammetry (CV), transmission electron microscopy (TEM), and X-ray
photoelectron spectroscopy (XPS). The Pt/FTO and Pd/FTO electrodes were optimized for
electrocatalytic NO3RR with respect to the pulse number of Pt and Pd. Keeping the same
optimized pulse number, Pt/Pd/FTO electrodes were prepared by changing Pt—to—Pd pulse
ratios and optimized for electrocatalytic NO3RR. Then, the NO3;RR activities of the
optimized Pt/FTO, Pd/FTO, and Pt/Pd/FTO electrodes were compared and the optimized
Pt/Pd/FTO electrode with Pt:Pd = 3:2 atomic ratio was identified as the best for NO3;RR.
The presence of the trimetallic PtPd/Sn interface in the optimized Pt/Pd/FTO electrode was
confirmed by TEM, scanning transmission electron microscopy (STEM), and energy
dispersive spectroscopy (EDS) mapping images, and XPS. Then, the optimized Pt/Pd/FTO
and Pt/Pd/glassy carbon (GC) electrodes were investigated for the reduction of each
potential intermediates of NO3RR: NO;~, NO, and N,O in acidic media to understand the
role of the PtPd/Sn interface.

Chapter 3 described the preparation of Pt—Sn NPs, and Pt-Pd—Sn NPs according
to the optimized Pt:Pd = 3:2 atomic ratio obtained from the APD method, immobilization
of the NPs on a carbon support, and their characterization by TEM, STEM, EDS mapping,
X-ray powder diffraction (XRD), and CV. The carbon-supported Pt—Sn and Pt-Pd—Sn NPs
were investigated for NoORR in acidic media and their catalytic activities were compared.
The presence of the Pt/Sn and PtPd/Sn interfaces was confirmed by TEM, STEM, EDS
mapping images, and XPS. The products obtained from N2ORR were detected and

quantified by gas chromatography, and the results were discussed.
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Chapter 4 described the preparation of Pd nanocubes (NCs) on a carbon support
and their characterization by TEM and CV, modification of their surfaces with Sn.
Electrocatalytic activities of the unmodified and Sn-modified Pd NCs were investigated
for N2ORR in acidic media to understand the role of surface structure at Pd/Sn interfaces.

The results were discussed.

In Chapter 5, the summary of this thesis and conclusions were described. The

future prospect of the thesis for electrocatalytic NO3RR and N2ORR was also mentioned.
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Chapter 2

Electrocatalytic Nitrate and Nitrous Oxide Reduction at Interfaces

Between Pt-Pd Nanoparticles and Fluorine-Doped Tin Oxide

Reproduced in part with permission from “Electrochim. Acta 425 (2022) 140628”
DOI: https://doi.org/10.1016/j.electacta.2022.140628

2.1 Introduction

Various electrocatalysts such as noble metals [1-5], binary metals [6—15], and
ternary metals [16—-19] have been already studied for the electrocatalytic NOsRR.
Generally, single metal electrodes including Pt and Pd are known to show poor
electrocatalytic NO3RR activity because of low NO3~ adsorption energy as compared with
hydrogen [3,20,21]. The modification of their surfaces with p-block metal adatoms
significantly increases NO3~ adsorption, leading to the acceleration of the rate-determining
step of the NOs3~ reduction to NO>~ [6-9,12,15,19,22]. For example, the surface
modification of Pt and Pd electrodes with Sn enhances the NO3RR activity, and the Sn/Pt
and Sn/Pd interfaces act as the active sites, respectively. For the NO;™ reduction reaction
(NO2RR), both Sn-modified and unmodified Pt and Pd electrodes were found to be active
[22]. For the NO reduction reaction (NORR) and N>O reduction reaction (N2 ORR), the
role of the Sn/Pt and Sn/Pd interfaces in the activity enhancement remains unclear. For
trimetallic electrodes, Sn-modified PdPt alloy (Sn/PdPt) electrodes have been studied only
for the NOsRR and show higher NO3RR activity than the bimetallic counterparts of Sn-
modified Pt or Pd electrodes, and the enhancement of N-O bond cleavage of NOs3~
including N>O and the suppression of N—-H bond formation at the Sn/PdPt electrode
increases the N, formation with decreasing the formation of NH4* and NH;OH" [16]. In a
reverse system, Pt nanoparticle (NP)-modified fluorine-doped tin oxide (FTO) electrodes
(Pt/FTO) were also found to be active for electrocatalytic NO3;RR, in which the Pt/Sn
interface plays an important role [15]. However, there is a lack of detailed investigations
on reverse systems of Pt and/or Pd NPs on FTO for the electrocatalytic NO3RR, NO2RR,
NORR, and N2ORR, even though these systems have interfaces between Pt and/or Pd and
Sn.
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Herein, we report the electrocatalytic activity of Pt and/or Pd NP-deposited FTO
electrodes for the NO3;RR in acidic media. The role of the PtPd/Sn interface was
investigated in not only the NO3RR but also the reduction of potential by-products: NO>",
NO, and N>O. Three different electrodes of Pt and/or Pd NPs were prepared on FTO
substrates: Pt/FTO, Pd/FTO, and Pt/Pd/FTO by an arc-plasma deposition (APD) method
under high vacuum conditions. The APD method enables the direct deposition of metal
NPs on the substrates by changing the number of pulses for controlling the amount of metal
NPs. This method requires no multi-step preparation for the removal of surfactants or the
impregnation processes, which are needed in solution-based methods [23]. Using the APD
method, the deposited amounts of Pt and/or Pd NPs on FTO substrates were optimized for
the NO3RR to their pulse number, and then the NO,RR, NORR, and N>ORR activity of

the optimized electrode was investigated to understand the role of the PtPd/Sn interface.

2.2 Experimental

2.2.1 Materials

Acetone, 2-propanol, 30% hydrogen peroxide, 28% ammonia, and 60% perchloric
acid were purchased from Wako Pure Chemical Industries, Ltd. Sodium nitrate and sodium
nitrite were purchased from Kanto Chemical Co., Inc. Nitric oxide (NO) in Ar (50%) and
nitrous oxide (N,O, 99.5%) were purchased from Tomoe Shokai and GL Science,

respectively. FTO glass sheets were purchased from SPD Laboratory, Inc.

2.2.2 Electrode preparation

A commercial FTO glass sheet was cut into small pieces with 1.5 cm % 1.5 cm. The
FTO substrates were cleaned in 2-propanol, acetone, and then Milli-Q water under
ultrasonication for 20 min each, kept in the mixture of 30% H>0,-28% NH3;-Milli-Q water
(1:1:5, v/v/v) at 343 K for 1 h, rinsed with Milli-Q water, and then dried under N». Pt/FTO
and Pd/FTO electrodes were prepared by the deposition of Pt and Pd NPs, respectively, on
the FTO substrates at room temperature in the vacuum deposition chamber (Ulvac, MUE-
ECO-EV) with ca. 107 Pa by using coaxial pulsed APD systems (ADVANCE RIKO,
ARL-300) [23], in which cylindrical Pt and Pd cathodes were used as sources for Pt and
Pd NPs, respectively. The APD of Pt and/or Pd was performed at an arc voltage of 100 V
and a condenser capacity of 1080 uF. The APD pulses ranging from 10 to 300 pulses were
set to control the amount of Pt and Pd NPs deposited on the FTO substrates, which were
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placed ca. 7 cm away from the Pt and Pd cathodes. To prepare Pt/Pd/FTO electrodes, Pt
and Pd were sequentially deposited on FTO substrates with 30 pulses changing Pt-to-Pd
pulse ratio (Pt./Pd30./FTO, where x (pulse number) = 5, 10, 15, 20, 25). Because almost
no effect of the sequential APD order on the NO3;RR activity and particle size was
confirmed by electrochemical measurements and TEM images, the experimental data of

Pt,/Pd30/FTO are shown and discussed in this work.

2.2.3 Electrochemical measurements

All cyclic voltammograms (CVs) were recorded using a conventional three-
electrode, one compartment electrochemical cell by a potentiostat HZ-5000 (Hokuto
Denko Corp.). Pt and/or Pd NPs on FTO substrates were used as working electrodes, and
a platinized Pt foil and an Ag|AgCl (sat. KCl) were used as the counter and the reference
electrodes, respectively. The geometrical surface area of the working electrode was 0.95
cm?. Before using, all glassware was immersed in the mixture of 1:1 concentrated nitric
and sulfuric acid overnight, rinsed by and boiled in Milli-Q water, and then ultrasonicated.
Before measurements of CVs, the electrolyte solution was purged with Ar (99.999%,
Hokkaido Air Water Inc.) for at least 30 min. Pt/FTO electrodes were electrochemically
cleaned in the potential range between —0.2 and +1.1 V vs. Ag|AgCl (sat. KCl) at a sweep
rate of 50 mV s! until getting stable CVs in 0.1 M HCIO4 aqueous solution, and the
Faradaic charges of hydrogen desorption were used to determine the electrochemically
active surface area of Pt (ECSAp;) on FTO substrates. PA/FTO electrodes were also
electrochemically cleaned in 0.1 M HCIO4 aqueous solution between +0.1 and +1.1 V vs.
Ag|AgCl (sat. KCI) at a sweep rate of 50 mV s™! until getting stable CVs and the Faradaic
charge of PdOx reduction were used to determine the electrochemically active surface area
of Pd (ECSApg) on FTO substrates. For electrochemical NO3~ reduction, CVs were
recorded in 0.1 M HCIO4 aqueous solution containing 0.01 M NaNOj at a sweep rate of
10 mV s7!. In the case of electrochemical NO,™ reduction, 0.0345 g of NaNO» was added
to deaerated 0.1 M HCIO4 aqueous solution (50 mL) to make 0.01 M NaNO; solution just
before recording CVs. To investigate the NO electrochemical reduction, a 0.1 M HClIO4
aqueous solution was saturated with bubbling of NO gas for 30 min. In this case, NO gas
was passed through a 1.0 M NaOH aqueous solution, which removes NOx, followed by
Milli-Q water before being introduced to the electrochemical cell. For electrochemical

N20O reduction, a 0.1 M HCIO4 aqueous solution in the electrochemical cell was saturated
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with bubbling of N>O gas for 30 min. The first cycle of the CVs was always used for
making a graph in presence of the analyte. All potentials shown were converted to be
versus the reversible hydrogen electrode (RHE) by using the following equation: £ (vs.
RHE) = E (vs. Ag|AgCl (sat. KCI)) + 0.199 + 0.059 x pH.

