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Abstract 

We report the preparation of Pt and/or Pd nanoparticle-deposited fluorine-doped tin oxide 

(FTO) electrodes by an arc-plasma deposition (APD) technique and their electrocatalytic 

activity for nitrate (NO3
–), nitrite (NO2

–), nitric oxide (NO), and nitrous oxide (N2O) 

reduction reactions in acidic media. Cyclic voltammetry of the electrodes revealed that 

the co-presence of Pt and Pd on FTO showed higher catalytic activity than Pt or Pd on 

FTO for the NO3
– reduction reaction, where the PtPd/Sn interface acts as the catalytic 

active site. The PtPd/Sn interface also showed higher catalytic activity for the N2O 

reduction reaction to dinitrogen than the Pt/Sn or Pd/Sn interfaces, whereas it showed no 

drastic contribution to the electrocatalytic NO2
– and NO reduction reactions. Because the 

NO3
– and N2O reduction reaction occur in the potential region of hydrogen adsorption on 

Pt and Pd electrodes, the PtPd/Sn interface could enhance NO3
– and N2O adsorption 

and/or suppress the hydrogen adsorption. Our findings will be useful for the design of 

interfaces between noble metal mixture/alloy nanoparticles and Sn, leading to the 

practical application of denitrification to harmless dinitrogen. 
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Research highlights 
• Pt, Pd and PtPd nanoparticles are deposited on FTO by arc-plasma deposition. 

• The PtPd/Sn interface has higher NO3RR activity than the Pt/Sn or Pd/Sn interface.  

• The PtPd/Sn interface also has higher N2ORR activity. 

• The PtPd/Sn interface shows no drastic contribution to NO2RR and NORR. 

 

 

Graphical abstract 

 
 

Keywords: Interface; Nanoparticle; Nitrate reduction reaction; Nitrous oxide reduction 

reaction; Platinum; Palladium; Arc plasma deposition. 
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1. Introduction 
 

Contamination of nitrate anions (NO3
–) in groundwater causes health threats: 

methemoglobinemia (blue baby syndrome) and human cancer, and environmental issues: 

global warming and depletion of the ozone layer [1–4]. Overuse of nitrogenous fertilizers 

in agricultural lands, animal feces, and industrial effluents are mainly accountable for 

NO3
– contamination in groundwater [5]. Besides, nitrate-containing water runoff from 

urban surfaces and discharge of treated wastewater also lead to an increase in the amount 

of NO3
– in groundwater [6]. NO3

– concentration in drinking water exceeded 100 mg L–1 

in some countries [7]. To minimize the health threats of NO3
–, the World Health 

Organization (WHO) has recommended a maximum 50 mg L–1 as NO3
–  (∼11 mg L–1 as 

NO3
–-N) in drinking water [8]. Therefore, an efficient technology for NO3

– removal is 

required. 

The electrocatalytic NO3
– reduction reaction (NO3RR) is the most promising 

technique because of no production of a secondary nitrate-containing waste stream, no 

requirement of additional chemicals, no possibility of bacterial contamination, and 

renewable energy friendliness [9–11]. NO3
– can electrocatalytically be reduced to  

harmless dinitrogen (N2) with the following by-products: nitrite (NO2
–), nitric oxide (NO), 

nitrous oxide (N2O), ammonium ion (NH4
+), and hydroxylammonium ion (NH3OH+) 

[12–16]. Since N2O is a greenhouse gas and a scavenger for the depletion of the ozone 

layer [4], efficient electrocatalysts for the NO3RR with no production of N2O are needed 

to keep the world sustainable.  

 Various electrocatalysts such as noble metals [9,14,17–19], binary metals [15,20–

28], ternary metals [11,13,29,30], metal complexes [31–33], and metalloenzymes [34] 

have been already studied for the electrocatalytic NO3RR. 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 [14,35,36]. 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 NO3
– reduction 

to NO2
– [15,20–22,25,28,30,37]. 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 NO2
– reduction reaction (NO2RR), both Sn-
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modified and unmodified Pt and Pd electrodes were found to be active [37]. For the NO 

reduction reaction (NORR) and N2O reduction reaction (N2ORR), the role of the Sn/Pt 

and Sn/Pd interfaces in the activity enhancement remains unclear. For ternary metallic 

electrodes, Sn-modified PdPt alloy (Sn/PdPt) electrodes have been studied only for the 

NO3RR and show higher NO3RR activity than the bimetallic counterparts of Sn-modified 

Pt or Pd electrodes and the suppression of N–H bond formation at the Sn/PdPt electrode 

increases the N2 selectivity with decreasing the selectivity of NH4
+ and NH3OH+ [13]. In 

a reverse system, Pt nanoparticle (NP)-modified fluorine-doped tin oxide (FTO) 

electrodes (Pt/FTO) were also found to be active for electrocatalytic NO3RR, in which 

the Pt/Sn interface acts as the catalytic active site [28]. Since most of the studies for 

electrocatalytic NO3RR have been done on Sn-modified noble metal electrodes, 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. 