2.2.4 Physicochemical characterizations

X-ray photoelectron spectroscopy (XPS) data were collected at the pass energy of
10 eV using an Al Ka X-ray source by a photoelectron spectrometer JPS-9200 (JEOL).
The C=C peak in the C 1s region was used as an internal standard (284.7 eV) to calibrate
the binding energies of the elements. Carbon tape was used to make FTO substrates
conductive with the sample holder of XPS, which gave a peak in the C 1s region.
Transmission electron microscopy (TEM) images were obtained by JEM-2000FX (JEOL)
at an acceleration voltage of 200 kV. Scanning transmission electron microscopy (STEM)
and energy dispersive spectroscopy (EDS) elemental mapping images were obtained by
JEM-ARM200F (JEOL) at 200 kV. For TEM, STEM, and EDS observations, Pt and/or Pd
NPs were deposited on silicon oxide grids (ALLIANCE Biosystems) to ensure a similar

oxide surface to the FTO substrate.

2.3 Results and discussion

2.3.1 Characterization of Pt/FTO and Pd/FTO electrodes

To characterize Pt on FTO electrodes with a different number of APD pulses
(Pt/FTO, where x indicates the number of APD pulses), CVs of Pt,/FTO were recorded at
a sweep rate of 50 mV s7! in a 0.1 M HCIO4 aqueous solution under Ar (Figure 2.1a).
Hydrogen adsorption/desorption currents were observed in the potential range between
+0.06 and +0.34 V vs. RHE. PtO; reduction peaks were observed in the potential range
between +0.72 and +0.76 V vs. RHE [24]. No such peaks were observed on bare FTO
electrodes (gray broken line in Figure 2.1a), suggesting the deposition of Pt on FTO. The
deposition of Pt NPs was confirmed by TEM observation of model samples of APD—Pt
NPs with 30 pulses on a silicon oxide grid (Figure 2.1b). A surface density and an averaged
diameter of APD-Pt NPs were determined to be 7.1 x 10'?> cm™ and 2.2 nm, respectively
(Figure 2.1c), which is quite close to that previously reported for APD—Pt NPs [15]. For
the APD—Pt NPs with 100 pulses, a surface density and an averaged diameter of them were

determined to be 9.3 x 10'?> cm™2 and 2.5 nm, respectively (Figures 2.2a and 2.2b). These
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results reveal that the surface density of Pt NPs increases with keeping the almost same
particle diameter as the number of APD pulses increases. Similar results were reported in
a previous study [15]. The APD-Pt NPs with 200 pulses or more gave almost no individual
NP, indicating the agglomeration of Pt NPs (Figure. 2.2¢).

The electrochemically active surface area of Pt (ECSAp) of Pt,/FTO was calculated
using the following equation: ECSApi= Qu/210 uC cm2, where Qg indicates the Faradaic
charges for the hydrogen desorption at the Pt/FTO electrodes and 210 uC cm™
corresponds to the Faradaic charge density for the monolayer of the underpotentially
deposited hydrogen on the smooth Pt surface [24]. The ECSAp; was plotted against the
number of APD pulses (Figure 2.3a). The ECSAp; of Pt,/FTO electrodes increases as the
number of Pt pulses increases. The ECSAp;was found to reach a plateau at around 200 Pt
pulses due to the formation of a fully covered Pt film on the FTO substrates. A similar
plateau region was observed in a previous study on APD-Pt/GC (GC = glassy carbon)
electrodes [15]. Based on the ECSAp;in the plateau region (ECSAp, max), Pt coverages (G)
on FTO can be defined by the following equation: & = ECSAp/ECSAp, max.
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Figure 2.1 (a) CVs of Pt,/FTO electrodes in a 0.1 M HCIO4 aqueous solution at a sweep
rate of 50 mV s7! under Ar. (b) TEM image of APD-Pt NPs with 30 pulses on a silicon
oxide grid and (c) the histogram of the size distribution of Pt NPs. (d) CVs of Pd/FTO
electrodes in a 0.1 M HCIOs4 aqueous solution at a sweep rate of 50 mV s! under Ar. (e)
TEM image of APD—Pd NPs with 30 pulses on a silicon oxide grid and (f) the histogram
of the size distribution of Pd NPs.
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CVs of FTO electrodes modified with Pd with a different number of APD pulses
(Pd/FTO, where x indicates the number of APD pulses) were recorded at 50 mV s7! in the
potential range between +0.36 and +1.36 V vs. RHE in 0.1 M HCIO4 aqueous solution
under Ar (Figure 2.1d). A reduction peak was observed in the potential range between
+0.59 and +0.67 V vs. RHE, which can be associated with the reduction of PdOx [25,26].
No such peak was observed at the bare FTO electrode (gray dashed line in Figure 2.1d).
Thus, the deposition of APD—Pd was confirmed on FTO. TEM observation enabled us to
determine a Pd NP density and an average diameter to be 3.5 x 10'?> cm™ and 3.0 nm for
30 pulses (Figures 2.1e and 2.1f) and 3.4 x 10!2 cm™ and 3.5 nm for 100 pulses (Figures
2.2d and 2.2e), respectively. Note that increasing the pulse number up to 100 causes almost
no change of the Pd NP density but an increase in Pd NP diameter. This trend is different
from that of APD-Pt NPs, as mentioned above. The particle size distribution of APD-Pd
NPs (Figure 2.1f) is wider than that of APD-Pt NPs (Figure 2.1c). These results imply that
Pd NPs tend to agglomerate on the substrate and/or deposit on Pd NPs already placed on
the substrate, whereas Pt NPs tend to individually deposit on the substrate and be less
sensitive to agglomeration.

@ 0

Fraction of particles / %
3 3

o

1 2 3 4 5 6 7 8 9 10

Particle size / nm

B~
S
S

| %

w
o
T

R?nicles
S
T

Fraction of
>

o' ?
b..';o,.’,. o S a0 nm
h YA ISP R R Ak SCH

o

12 3 4 5 6 7 8 9 10

Particle size / nm

Figure 2.2 TEM images of APD—Pt NPs with (a) 100 pulses and (c) 200 pulses on silicon
oxide grids. (b) The histogram of the Pt NPs’ size distribution for 100 pulses produced
from (a). TEM images of APD—Pd NPs with (d) 100 pulses and (f) 200 pulses on silicon

oxide grids. (e) The histogram of the Pd NPs’ size distribution for 100 pulses produced
from (d).
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Figure 2.3 The plots of ECSA of (a) Pt on Pt./FTO electrodes and (b) Pd on Pd./FTO

electrodes as a function of the number of Pt and Pd pulses, respectively.

ECSAs of Pd (ECSApg) on Pd./FTO electrodes were determined based on the
Faradaic charges for the reduction wave of the surface oxide film in the following equation:
ECSApd = Qoxide/424 nC cm2, where Qoxide indicates the Faradaic charges for the oxide
reduction at Pd,/FTO electrodes and 424 uC cm™ corresponds to the assumed Faradaic
charge density for the reduction of surface PdO monolayer on a smooth Pd surface [25].
The ECSApq is determined based on the Faradaic charge for the reduction of the surface
oxide film, not for the hydrogen adsorption or desorption, because both hydrogen
adsorption and absorption occur at the Pd electrode in the same potential range from
+0.025 to +0.375 V vs. RHE and they are difficult to be separated [25-28]. The ECSApq
was plotted against the number of APD pulses (Figure 2.3b). The plateau region seems to
start at around 300 Pd pulses. Thus, Pd coverages (ékq) on the FTO substrates were
determined based on the ECSApq in the plateau region (ECSApd, max).

2.3.2 Optimizing NO3;RR at Pt/FTO and Pd/FTO electrodes

CVs of Pt/FTO electrodes were recorded in 0.1 M HClO4 aqueous solution
containing 0.01 M NaNOs under Ar (Figure 2.4a). All Pt,/FTO electrodes showed cathodic
currents in the potential range from +0.06 to +0.34 V vs. RHE only in the solution
containing NO;~. These currents can be associated with the electrochemical NO3RR

[6,9,15,19,22]. The NO3RR current densities of Pt,/FTO electrodes at +0.16 V vs. RHE
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were plotted against &b in Figure 2.4c [29]. The cathodic current density for the NOs;RR
reached the maximum at & = 0.63 (corresponding to Pt30/FTO), which is in good
agreement with a previous study [15]. Sn-modified Pt electrodes previously showed the
maximum current density for the NO3;RR at a tin coverage of €, = 0.35 (-3.6 mA cm 2 at
+0.16 V vs. RHE) [9], which is almost the same as &, =~ 0.37 (the residual of 6 = 0.63)
for the Pt30/FTO electrode in this work. Thus, the Pt/Sn interface acts as the active site not
only for the electrocatalytic NO3RR in Sn-modified Pt electrodes but also in the reverse
system of Pt,/FTO [10,29]. The formation of the Pt/Sn interface modifies the electronic
state of Pt, supported by XPS (Figure 2.5). Pt 4f peaks at Pt3o/FTO shifted to the lower
binding energy than those at Pt30/GC (Figure 2.5a and Table 2.1). These results suggest
the charge transfer from Sn in FTO to Pt. Note that no clear binding energy shift was
observed in the Sn 3d region (Table 2.2) because many Sn species of FTO show no direct

interaction with Pt NPs, whereas most of Pt NPs interact with Sn species of FTO.
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Figure 2.4 CVs of (a) Pt./FTO and (b) Pd./FTO electrodes in a 0.1 M HCIO4 aqueous
solution containing 0.01 M NaNOs at 10 mV s™' under Ar. The plots of (¢) Pt and (d) Pd
coverage-dependent current density for the NO3RR at +0.16 V vs. RHE.
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Pd./FTO electrodes also showed the NOsRR activity (Figure 2.4b). The cathodic
current densities for the NO3;RR at +0.16 V vs. RHE were plotted against ébq (Figure 2.4d).
The reduction current density increased with increasing 6pq up to 6ba = 0.50 (corresponding
to Pd3o/FTO) and then remained almost constant. Since no plateau region is observed for
Pt./FTO (Figure 2.4c), the 6p4 dependence of Pd,/FTO on the NO3RR activity is different
from the & dependence of Pt,/FTO. This difference could be related to the difference in
the APD process between Pt and Pd as mentioned above: the agglomeration tendency of
Pd NPs but not in the case of Pt NPs during ADP process (See Section 3.1). The Pd3o/FTO
electrode with ébq =~ 0.50 showed the highest electrocatalytic NO3RR current density of ca.
—0.57 mA cm~2at +0.16 V vs. RHE in the Pd«/FTO electrodes and the charge transfer from
Sn to Pd was confirmed by the comparison of XPS data of Pd30/FTO with Pd3o/GC in the
Pd 3d region (Figure 2.5b and Tables 2.1).
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Figure 2.5 XPS of (a) Pt3o/FTO and Pt30/GC electrodes in the Pt 4f region, (b) Pd3o/FTO
and Pds3o/GC electrodes in the Pd 3d region, and (c) Pt30/FTO, Pd3o/FTO, and FTO
electrodes in the Sn 3d region. Experimental data (open circles), the sum of the

deconvoluted data (solid line in black), and baseline (in gray).
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Table 2.1 The results of peak deconvolution analysis of the XP Pt 4f peaks and XP Pd 3d
peaks in Figures 2.5a and 2.5b.

Electrode Peak position of XPS Peak position of XPS

Pt 415, and Pd 3d3. Pt 417, and Pd 3ds;2

Pt P2t Pt0 Pt P2t Pt0

Pt;o/FTO  75.8 74.8 74.2 72.6 71.6  70.9
Pt;o/GC  76.4 75.4  74.6 73.1 722 715

Pd** Pd*>*  Pd° Pd** Pd**  Pd°

Pd3o/FTO 3424 3414 340.8 337.1 336.1 335.5

Pd3o/GC 3425 341.6 341.0 3373 336.4 335.8

Table 2.2 The results of peak deconvolution analysis of the XP Sn 3d spectra in Figure
2.5c.

Electrode Peak position of Peak position of
XPS Sn 3d3 XPS Sn 3dsp
Sn4+ Sn2+ Sn4+ Sn2+
Pt30/FTO 495.5 494.7 487.1 486.1
Pd30/FTO 495.6 494.9 487.2 486.3
FTO 495.3 494.7 486.9 486.2

The Pt30/FTO electrode with & =~ 0.63 showed greater activity for the NO3RR than
the Pd3o/FTO electrode with &g = 0.50 (Figure 2.4), indicating that the Pt/Sn interface
more efficiently catalyzes the NO3;RR than the Pd/Sn interface. A similar activity trend for
the NO3RR was reported in a previous study on Sn-modified noble metals: Sn-modified Pt
electrodes showed higher NO3RR activity than Sn-modified Pd electrodes [16]. Although
the charge densities of Pt and Pd are modulated by charge transfer from Sn, the activity
difference between Pt3o/FTO and Pd3o/FTO can be explained by the intrinsic difference
between NO3~ adsorption energies on Pt and Pd: NO;™~ adsorption energy on Pt surface (—

2.23 eV) was reported to be higher than that on Pd surface (-2.14 eV) [30].
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2.3.3 NO:3RR at Pt/Pd/FTO electrodes

For a ternary metallic system, Pt and Pd NPs were deposited on FTO substrates by
the APD with 30 pulses changing Pt—to—Pd—pulses ratios (Pt./Pd3o-/FTO, where x (pulse
number) = 5, 10, 15, 20, 25). The total pulse number is based on the optimized pulse
number for the bimetallic systems of Pt30/FTO and Pd3o/FTO. The Pt15/Pd;s/FTO electrode
showed the highest NO3RR activity of —2.24 mA cm™ at +0.16 V vs. RHE in the Pt,/Pd30-
#/FTO electrodes (Figure 2.6). In the following text, the optimized ternary and binary
metallic electrodes of Ptis/Pdis/FTO, Pt3o/FTO, and Pd3;o/FTO prepared by the APD
method are referred as to Pt/Pd/FTO, Pt/FTO, and Pd/FTO, respectively.

The optimized ternary metallic electrode shows higher NO3;RR activity than the
binary metallic electrodes: the order of NO3;RR activity was found as follows: Pt/Pd/FTO
>Pt/FTO > Pd/FTO (Figure 2.6a). Similar results have also been reported for Sn-modified
PdPt electrodes [16,19]. TEM, STEM, and EDS mapping images of Pt/Pd (Ptis/Pdis) on
silicon oxide grids confirmed a particle density of 7.5 x 10!2 cm™2 with an average diameter
of 2.3 nm and the co-presence of Pt and Pd as a mixture in NPs with an atomic ratio to 3:2
(Figure 2.7). Furthermore, a Pt/Pd/GC (Pt15/Pdis/GC) electrode as a control sample showed
almost no activity for the NO3RR (Figure 2.6b). Thus, the ternary metallic PtPd/Sn
interface of Pt/Pd/FTO plays an important role in the high NO3RR activity.
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Figure 2.6 (a) Bar graph of current densities for the NO3;RR at +0.16 V vs. RHE shown
by Pt30/FTO, Pd3/FTO, and Pt./Pd30/FTO electrodes in their CVs. (b) CVs of
Pt15/Pdis/GC (Pt/Pd/GC) and Pt5/Pdis/FTO (Pt/Pd/FTO) electrodes in 0.1 M HClO4

aqueous solution containing 0.01 M NaNOj3 at a sweep rate of 10 mV s™' under Ar.
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Figure 2.7 (a) TEM image, (b) size distribution, and (c) STEM image and EDS mapping
of Pt/PdNPs (Pt;15/Pdis) on a silicon oxide grid. The yellow and green color images indicate

the Pt and Pd elements, respectively.

The Pt/Pd/FTO electrode showed cathodic currents for the NO3RR in the potential
region between +0.06 and +0.34 V vs. RHE (Figure 2.6b). In this potential region, the
adsorption of NO3~ competes with the hydrogen adsorption (Figure 2.8) [3,20,30]. The
formation of the PtPd/Sn interface could enhance the NOs~ adsorption and/or suppress the
hydrogen adsorption [19], and then accelerate the rate-determining step of the NOs3~
reduction to NO, [11,17,18]. This explanation can be supported by the observation of the
charge transfer from Sn to Pt and Pd for the Pt/Pd/FTO like the binary metallic systems:
lower binding energy shifts than Pt/Pd/GC in the Pt 4f and Pd 3d regions (Figure 2.9, and
Tables 2.3 and 2.4). Thus, the ternary metallic PtPd/Sn interface enables us to finely tune
the adsorption ability of NO3™, resulting in the high NO3;RR activity.
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0.1 M HCIOs at the sweep rate of 50 mV s~ under Ar.
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Figure 2.9 XPS of Pt/Pd/FTO and Pt/Pd/GC electrodes in the (a) Pt 4f, and (b) Pd 3d
regions, and (c) Pt/Pd/FTO and FTO electrodes in the Sn 3d region. Experimental data

(open circles), the sum of the deconvoluted data (solid line in black), and baseline (in gray).
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Table 2.3 The results of peak deconvolution analysis of the XPS data in the Pt 4f and Pd

3d regions in Figure 2.9.

Electrode Peak position in Pt Peak position in Pt
4fspand Pd 3d32 / eV 4f;pand Pd 3dsn / eV
pt*" P Pt° pt**  pt** Pt

Pt/Pd/FTO 76.0 751 744 728 719 71.1

Pt/Pd/GC 763 754 746 731 722 714
Pd*  Pd** Pd° Pd** Pd** Pd°

Pt/Pd/FTO 342.4 3415 3409 337.1 336.2 335.6

Pt/Pd/GC 342.5 341.7 341.1 337.1 3364 335.8

Table 2.4 The results of peak deconvolution analysis of the XPS data in the Sn 3d region
in Figure 2.9.

Electrode Peak position in Peak position in Sn
Sn 3d3n / eV 3dsn/ eV
Sn*t Sn** Sn*t Sn**
Pt/Pd/FTO 495.6 495.0 487.1 486.3
FTO 495.3 494.7 486.9 486.2

2.3.4 NO2RR, NORR, and NORR at Pt/Pd/FTO and Pt/Pd/GC electrodes

The high NO;RR activity of the ternary metallic Pt/Pd/FTO encourages us to study
NO2RR, NORR, and N;ORR using Pt/Pd/FTO and Pt/Pd/GC electrodes to further
understand the role of the PtPd/Sn interface. Pt/Pd/FTO showed much higher cathodic
currents than Pt/Pd/GC in a 0.1 M HCIlO4 aqueous solution under N>O (Figure 2.10a).
Although Pt/FTO and Pd/FTO also showed the electrocatalytic N2 ORR activity (Figure
2.11), the activity of Pt/Pd/FTO was higher than those of Pt/FTO and Pd/FTO (Table 2.5).
Therefore, the formation of the PtPd/Sn interface increases not only the NO3;RR activity
but also the N2ORR activity. The cathodic currents of Pt/Pd/FTO for the N ORR can be
mainly found in the hydrogen adsorption region between +0.06 and +0.34 V vs. RHE
(Figure 2.8). The N>O adsorption can compete with the hydrogen adsorption on Pt and Pd
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electrodes [31-33]. The PtPd/Sn interface could enhance the N>O adsorption and/or
suppress the hydrogen adsorption, leading to the enhancement of the NoORR activity.
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Figure 2.10 CVs of Pt/Pd/GC and Pt/Pd/FTO electrodes at a sweep rate of 10 mV s!in
an aqueous solution of 0.1 M HClO4 (a) under N>O (The inset shows the magnified CVs
of Pt/Pd/GC electrode), (b) containing 0.01 M NaNO> under Ar, and (c¢) under NO.

Pt/Pd/FTO and Pt/Pd/GC electrodes show similar cathodic currents for the NO2RR
and NORR, as shown in Figures 2.10b and c, respectively, indicating almost no difference
in the NO2RR and NORR activity between Pt/Pd/FTO and Pt/Pd/GC. This finding
indicates that Sn shows no drastic contribution to the activity improvement for the NO,RR
and NORR. Because the NO;RR and NORR mainly occur at more positive potentials than
the hydrogen adsorption, NO,  or NO adsorption does not compete with the hydrogen
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adsorption, resulting in no contribution of the ternary interface including Sn to the activity

enhancement.
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Figure 2.11 CVs of (a) Pt/GC and Pt/FTO electrodes, and (b) Pd/GC and Pd/FTO

electrodes at a sweep rate of 10 mV s™!in an aqueous solution of 0.1 M HCIO4 under N,O.