Herein, we report the electrocatalytic activity of Pt and/or Pd NP-deposited FTO 

electrodes for the NO3RR 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: NO2
-, 

NO, and N2O. We have prepared three different electrodes of Pt and/or Pd NPs 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 [38]. 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 NO2RR, NORR, and 

N2ORR activity of the optimized electrode was investigated to understand the role of the 

PtPd/Sn interface. 

 

2. Experimental 
 
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 
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sodium nitrite were purchased from Kanto Chemical Co., Inc. Nitric oxide (NO) in Ar 

(50%) and nitrous oxide (N2O, 99.5%) were purchased from Tomoe Shokai and GL 

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

 
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% H2O2–28% 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 N2. 

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. 10–3 Pa by using coaxial pulsed APD systems 

(ADVANCE RIKO, ARL-300) [38], 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 μF.  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 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 (Ptx/Pd30-x/FTO, where x (pulse number) = 5, 10, 15, 

20, 25). Because almost no effect of the sequential APD order on the NO3RR activity and 

particle size was confirmed by electrochemical measurements and TEM images, the 

experimental data of Ptx/Pd30-x/FTO are shown and discussed in this work.  

 
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 

cm2. 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 
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cleaned in the potential range between –0.2 and +1.1 V vs. Ag|AgCl (sat. KCl) at a sweep 

rate of 0.05 V s–1 until getting stable CVs in 0.1 M HClO4 aqueous solution, and the 

Faradaic charges of hydrogen desorption were used to determine the electrochemically 

active surface area of Pt (ECSAPt) on FTO substrates. Pd/FTO electrodes were also 

electrochemically cleaned in 0.1 M HClO4 aqueous solution between +0.1 and +1.1 V vs. 

Ag|AgCl (sat. KCl) at a sweep rate of 0.05 V s–1 until getting stable CVs and the Faradaic 

charge of PdOx reduction were used to determine the electrochemically active surface 

area of Pd (ECSAPd) on FTO substrates. For electrochemical NO3
– reduction, CVs were 

recorded in 0.1 M HClO4 aqueous solution containing 0.01 M NaNO3 at a sweep rate of 

0.01 V s–1. In the case of electrochemical NO2
– reduction, 0.0345 g of NaNO2 was added 

to deaerated 0.1 M HClO4 aqueous solution (50 mL) to make 0.01 M NaNO2 solution just 

before recording CVs. To investigate the NO electrochemical reduction, a 0.1 M HClO4 

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 

N2O reduction, a 0.1 M HClO4 aqueous solution in the electrochemical cell was saturated 

with bubbling of N2O 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: E (vs. 

RHE) = E (vs. Ag|AgCl (sat. KCl)) + 0.199 + 0.059 × pH.  

 
2.4. Physicochemical characterizations 

X-ray photoelectron spectroscopy (XPS) data were collected at the pass energy of 

10 eV using an Al K⍺ 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, 
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Pt and/or Pd NPs were deposited on silicon oxide grids (ALLIANCE Biosystems) to 

ensure a similar oxide surface to the FTO substrate.   

 

3. Results and discussion 
3.1 Characterization of Pt/FTO and Pd/FTO electrodes  

To characterize Pt on FTO electrodes with a different number of APD pulses 

(Ptx/FTO, where x indicates the number of APD pulses), CVs of Ptx/FTO were recorded 

at a sweep rate of 0.05 V s–1 in a 0.1 M HClO4 aqueous solution under Ar (Figs. 1a and 

S1a). Hydrogen adsorption/desorption currents were observed in the potential range 

between +0.06 and +0.34 V vs. RHE. PtOx reduction peaks were observed in the potential 

range between +0.72 and +0.76 V vs. RHE [39]. No such peaks were observed on bare 

FTO electrodes (gray broken line in Fig. 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 (Fig. 1b). A surface density and an averaged 

diameter of APD–Pt NPs were determined to be 7.1 × 1012 cm–2 and 2.2 nm, respectively 

(Fig. 1c), which is quite close to that previously reported for APD–Pt NPs [28]. For the 

APD–Pt NPs with 100 pulses, a surface density and an averaged diameter of them were 

determined to be 9.3 × 1012 cm–2 and 2.5 nm, respectively (Fig. S2a and S2b). These 

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 [28]. The APD–Pt NPs with 200 pulses or more gave almost no 

individual NP, indicating the agglomeration of Pt NPs (Fig. S2c).     