Table 2.5 N>ORR current densities (j) at +0.16 V vs. RHE shown by the Pd/FTO, Pt/FTO,
and Pt/Pd/FTO electrodes in Figures 2.10a and 2.11.

Electrode j/mA cm™
Pt/Pd/FTO —0.25+0.04
Pt/FTO —0.10+0.04
Pd/FTO —0.05+0.01
PtPd/Sn PtPd/Sn PtPd/Sn PtPd/Sn

NO3(aqsy ™ NO 20@ds)y ™ N,

5 — NO —_—)
2(ads) o ptpd @ds) ~or ptpd

Scheme 2.1 Highly active catalytic sites for the electrocatalytic NO3RR, NO2RR, NORR,
and N>ORR.

For the Pt/Pd/FTO electrode, the PtPd/Sn interface efficiently catalyzed the
NOsRR and N>ORR but not the NO,RR and NORR (Scheme 2.1). The NOs;RR and
N2ORR occur in the potential range of the hydrogen adsorption between +0.06 and +0.34
V vs. RHE (Figure 2.8). Since the adsorption of NO3;~ or N2O competes with hydrogen

adsorption on Pt and Pd electrodes in this potential region, the PtPd/Sn interface enhanced
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the adsorption of NOs~ or N>O and/or suppressed the adsorption of hydrogen. As a
consequence, the activity of NO3;RR and N>ORR increased and less hydrogen at the
PtPd/Sn interface may favor the formation of the most likely product N, instead of the
formation of NH4" and NH30H" [3,16,34,35]. In contrast, because of no overlap of onset
potentials of the NO;RR and NORR with hydrogen adsorption, Sn did not work as a
promoter for the NO2RR and NORR.

2.4 Conclusions

Our study demonstrates that the PtPd/Sn interface is effective to the electrocatalytic
NO3;RR and N>;ORR, whereas it showed no drastic contribution to the electrocatalytic
NO:2RR and NORR. It is most likely that the ternary metallic PtPd/Sn interface enhances
the adsorption of NO3~ and N>O and/or suppressed the adsorption of hydrogen. XPS data
of the Pt/Pd/FTO electrode revealed the charge transfer from Sn in FTO to Pt and Pd,
suggesting the modulation of the adsorption ability of NOs~, N>O, and hydrogen at the
PtPd/Sn interface. Our findings will be helpful to develop highly efficient noble metal

mixture/alloy NPs on FTO support electrodes for the practical application of denitrification.
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Chapter 3

Electrocatalytic Nitrous Oxide Reduction at Pt-Pd-Sn

Nanoparticles

3.1 Introduction

Nitrous oxide (N20) is an ozone-depleting and global warming gas and can be
reduced using a green technology electrocatalytic N>O reduction [1,2]. Electrocatalytic
N>20O reduction has been widely studied on noble metal electrodes including Pt and Pd [3—
8]. Generally, Pt and Pd show low N>ORR activity in acidic media because of the
competitive adsorption of N>O with hydrogen, although they can produce N> with about
100% Faradaic efficiency [3,5,7,8]. In Chapter 2, the improvement of N2ORR activity was
demonstrated by Pt and/or Pd nanoparticles (NPs) prepared by an arc-plasma deposition
(APD) method on fluorine-doped tin oxide (FTO) substrates (Pt/FTO, Pd/FTO, and
Pt/Pd/FTO), in which the Pt/FTO electrode showed higher N>ORR activity than the
Pd/FTO electrode. Even the trimetallic Pt/Pd/FTO electrode with Pt:Pd = 3:2 atomic ratio
showed greater NORR activity than the bimetallic Pt/FTO electrode. Since the deposition
of Pt and Pd NPs on FTO substrates by the APD is a model study to get the optimized Pt
to Pd atomic ratio for NORR, there is a lack of detailed investigation on the Faradaic
efficiency (FE) of N> and the catalytic performance in terms of turnover frequency (TOF)
of Ny, therefore, the Pt—Pd—Sn NPs were synthesized with the optimized Pt:Pd = 3:2 atomic
ratio by a wet chemical method, which is more practical.

Herein, we report the preparation of Pt—Sn NPs, and Pt—-Pd—Sn NPs based on the
optimized Pt:Pd = 3:2 atomic ratio obtained from the APD method to investigate the role
of the PtPd/Sn interface for electrocatalytic N>ORR activity in acidic media.
Chronoamperometric experiments were performed at different potentials for the detection
and quantification of the gaseous product N> by gas chromatography. In the potential
region of hydrogen evolution, H> was detected and the Faradaic efficiency of H allowed
us to confirm the suppression of hydrogen adsorption at the trimetallic PtPd/Sn interface
when compared that at the bimetallic Pt/Sn interface. To evaluate the catalytic efficiency,
the TOF of N> was calculated. To understand the electronic effects, X-ray photoelectron

spectroscopy (XPS) of the catalysts was performed.
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3.2 Experimental section

3.2.1 Materials

Ethanol, hexane, 2-propanol, perchloric acid, oleylamine, butylamine, [Pt(acac):]
(acac = acetylacetonate) and 5% Nafion DE520 were purchased from Wako Pure Chemical
Industries, Ltd. Borane-mopholine complex, tin(Il) chloride dihydrate and [Pd(acac):]
were commercially available from TCI, Kanto Chemical Co., Inc. and Sigma-Aldrich,
respectively. Vulcan XC-72 carbon black was bought from Cabot Corporation. Pure argon
gas (99.9995%, Hokkaido Air Water) and nitrous oxide ( 99.5%, GL Science) were used

for electrochemical measurements.

3.2.2 Synthesis of Pt—Sn and Pt—Pd—Sn nanoparticles

Pt—Sn NPs were synthesized with Pt:Sn = 75:25 (at%) in a modified method based
on a reported synthetic procedure [9]. In a three-necked round bottom flask (100 mL), 47.2
mg of [Pt(acac)2] (0.12 mmol) and 15 mL of oleylamine (OAm) were added and mixed
them by ultrasonication for 10 min, but the mixture was not transparent. The mixture was
then placed in an oil bath and the temperature of the mixture was increased to 60 °C under
Ar and magnetic stirring to get a transparent mixture with pale yellow color. In a glass vial,
100 mg of borane-morpholine complex (BM) (0.99 mmol), a reductant, was dissolved in
3 mL of OAm by ultrasonication and the solution was quickly injected into the 60 °C
precursor solution to initiate the nucleation. Then, the temperature was raised to 90 °C and
the color of the mixture changed completely to black. The mixture was kept at this
temperature for 30 min for the formation of Pt seed NPs. After that, the temperature of the
mixture was raised to 180 °C for the growth of the NPs. In a glass vial, 9.0 mg of
SnCl,.2H>0 (0.04 mmol) was dissolved in 3 mL of OAm by ultrasonication, and the
solution was quickly injected into the 180 °C mixture. The mixture was kept at 180 °C for
30 min for the formation of Pt—Sn NPs. After the mixture had cooled to room temperature,
the Pt—Sn NPs were separated by adding ethanol and centrifugation at 12,000 rpm at 25 °C
for 10 min using a Micro Refrigerated Centrifuge 3700 equipped with an angle rotor AF-
5004CA (Kubota Co.). The Pt—Sn NPs were further washed with ca. 15 mL of ethanol-
hexane solvent mixture (8:2, v/v) eight times under centrifugation at 10,000 rpm at 25 °C
for 5 min and finally stored in ethanol at room temperature until use. Similarly, the Pt NPs

were synthesized without the addition of SnCl,.2H>0.
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Pt—Pd—-Sn NPs with Pt:Pd:Sn = 45:30:25 (at%) were synthesized in a similar
synthetic procedure of Pt-Sn NPs by replacing some at% of Pt by Pd with keeping the
optimized Pt:Pd = 3:2 = 45:30 atomic ratio obtained from APD system in Chapter 2. In
this case, 28.3 mg of [Pt(acac)z] (0.072 mmol) and 14.6 mg of [Pd(acac).] (0.048 mmol)
were mixed together in OAm by ultrasonication in a three-necked round bottom flask (100
mL). The Pt-Pd NPs were synthesized in a similar synthetic procedure of Pt—Pd—Sn NPs
without using SnCl».2H;O.

3.2.3 Preparation of carbon-supported Pt—Sn and Pt—Pd—Sn NPs

Vulcan XC-72 carbon black (ca. 1.2 mg, 80%) and Pt—Sn or Pt—-Pd—Sn NPs (ca. 0.3
mg, 20%) were dispersed in 10 mL of butyleamine (BAm) in order to the removal of OAm
and the impregnation of the NPs on the carbon support. The mixture was ultrasonicated
for one hour and then stirred at 200 rpm for three days. After that, the mixture was collected
by centrifugation at 12,000 rpm for 10 min. The precipitate was washed with ethanol (ca.
10 mL) two times at 10,000 rpm for 7 min and then re-dispersed in 900 puL of 2-propanol
and 1600 pL of Milli-Q water. The mixture was transferred into a 5 mL of a glass vial and
10 uL of 5% Nafion DE520 was added. Then, the mixture was ultrasonicated for three
hours to obtain the catalyst ink of carbon-supported Pt—Sn or Pt—Pd—Sn NPs (Pt—Sn/C or
Pt—Pd—Sn/C) for the preparation of working electrodes.

3.2.4 Catalyst characterizations

Transmission electron microscopy (TEM) images were taken by a JEM-2000FX
(JEOL) at an acceleration voltage of 200 kV. Scanning transmission electron microscopy
(STEM) and energy dispersive spectroscopy (EDS) elemental mapping images were taken
by a JEM-ARM200F (JEOL) at an acceleration voltage of 200 kV. X-ray powder
diffraction (XRD) was performed on a BRUKER D2 PHAGER 2™ Gen diffractometer
with Cu Ka radiation (A = 0.154184 nm). The crystallite size (D) from the 111 diffraction
peak was calculated by Scherrer's equation [10]:

D = kA/pcosé 3.1

where £ is a particle shape-dependent constant (assuming spherical particles, £ = 0.9), 4 is
the wavelength of the X-ray radiation (for Cu Ka, 4 = 0.154184 nm), 6 is the angle in
radians of the diffraction peak and fis the width in radians of the diffraction peak at half-

height. Inductively coupled plasma mass spectrometry (ICP-MS) measurements were
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performed using an ICP-MS spectrometer 8800 ICP-QQQ (Agilent Technologies). For
sample preparation of ICP-MS, a catalyst ink was dispersed in aqua regia solution, and
then the dispersion was stirred at 35 °C for at least 24 h. The dispersion was filtered through
a membrane filter (13HP045AN, ADVANTEC), and then the filtrate was diluted with
Milli-Q water. X-ray photoelectron spectroscopy (XPS) data were collected at the pass
energy of 10 eV using an Al Ka X-ray source by a photoelectron spectrometer JPS-9200
(JEOL). The binding energy was calibrated using C 1s peak at 284.7 eV. To prepare the
sample for XPS, catalyst ink of carbon (ca. 1.2 mg)-supported NPs (ca. 0.6 mg) in 2-
propanol without Nafion was drop-cast on a carbon tape (ca. 1 cm in length) and the solvent

was evaporated at 100 °C.

3.2.5 Electrochemical measurements

Electrochemical measurements were performed using a conventional three-
electrode, one compartment electrochemical cell by a potentiostat HZ-7000 (Hokuto
Denko Corp.). A platinized Pt foil and an Ag|AgCl (sat. KCl) were used as the counter and
the reference electrodes, respectively. A glassy carbon (GC) plate, on which the catalyst
was cast, was used as the working electrode.

A GC plate (25 x 25 x 2 mm?, AS ALS Co., Ltd.) was polished with alumina slurry
(0.3 um, Baikalox), followed by alumina slurry (0.05 pum, Baikalox), and then sonicated
in water, ethanol, and Milli-Q water for 5 min each. A polyethylene tape with a prepared
hole of 8 mm in diameter was placed on the GC plate to control the surface area of the
working electrode. Thus, the geometrical surface area of the working electrode was
controlled to be 0.50 cm?. For all catalysts, the ink (43~50 uL) was drop-cast on the hole
so that the metal loading was 11.2 pg cm, and then dried at 40 °C for 20 min.

Cyclic voltammograms (CVs) were recorded in an aqueous solution of 0.1 M
HClOs. Before measurements of CVs, the electrolyte solution was purged with Ar for at
least 30 min. For electrochemical cleaning, three potential cycles at 200 mV s™! were
performed in the potential range between —0.2 and +1.1 V vs. Ag|AgCl (sat. KCI) ina 0.1
M HCIlO4 aqueous solution under Ar before recording CVs at 50 mV s! in the text. For
electrochemical N>O reduction, a 0.1 M HCIO4 aqueous solution in the electrochemical
cell was saturated with bubbling of N>O gas at 10 mL min~! for 30 min, and then the CVs

were recorded under N>O at a sweep rate of 10 mV s™!. The first cycle of the CVs was
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always used for making a graph in presence of N>O. All potentials shown were converted
to be versus the reversible hydrogen electrode (RHE) by using the following equation:
E (vs. RHE) = E (vs. Ag|AgCl (sat. KCI)) + 0.199 + 0.059 x pH.

Electrolysis experiments for N2ORR in acidic media were conducted with an H-
type electrolytic cell separated by a Nafion NRE-211 (DuPoint) membrane. The Nafion
membrane was boiled in 3% H>O, at 80 °C for 1 h, in Milli-Q water at 100 °C for 1 h, in
1 M H>SO4 at 80 °C for 1 h, and then in Milli-Q water at 100 °C for 1 h, sequentially. The
working electrodes, Pt—Sn/C and Pt-Pd—Sn/C, were prepared on both sides of the GC
substrates (2.69 cm?+2.69 cm?) with metal loading 11.2 pg cm™2. A working electrode and
an Ag|AgCl (sat. KCl) as the reference electrode were placed in the cathodic chamber, and
a platinized Pt foil as the counter electrode was placed in the anodic chamber. 25 mL of a
0.1 M HCIO4 aqueous solution was added in each chamber and only the solution in the
cathodic chamber was saturated with bubbling of N>O for 30 min at 10 mL min™! after
pursing the solution with Ar for 30 min. Chronoamperometry (CA) was performed at 0.0

V, +0.06 V, and +0.12 V vs. RHE for 1 h for the detection of gaseous products.

3.2.6 Gaseous product detection and quantification

The gaseous products were analyzed by gas chromatography (GC-8A,
SHIMADZU) equipped with a thermal conductivity detector (TCD) at a constant column
temperature of 50 °C and a detector temperature of 150 °C. The chromatographic column
was a Shincarbon-ST 50/80 and an Ar stream was the carrier gas flowing at a constant
pressure of 0.5 MPa. 100 pL of the gaseous product was collected by a Hamilton syringe
(100 pL) from the headspace of the cathodic chamber after 1 h electrolysis and introduced
in the GC-TCD, and N, and/or H> were detected. The retention times of H> and N> was
ca. 3.4 and 9.3 min, respectively. Air-tightness of the electrochemical cell was confirmed
by GC-TCD after a blank experiment under Ar. For the quantification of N, an external
calibration was carried out by pure N> gas with aliquotes of 3 to 50 pL. For the calibration
curve of Hz, 10 ~ 90 pL of a mixture of H> and Ar with 1:9 (v/v) ratio was injected into the
GC-TCD. The number of moles (7) of N2 or H> was calculated using the following Eq.
(3.2):

_rv
n=pr (3.2)

where the p is the pressure of the gas (p = 101325 Pa), R is the gas constant (R = 8.314 ]
mol~! K™!) and T is the absolute temperature of the gas (298.15 K), and V is the injected
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volume (L) of N2 or Hz into the GC-TCD. The plots of peak area against the number of
moles of N; or Hx showed a linear relationship with R? = 0.9999 (Figure 3.1). Using the
calibration curves, the number of moles of N> and H> each present in 100 pL of headspace
was calculated and thus, the total number of moles of N> or H» present in the head space
was estimated.

The number of moles of N, and/or H» present in the solution was calculated based
on Henry's law [11]. This law can be stated by the following Eq. (3.3):

c=H?PXxp
Or n=HPXpxV (3.3)

where c is the solubility (mol L) of a gas in the solution, p is the partial pressure (Pa) of
the gas in the headspace under equilibrium conditions, H? is Henry's law solubility
constant (H? = 6.4 x10° mol L™! Pa~! for N, and 7.7 x10° mol L™! Pa™! for H.), n is the
number of moles of the gas in the solution, and V is the volume (L) of the solution in the
cathodic chamber. The p of the gas was calculated using Eq. (3.2) when V' is assigned as
the volume of the head space.

The total number of moles of produced N> or Hz (moly, orn,) in the cathodic
chamber allowed us to calculate Faradaic efficiency (FE) for each of them using Eq. (3.4):

_moly, orp, X F X 2
Q

where moly, or 1, 18 the number of moles of the produced N> or H, F is the Faradaic

x 100 (3.4)

constant (F = 96485 C mol ™), Q is the total charges (C) obtained from 1 h of electrolysis,
and 2 is the number of electrons required for the N>O reduction to N or the 2H" reduction
to H». Collection of the gaseous products from electrochemical cell and injection them into

the GC-TCD by the Hamilton syringe using hand may cause small amount of missing FE.

The turnover frequency (TOF) of produced N> or H» in the cathodic chamber after
1 h electrolysis was calculated using Eq. (3.5) [12,13]:
_ d(moly, or,)/dt

TOF
mOI(noble metals)

(3.5)

where (moly, orn,)/dt is the rate at which the number of moles of the N> or H> is
generated after 1 h electrolysis, molople metar) 18 the number of moles of noble metals

involved in the production of N> or Ha.
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Figure 3.1 The peak area-mole calibration curves of (a) N> and (b) H> by gas
chromatography.

3.3 Results and discussion

3.3.1 Characterization of Pt—Sn/C and Pt—Pd—Sn/C

TEM observation of Pt—Sn/C revealed the preparation of Pt-Sn NPs with an
average size of 8.2 nm, which were loaded on carbon support (Figure 3.2a). STEM and
EDS mapping images of Pt—-Sn/C showed that the Sn is present around the Pt NPs,
indicating the formation of Sn-patched Pt NPs (Figure 3.2b). And the Pt:Sn atomic ratio
was found to be 81:19, which is almost similar to 81:19 obtained from inductively coupled
plasma mass spectroscopy (ICP-MS) measurements. For Pt-Pd—Sn/C, TEM, STEM, and
EDS mapping images in Figure 3.3 allowed us to confirm the Sn-patched Pt-Pd mixture
NPs with a Pt:Pd:Sn atomic ratio of 52:29:19, which is almost similar to the Pt:Pd:Sn
atomic ratio of 48:29:23 obtained from ICP-MS measurement. The average size of the Pt—
Pd—Sn NPs was found to be 10.2 nm. X-ray diffraction (XRD) patterns of the Pt—Sn/C and
Pt—Pd—Sn/C indicate the representative face-centered cubic (fcc) structure (Figure 3.4)
[10,14]. Almost no diffraction peak shift occurred for Pt—-Sn/C and Pt-Pd—Sn/C when
compared with Pt/C and Pt-Pd/C, respectively, indicating the presence of Sn around Pt
and Pt-Pd mixture NPs, respectively (Table 3.1). In the co-presence of smaller Pd atoms
with Pt atoms in Pt—Pd/C, the 111 diffraction peak shifted to a little bit higher value of 26
~ 39.78° than that (20 = 39.64°) of Pt/C, indicating the formation of Pt-Pd mixture NPs
that were confirmed from STEM and EDS mapping images in Figure 3.3. Note that the
111 diffraction peak of Pd NPs was reported to be 40.48° [15]. When the Sn (bigger than
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Pt) was incorporated on the surface of Pt-Pd mixture NPs, the 111 diffraction peak shifted
to a little bit lower value of 26 = 39.64° than that (26 = 39.78°) of Pt—Pd/C. The 26 = 39.64°
value of Pt—Pd—Sn/C is similar to that of Pt/C because of some surface alloy formation of
Pt, Pd, and Sn. The crystallite diameters were determined by Scherrer's equation for
intense 111 diffraction peak (Table 3.2). They differed from 2.6 to 3.6 nm. In XPS spectra,
the Pt—Sn/C showed peaks in the Pt 4f and Sn 3d regions, and the Pt-Pd—Sn/C showed

peaks in the Pt 4f and Pd 3d and Sn 3d regions, indicating the preparation of Pt—Sn and Pt—
Pd—Sn NPs (Figure 3.5).
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Figure 3.2 (a) TEM image and size distribution, and (c) STEM and EDS elemental
mapping images of Pt—Sn/C. The red and green color images indicate the Pt and Sn

elements, respectively.
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Figure 3.3 (a) TEM image and size distribution, and (b) STEM and EDS elemental maping
images of Pt—Pd—Sn/C. The red, pale yellow, and green color images indicate the Pt, Pd,

and Sn elements, respectively.
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Table 3.1 XRD results of the Pt—Pd—Sn/C, Pt—Sn/C, Pt-Pd/C, and Pt/C in Figure 3.4.

Catalysts 111 200 220 311

Pd-Pd—Sn/C 39.64 45.83 67.36 81.25

Pt-Sn/C 39.52 45.44 67.25 80.89
Pt-Pd/C 39.78 46.03 67.52 81.60
Pt/C 39.64 45.99 67.44 81.33

Table 3.2 Crystallite size of the Pt-Pd—Sn/C, Pt—Sn/C, Pt—Pd/C, and Pt/C calculated from
the 111 diffraction peak in Figure 3.4.

Catalysts Crystallite size, D / nm
Pd-Pd—Sn/C 3.0
Pt-Sn/C 2.6
Pt—Pd/C 3.1
Pt/C 3.6
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Figure 3.5 XPS of Pt—Sn/C and Pt/C in the (a) Pt 4f and (d) Sn 3d regions, and Pt-Pd—
Sn/C and Pt-Pd/C in the (b) Pt 4f, (¢) Pd 3d, and (d) Sn 3d regions. Experimental data

(open circles), the sum of the deconvoluted data (solid line in black), and baseline (in gray).

3.3.2 Electrocatalytic N2ORR at Pt—Sn/C and Pt—Pd-Sn/C

CVs of Pt-Sn/C and Pt-Pd-Sn/C were recorded at a sweep rate of 50 mV s™! in a
0.1 M HCIO4 aqueous solution under Ar before investigating electrocatalytic N2 ORR
under N>O (Figure 3.6a). 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, where no such wave
was observed at Pt/C and Pt—Pd/C (a controlled sample of Pt-Pd—Sn/C without Sn) and a
wider reduction peak of metal oxides including SnOx was observed between +0.54 and
+0.70 V vs. RHE than Pt/C at +0.69 V vs. RHE and Pt-Pd/C at +0.66 V vs. RHE in the
negative going sweep [16]. These results indicate that the Sn is present on the surface of

Pt and Pt—Pd NPs.
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Figure 3.6 CVs of Pt-Pd-Sn/C, Pt-Sn/C, Pt-Pd/C, and Pt/C in a 0.1 M HCIO4 aqueous
solution (a) at a sweep rate of 50 mV s~! under Ar and (b) at a sweep rate of 10 mV s™!
under N2O. The histograms of the N2ORR (c) current density and (d) noble metal mass
activity at +0.16 V vs. RHE.

The CVs of the Pt—Sn/C and Pt—Pd—Sn/C under N2O showed cathodic currents in
the potential range between +0.06 and +0.36 V vs. RHE (Figure 3.6b). These currents can
be associated with the electrochemical NoORR [17]. The Pt—Sn/C showed high NoORR
currents when compared with a Pt/C, indicating the role of Pt/Sn interfaces in the
enhancement N>ORR activity. A similar enhancement role of the Pt/Sn interfaces was
discussed for N2ORR at the Pt/FTO electrode in Chapter 2. The value of N2ORR current
density of Pt—Sn/C was found to be —0.27 mA c¢cm2 at +0.16 V vs. RHE, which is about
three times higher than the Pt/FTO (Figure 3.6c). The Pt—Sn/C also showed higher mass
activity of 32.04 A gp ! than Pt/C at +0.16 V vs. RHE (Figure 3.6d) and the charge transfer
from Sn to Pt was confirmed by XPS, in which Pt 4f peaks of Pt—Sn/C shifted to the lower
binding energy than those of Pt/C (Figure 3.5a).
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The trimetallic Pt-Pd—Sn/C showed higher N>ORR current density than the
bimetallic Pt—Sn/C (Figure 3.6b). A similar result was reported in Chapter 2, in which the
trimetallic Pt/Pd/FTO electrode showed higher N2 ORR current density than the bimetallic
Pt/FTO electrode. The NoORR current density of Pt—Pd—Sn/C at +0.16 V vs. RHE was
found to be —0.57 mA c¢m™2, which is about two times higher than —0.25 mA c¢cm™ at
Pt/Pd/FTO electrode (Figure 3.6¢). The Pt—Pd—Sn/C also showed the highest mass activity
of 72.38 A gperpay ' at +0.16 V vs. RHE (Figure 3.6d). Furthermore, Pt-Pd/C showed very
lower N2ORR activity than Pt—Pd—Sn/C (Figure 3.5b). Thus, the effective role of PtPd/Sn
interfaces of the Pt—-Pd—Sn/C has been confirmed for high NoORR activity and the N ORR
activity follows the following order: Pt-Pd—Sn/C > Pt-Sn/C > Pt-Pd/C > Pt/C.

The Pt—Pd—Sn/C showed N2ORR currents in the potential region between +0.06
and +0.36 V vs. RHE (Figure 3.6b). In this potential region, the adsorption of N>O
competes with the adsorption of hydrogen (Figure 3.6a) [5,7,8]. The PtPd/Sn interface
could enhance the adsorption of N>O and/or suppress the adsorption of hydrogen, leading
to the enhancement of the N2ORR activity. A similar observation was found for N-.ORR
at Pt/Pd/FTO electrode. XPS observation of Pt—Pd—Sn/C confirms the charge transfer from
Sn to Pt and Pd: lower binding energy shifts than Pt-Pd/C in the in the Pt 4f and Pd 3d
regions (Figures 3.5b and c). Thus, the ternary metallic PtPd/Sn interface finely tunes the
N20 adsorption ability, resulting in the high N2ORR activity.

3.3.3 Product analysis of electrocatalytic N2.ORR

The product obtained from N>ORR in acidic media was analyzed by gas
chromatography (GC) equipped with a thermal conductivity detector (TCD). For this,
chronoamperometric (CA) experiments of Pt—Sn/C and Pt—Pd—Sn/C were performed using
an airtight H-type electrochemical cell containing 0.1 M HClOs4 (aq) under N>O at three
equidistant potentials: 0.0, +0.06, and +0.12 V vs. RHE for 1 h (Figures 3.7a and b). After
electrolysis, N2 and/or Hz were detected by the GC—TCD. The Pt-Sn/C and Pt—Pd—Sn/C
showed almost 100% FE for N> at +0.06 V vs. RHE or more positive potential, but below
this potential, the FE of N> decreased due to Hz evolution reaction (Figures 3.7c and d, and
Table 3.3) [3]. At 0.0 V vs. RHE, the FEs of N> and H» at Pt—Sn/C were found to be ca.
64.38 and 30.23 %, respectively, whereas 75.49 and 10.67 %, respectively, at Pt—-Pd—Sn/C.
The lower value of the FE of H, at Pt-Pd—Sn/C than at Pt—Sn/C indicates the suppression
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of H» evolution reaction as well as H-adsorption at PtPd/Sn interfaces, which causes the

higher FE of N> as well as higher N2 ORR activity at Pt—Pd—Sn/C than at Pt—Sn/C.
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Figure 3.7 Chronoamperometry of (a) Pt—-Pd—Sn/C and (b) Pt-Sn/C in a 0.1 M HClO4
aqueous solution for 1 h at 0.0, +0.06, and +0.12 V vs. RHE under N>O. Faradaic
efficiencies of N2 and H» obtained from N>ORR at (c) Pt—Pd—Sn/C and (d) Pt—Sn/C.

0.12

Table 3.3 Faradaic efficiencies (FEs) of N> and H» obtained from N>ORR at Pt-Pd—-Sn/C
and Pt—Sn/C after 1 h electrolysis at 0.0, +0.06, and +0.12 V vs. RHE.

Catalysts FE /%
0.0 V vs. RHE +0.06 Vvs. RHE = +0.12 V vs. RHE
H» N2 N2 N2
Pt-Pd-Sn/C 10.6746.95  75.49+5.86 90.20£1.65 91.00£1.32
Pt-Sn/C 30.23+14.84 64.38+18.27 93.62%1.05 95.56+2.03
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The quantification of the amount of N> and H> allowed us to calculate their TOFs.
The TOF of N> or H indicates the number of moles of N> or Hz is generated from per unit
mole of noble metals per unit time [11,12]. TOF of N> at Pt-Pd—Sn/C increased with
decreasing the potential from +0.12 V to 0.0 V vs. RHE and always found to greater than
those at Pt—Sn/C (Figure 3.8 and Table 3.4). At+0.06 V vs. RHE, the Pt-Pd—Sn/C showed
about three times higher TOF of 4.92 moly, mol(_Plt +Pd) min~! than Pt-Sn/C, indicating
the PtPd/Sn interface as the best for N2 production from N>ORR in acidic media. Even this
value of TOF of N is about 82 times greater than that on Pd foil electrode at +0.1 V vs.

RHE calculated from a recently published report [18].
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Figure 3.8 Turnover frequencies (TOFs) of N> and H» obtained from N>ORR at (a) Pt—
Pd—Sn/C and (b) Pt—Sn/C.

Table 3.4 Turnover frequencies (TOFs) of N> and H» obtained from N>ORR at Pt—Pd—
Sn/C and Pt—Sn/C after 1 h electrolysis at 0.0, +0.06, and +0.12 V vs. RHE.

Catalysts TOF / moly, or i, MOl prypqy Min~*
0.0 Vvs. RHE +0.06 Vvs.RHE +0.12 V vs. RHE
H> N> N> N2
Pt-Pd-Sn/C  0.81+0.50 5.851+0.74 4.9240.27 2.8510.04
Pt-Sn/C 0.91+0.69 1.7240.08 1.30+0.21 1.831+0.04
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3.4 Conclusions

The PtPd/Sn interface of Pt—Pd—Sn/C exhibited the highest electrocatalytic N-ORR

activity in acidic media. The PtPd/Sn interface always showed greater TOF of N> than the

Pt/Sn interface at any potential, although both the interfaces showed about 100% FE of N>

at +0.06 V vs. RHE or more positive potential. It is most likely that the PtPd/Sn interface

enhanced the adsorption of N>O adsorption and/or suppressed the adsorption of hydrogen,

as the lower FE of H, was observed at the PtPd/Sn interface than that at the Pt/Sn interface
at 0.0 V vs. RHE. XPS observation of the Pt—-Pd—Sn/C revealed the charge transfer from

Sn to Pt and Pd, suggesting the modulation of the adsorption ability of N2O and hydrogen

at the PtPd/Sn interface. Our findings will be helpful to develop highly efficient p-block

metal-containing noble metal mixture/alloy NPs for the practical application of N2ORR to
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Chapter 4

Electrocatalytic Nitrous Oxide Reduction at Sn-Modified Pd

Nanocubes

4.1 Introduction

Nitrous oxide (N20), a potent greenhouse gas, is accountable for stratospheric
ozone depletion and global warming and can be removed using electrocatalytic
technologies [1,2]. Noble metal electrodes, such as Pt and Pd substrates have been widely
studied for electrocatalytic N>O reduction reaction (N2ORR) [3—8]. Generally, Pd has low
N20RR activity in acidic media, although it showed about 100% Faradaic efficiency of N2
[3,5,7,8]. Lower N>O adsorption energy than hydrogen adsorption energy on Pd may also
be accountable for such low N2ORR activity [§—10]. In Chapter 2, electrocatalytic NoORR
activity was improved at Pd nanoparticles (NPs) prepared by an arc-plasma deposition
(APD) method on fluorine-doped tin oxide (FTO) substrates (Pd/FTO), in which Pd/Sn
interfaces plays an important role for the enhancement of N2ORR activity. Even the
presence of Pd in the chemically synthesized Pt—Pd—Sn NPs made double the NoORR
activity than Pt—Sn NPs, which has been discussed in Chapter 3.

Atomic arrangement on the electrode surface and electrode materials play a vital
role in the betterment of the catalytic activity. For example, Sn-modified Pd(100) electrode
(Sn/Pd(100)) showed higher NOs3RR activity than Sn-modified Pd(111) electrode
(Sn/Pd(111)) [11,12]. Even Sn/Pd(100) and Sn-modified PdPt(100) (3 wt% Pd) electrodes
were reported to be promising catalysts for high N> selectivity obtained from NO3;RR [12].
As N>O is the key intermediate for the production of N> from NO3;RR, the Sn/Pd(100)
might have high NoORR activity to N>. Similar to Pd(100) surface, a Pd nanocube (NC)
has six (100) facets that inspired us to investigate N2ORR activity at the Pd NC and the
Sn-modified Pd NC was expected to show high N>ORR activity.

Herein, we report the preparation of Pd NC and Sn-modified Pd NC to understand
the role of Pd/Sn interfaces at ordered surface for electrocatalytic N2ORR activity in acidic
media. To understand the size and shape, the Pd NCs were characterized by transmission

electron microscopy (TEM).
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4.2 Experimental section

4.2.1 Materials

Ethanol, 2-propanol, perchloric acid (60%), palladium(II) chloride (PdCl», 99.9%),
L(+)-ascorbic acid (99.5%), and 5% Nafion DE520 were obtained from Wako Pure
Chemical Industries, Ltd. Hexadecyltrimethylammonium bromide (CTAB, 98.0%) and
tin(IT) chloride dihydrate (97%) were purchased from Tokyo Chemical Industry Co., Ltd.
and Kanto Chemical Co., Inc., respectively. Vulcan XC-72 carbon black was bought from
Cabot Corporation. Pure argon gas (99.9995%, Hokkaido Air Water) and nitrous oxide

(99.5%, GL Science) were used for electrochemical measurements.

4.2.2 Synthesis of Pd nanocubes

Pd nanocubes (NCs) were synthesized using a 10 mM tetrachloropalladic acid
(H2PdCls) solution precursor based on a reported synthetic procedure, in which all
solutions were prepared in Milli-Q water [13]. Firstly, the 10 mM H>PdCls solution was
prepared by dissolving 17.7 mg of the PdCl, (0.1 mmol) in 5 mL of 40 mM HCI (0.2 mmol)
under ultrasonication for two hours and further diluting to 10 mL with Milli-Q water. Next,
to prepare Pd nanocubes (NCs), 70 mL of 12.5 mM of CTAB solution was added to a
round bottom flask (100 mL), and heated at 95 °C for 5 min under magnetic stirring. Then,
3.5 mL of the 10 mM H;PdCly solution was added to the CTAB solution at 95 °C and the
mixture was kept at this temperature for 5 min before adding 560 pL of freshly prepared
100 mM ascorbic acid solution. The reaction was allowed to proceed for 30 min and then,
a dark brown mixture of Pd NCs was obtained. After the mixture had cooled to room
temperature, the Pd NCs were separated by centrifugation at 12,000 rpm at 25 °C for 10
min using a Micro Refrigerated Centrifuge 3700 equipped with an angle rotor AF-5004CA
(Kubota Co.). Then, the Pd NCs were washed with ca. 15 mL of Milli-Q water for two
times by centrifugation at 12,000 rpm for 10 min followed by ca. 15 mL of 1 M NaOH for
one time and ca. 15 mL of ethanol five-time at 8,000 rpm for 5 min and finally stored in 5

mL of ethanol at room temperature until use.

4.2.3 Preparation of carbon-supported Pd NCs
Vulcan XC-72 carbon black (ca. 1.2 mg) and Pd NCs (ca. 0.3 mg) were dispersed
in 10 mL of ethanol and the mixture was ultrasonicated for three hours in order to the

impregnation of the NCs on the carbon support. After that, the mixture was collected by
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centrifugation at 12, 000 rpm for 7 min and then, re-dispersed in 900 pL of 2-propanol and
1600 pL of Milli-Q water. The mixture was transferred into 5 mL of a glass vial and 10
pL of 5% Nafion DE520 was added. The mixture was ultrasonicated for three hours to
obtain the catalyst ink of carbon-supported Pd NCs (Pd_NC/C) for the preparation of

working electrodes.

4.2.4 Catalyst characterization
Transmission electron microscopy (TEM) images of Pd NCs and Pd NC/C were
taken by a JEM-2000FX (JEOL) at an acceleration voltage of 200 kV.

4.2.5 Electrochemical measurements

Electrochemical measurements were performed using a conventional three-
electrode, one compartment electrochemical cell by a potentiostat HZ-7000 (Hokuto
Denko Corp.). A platinized Pt foil and an Ag|AgCl (sat. KCl) were used as the counter and
the reference electrodes, respectively. A glassy carbon (GC) plate, on which the catalyst
was cast, was used as the working electrode.

A GC plate (25 x 25 x 2 mm?, AS ALS Co., Ltd.) was polished with alumina slurry
(0.3 um, Baikalox), followed by alumina slurry (0.05 pum, Baikalox), and then sonicated
in water, ethanol, and Milli-Q water for 5 min each. A polyethylene tape with a prepared
hole of 8 mm in diameter was placed on the GC plate to control the surface area of the
working electrode. Thus, the geometrical surface area of the working electrode was
controlled to be 0.50 cm?. To characterize Pd NC without carbon support and Nafion, 50
pL of Pd NC dispersed in ethanol was cast on the hole of the GC and dried the solvent at
40 °C, and the electrode was referred to as Pd NC/GC. Next, for making Pd NC/C ink-
modified GC electrodes, the catalyst ink (45.6 pL) was cast on the hole to control the Pd
loading of 11.2 pg cm™, and then removed the solvent at 40 °C for 20 min, and the
electrode was further assigned as the Pd NC/C.

For characterizing Pd NC/GC, cyclic voltammograms (CVs) were recorded in both
0.1 M H2SO4 and 0.1 M HCIO4 aqueous solutions. Before measurements of CVs, the
electrolyte solution was purged with Ar (99.999%, Hokkaido Air Water Inc.) for at least
30 min. The Pd_NC/GC was electrochemical cleaned for five cycles at 200 mV s! to get
stable CVs in the potential range between —0.16 and +0.44 V vs. Ag|AgCl (sat. KCl) in a
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0.1 M H2SOs4 aqueous solution under Ar before recording CVs at 50 mV s! in the text,
and then in a 0.1 M HCIO;4 aqueous solution at 50 mV s

In the case of Pd NC/C, five potential cycles were cleaned at 200 mV s~! to remove
the impurities and to get stable CVs in the potential range between —0.2 and +0.25 V vs.
Ag|AgCl (sat. KCI) in a 0.1 M HCIO4 aqueous solution under Ar before recording CVs at
50 mV s7! in the text. For electrochemical N>O reduction, a 0.1 M HCIO4 aqueous solution
in the electrochemical cell was saturated with bubbling of N>O gas at 10 mL min™! for 30
min, and then the CVs were recorded under N>O at a sweep rate of 10 mV s~!. The first
cycle of the CVs was always used for making a graph in presence of N2O. All potentials
shown were converted to be versus the reversible hydrogen electrode (RHE) by using the
following equation: £ (vs. RHE) = E (vs. Ag|AgCl (sat. KCl)) + 0.199 + 0.059 x pH.

The surface modification of Pd NC/C with tin was carried out based on a reported
procedure [14]. The Pd NC/C was immersed in 0.1 M HCIO4 aqueous solution containing
10 mM SnCl, under Ar for 20 min and then the electrode was immersed in Milli-Q water
to remove excess tin species from the surface. The CVs of tin-modified Pd NC/C
(Sn/Pd_NC/C) in the underpotentially hydrogen adsorption/desorption region in 0.1 M
HCIO4 aqueous solution allowed us to determine the tin surface coverage (fsn) using the
following equation: fs, = (Or® — On)/On’, where Qn’and Qn indicate the Faradaic charges
corresponding to the hydrogen desorption before and after the tin modification,

respectively.

4.3 Results and discussion

4.3.1 Synthesis and characterization of Pd NCs

Pd NCs were prepared by the addition of HoPdCls precursor solution and ascorbic
acid solution, a reducing agent, in a solution of CTAB as a caping agent [ 13]. The bromide
ions (Br") from CTAB bind to the {100} sites of Pd and promote the formation of Pd NC
[13]. After synthesizing the NCs were washed with Milli-Q water, 1 M NaOH, and ethanol,
as the cleaning of the surface of Pd NCs with NaOH was reported in the literature [15,16].
The TEM image revealed the formation of the Pd NCs that were enclosed by six {100}
facets with an average edge length of 20.6+1.9 nm and loaded on carbon support

(Pd_NC/C) (Figure 4.1).
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Figure 4.1 (a) TEM image of Pd NCs and their edge-length-distribution and, (b) TEM
image of Pd NC/C.

The CVs of the Pd NCs on glassy carbon (GC) substrates (Pd_NC/GC) in both 0.1
M H>S0O4 and 0.1 M HCIO4 aqueous solutions showed characteristic features of {100}
facets in the potential region of hydrogen adsorption and desorption (Figure 4.2a) [16,17].
In a 0.1 M H>SO4 aqueous solution, the hydrogen/(bi) sulfate anion adsorption and
desorption peaks were observed at 0.22 and 0.28 V vs. RHE, respectively, which were
reported in the previous studies [16,17]. Ina 0.1 M HCIO4 aqueous solution, the hydrogen
adsorption and desorption peaks were also observed at 0.20 and 0.27 V vs. RHE. On the
other hand, Pd NC/C showed the hydrogen desorption peak at 0.19 V vs. RHE and the
hydrogen adsorption currents without showing any peak in 0.1 M HCIO4 aqueous solution

(Figure 4.2b). This could be due to the presence of carbon and Nafion on the Pd NCs.
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Figure 4.2 CVs of (a) Pd NC/GC in 0.1 M H>SO4 and 0.1 M HCIO4 aqueous solutions at
a sweep rate of 50 mV s under Ar and (b) Pd NC/C in a 0.1 M HCIOs4 aqueous solution

at a sweep rate of 50 mV s! under Ar.

4.3.2 Characterization of Sn-modified Pd_NC/C

The surface of Pd NCs of Pd NC/C electrode was modified with Sn using an
irreversible adsorbtion method [14]. The Pd NC/C electrode was immersed in 0.1 M
HCIlO4 aqueous solution containing 10 mM SnCl: for 20 min to get Sn-modified Pd NC/C
electrodes (Sn/Pd_NC/C). The CVs of the Pd NC/C and Sn/Pd NC/C electrodes were
recorded in 0.1 M HCIO4 aqueous solution at a sweep rate of 50 mV s! under Ar (Figure
4.3). For Sn/Pd_NC/C electrode, the current associated with H-adsorption/desorption was
reduced when compared to that with Pd NC/C because the H-adsorption site is blocked
by the Sn ad-atoms of the Sn/Pd NC/C electrode [18]. The Sn coverage (fsn) was
determined to be 0.87 using the following equation: fsn = (Ou’ — Ou)/Ou’ = 1 — Ou/Ox’,
where On’and Qu indicate the Faradaic charges corresponding to the H-desorption from

Pd NC/C and Sn/Pd_NC/C electrodes, respectively (Figure 4.3).
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Figure 4.3 CVs of Pd NC/C before Sn modification and after Sn modification
(Sn/Pd_NC/C) in a 0.1 M HCIO4 aqueous solutions at a sweep rate of 50 mV s~! under Ar.

4.3.3 Electrocatalytic N2ORR at Sn/Pd_NC/C

To evaluate the electrocatalytic activity of Sn/Pd_NC/C for N2ORR, the CVs of the
Sn/Pd NC/C and Pd_NC/C were recorded in a 0.1 M HCIO4 aqueous solution at a sweep
rate of 10 mV s~! under N>O (Figure 4.4). The Sn/Pd NC/C showed cathodic currents in
the potential range between +0.06 and +0.36 V vs. RHE only under N>O. In this potential
region, the Sn/Pd NC/C showed poor H-adsorption/desorption currents under Ar. These
results indicate that the currents can be associated with the electrochemical NoORR [5,8].
The Sn/Pd NC/C showed much higher NoORR currents than Pd NC/C, indicating the
effective role of Pd/Sn interfaces for the acceleration of N2ORR activity. A similar result
was explained at Pd/Sn interfaces for NoORR at arc-plasma deposited Pd nanoparticles
(NPs) on fluorine-doped tin oxide (FTO) electrodes (Pd/FTO) in Chapter 2. The N;ORR
current density at +0.16 V vs. RHE was found to be —-0.09 mA ¢m2 at Sn/Pd_NC/C, which
is about two times higher than —0.05 mA c¢cm™ at the Pd/FTO (Figure 4.4b and Table 4.1).
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Figure 4.4 CVs of (a) Sn/Pd NC/C and (b) Pd NC/C in a 0.1 M HCIO4 aqueous solution

at a sweep rate of 10 mV s~! under N>O. (¢) The histogram of the N2ORR current density
at +0.16 V vs. RHE.

Table 4.1 NoORR current densities (j) at +0.16 V vs. RHE are shown by the
Sn/Pd_NC/C and Pd_NC/C in Figure 4.4 and Pd/FTO from Chapter 2.

Electrode j/mA cm™2
Sn/Pd_NC/C 0.09

Pd_ NC/C ~0.010
Pd/FTO —0.05+0.01
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The Sn/Pd_NC/C showed N>ORR currents in the potential region between +0.06
and +0.36 V vs. RHE (Figure 4.4). In this potential region, the adsorption of N2O competes
with the adsorption of hydrogen at Pd NC/C (Figure 4.3) [5,8]. The presence of Sn in
Sn/Pd_NC/C decreased the onset potential of H-adsorption from +0.36 V to +0.2 V vs.
RHE. Thus, the Pd/Sn interface of Sn/Pd NC/C enhanced the adsorption of N>O through
the suppression of H-adsorption, leading to the enhancement of the NoORR activity.
Moreover, at +0.16 V vs. RHE, the Sn/Pd_NC/C showed N>ORR current density about
three times lower than Pt—Sn/C and about six times lower than Pt—-Pd—Sn/C in Chapter 3.
Therefore, future work is needed to improve the N2 ORR activity of Pd NCs: 1) optimization
of Sn-coverage on Pd NCs and, ii) synthesis of Pd—Pt NCs and modification of their

surfaces with Sn.

4.4 Conclusions

The Pd/Sn interface of Sn/Pd_NC/C showed the maximum electrocatalytic N2ORR
activity in acidic media. The suppression of H-adsorption at the Pd/Sn interface of
Sn/Pd_NC/C when compared with Pd NC/C, may enhance the adsorption of N>O,
resulting in the enhancement of the N2ORR activity. Our findings will be helpful to
develop highly efficient p-block metal modified shape-controlled noble metal
mixture/alloy NPs for the practical application of N2ORR to Na.
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Chapter 5

General Conclusions

In this study, firstly in Chapter 2, the Pt and/or Pd nanoparticle (NP)-deposited
fluorine-doped tin oxide (FTO) electrodes prepared by the arc-plasma deposition (APD)
method were examined for the electrocatalytic reduction of NO3~, NO;~, NO, and N>O in
acidic media to investigate the role of the PtPd/Sn interface. The trimetallic PtPd/Sn
interface of the Pt/Pd/FTO showed higher catalytic activity than the bimetallic Pt/Sn or
Pd/Sn interface for the NO3;RR and N>ORR, whereas the PtPd/Sn interface showed no
drastic contribution to the electrocatalytic NO>~ and NO reduction reactions. Because the
NO;™ and N2O reduction reactions occur in the potential region of H-adsorption on Pt and
Pd electrodes, the PtPd/Sn interface could enhance NO;~ and N>O adsorption and/or
suppress the H-adsorption.

In Chapter 3, Pt—Sn and Pt—Pd—Sn NPs on carbon support were prepared for the
electrocatalytic N2ORR. TEM, STEM, and EDS mapping images confirmed the formation
of Sn-patched Pt and Pt-Pd mixture NPs. The trimetallic Pt-Pd—Sn NPs showed higher
N20RR activity than the bimetallic Pt—-Sn NPs. The suppression of H-adsorption was
confirmed from the lower FE of H» at the PtPd/Sn interface than that at the Pt/Sn interface
at 0.0 V vs. RHE, resulting in the high N2ORR activity at the PtPd/Sn interface. The
PtPd/Sn interface showed TOF of 4.92 moly, mol(_Plt +Pd)min‘1 for the N2ORR to N> with

about 100% Faradaic efficiency at +0.06 V vs. RHE.

In Chapter 4, Pd nanocubes (NCs) supported on carbon were prepared, modified
with Sn, and then studied for the electrocatalytic N ORR. TEM images confirmed the
preparation of NCs. The Sn modification increases the N2ORR activity of NCs. The Sn
modification could suppress the H-adsorption at Pd(100) surfaces, resulting in the
enhancement of the NORR activity at Pd/Sn interfaces.

In conclusion, it was demonstrated that the enhancement of NOs;~ and N>O
adsorption and/or suppression of H-adsorption is necessary at the electrode surface for the
improvement of the NO3RR and N2ORR in acidic media. The trimetallic PtPd/Sn interface
can highly modulate such competitive adsorption processes, resulting in the high NO3RR
and N>ORR activity. The suppression of H-adsorption could favor N> formation rather than
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the formation of protonated species such as NH4" and NH3OH' for the NOsRR.
Furthermore, the Pd/Sn interface of Sn-modified Pd NCs improved more NoORR activity
than unmodified Pd NCs through the suppression of H-adsorption. The catalysts could be
useful for real groundwater treatment (and N>O removal (Figure 5.1)) using polymer
electrolyte membrane (PEM)-type electrolysis cell, in which the H" ions produced from
water oxidation in the anodic chamber move through the PEM to the cathodic chamber
and keep continuing the cathodic reaction [1]. Our findings will be helpful for making
highly efficient interfaces between Pt-Pd mixture/alloy NPs and Sn or shape-controlled Pt-
Pd mixture/alloy NPs and Sn for the modulation of the NOs~, N>O, and H-adsorption

processes.

O, Ny
H,O N,O
/ N
Anode Cathode
catalyst catalyst

Figure 5.1 Schematic representation of the electrocatalytic NoO removal in a PEM-type

electrolysis cell.
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