The electrochemically active surface area of Pt (ECSAPt) of Ptx/FTO was 

calculated using the following equation: ECSAPt = QH/210 µC cm–2, where QH indicates 

the Faradaic charges for the hydrogen desorption at the Ptx/FTO electrodes and 210 µC 

cm–2 corresponds to the Faradaic charge density for the monolayer of the underpotentially 

deposited hydrogen on the smooth Pt surface [39]. The ECSAPt was plotted against the 

number of APD pulses (Fig. S3a). The ECSAPt of Ptx/FTO electrodes increases as the 

number of Pt pulses increases. The ECSAPt 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) 
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electrodes [28]. Based on the ECSAPt in the plateau region (ECSAPt, max), Pt coverages 

(θPt) on FTO can be defined by the following equation: θPt = ECSAPt/ECSAPt, max.  

    

 
Fig. 1 (a) CVs of Ptx/FTO electrodes in a 0.1 M HClO4 aqueous solution at a sweep rate 

of 0.05 V s–1 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 Pdx/FTO 

electrodes in a 0.1 M HClO4 aqueous solution at a sweep rate of 0.05 V s–1 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.  

 

CVs of FTO electrodes modified with Pd with a different number of APD pulses 

(Pdx/FTO, where x indicates the number of APD pulses) were recorded at 0.05 V s–1 in 

the potential range between +0.36 and +1.36 V vs. RHE in 0.1 M HClO4 aqueous solution 

under Ar (Figs. 1d and S1b). 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 

[40,41]. No such peak was observed at the bare FTO electrode (gray dashed line in Fig. 

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 × 1012 cm–2 and 3.0 
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nm for 30 pulses (Figs 1e and 1f) and 3.4 × 1012 cm–2 and 3.5 nm for 100 pulses (Fig. S2d 

and S2e), 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 (Fig. 1f) is wider than that of APD-Pt NPs (Fig. 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. 

ECSAs of Pd (ECSAPd) on Pdx/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 µC cm–2,  where Qoxide indicates the Faradaic charges for 

the oxide reduction at Pdx/FTO electrodes and 424 µC cm–2 corresponds to the assumed 

Faradaic charge density for the reduction of surface PdO monolayer on a smooth Pd 

surface [40]. The ECSAPd 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 [40–43]. The 

ECSAPd was plotted against the number of APD pulses (Fig. S3b). The plateau region 

seems to start at around 300 Pd pulses. Thus, Pd coverages (θPd) on the FTO substrates 

were determined based on the ECSAPd in the plateau region (ECSAPd, max). 

 

3.2 Optimizing NO3RR at Pt/FTO and Pd/FTO electrodes 

CVs of Ptx/FTO electrodes were recorded in 0.1 M HClO4 aqueous solution 

containing 0.01 M NaNO3 under Ar (Fig. 2a). All Ptx/FTO electrodes showed cathodic 

currents in the potential range from +0.06 to +0.34 V vs. RHE only in the solution 

containing NO3
–. These currents can be associated with the electrochemical NO3RR 

[20,22,28,30,37]. The NO3RR current densities of Ptx/FTO electrodes at +0.16 V vs. RHE 

were plotted against θPt in Fig. 2c [44]. The cathodic current density for the NO3RR 

reached the maximum at θPt ≈ 0.63 (corresponding to Pt30/FTO), which is in good 

agreement with a previous study [28].  Sn-modified Pt electrodes previously showed the 

maximum current density for the NO3RR at a tin coverage of θSn ≈ 0.35 (–3.6 mA cm–2 
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at +0.16 V vs. RHE) [22], which is almost the same as θSn ≈ 0.37 (the residual of θPt ≈ 

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 Ptx/FTO [23,44]. The formation of the Pt/Sn interface modifies the 

electronic state of Pt, supported by XPS (Fig. S4). Pt 4f peaks at Pt30/FTO shifted to the 

lower binding energy than those at Pt30/GC (Fig. S4b and Table S1). 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 S2) because many Sn species of FTO show no direct 

interaction with Pt NPs, whereas most of Pt NPs interact with Sn species of FTO.  

 
Fig. 2 CVs of (a) Ptx/FTO and (b) Pdx/FTO electrodes in a 0.1 M HClO4 aqueous solution 

containing 0.01 M NaNO3 at 0.01 V s–1 under Ar. The plots of (c) Pt and (d) Pd coverage-

dependent current density for the NO3RR at +0.16 V vs. RHE. 
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Pdx/FTO electrodes also showed the NO3RR activity (Fig. 2b). The cathodic 

current densities for the NO3RR at +0.16 V vs. RHE were plotted against θPd (Fig. 2d). 

The reduction current density increased with increasing θPd up to θPd ≈ 0.50 

(corresponding to Pd30/FTO) and then remained almost constant. Since no plateau region 

is observed for Ptx/FTO (Fig. 2c), the θPd dependence of Pdx/FTO on the NO3RR activity 

is different from the θPt dependence of Ptx/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 Pd30/FTO electrode with θPd ≈ 0.50 showed the highest electrocatalytic NO3RR 

current density of ca. –0.57 mA cm–2 at +0.16 V vs. RHE in the Pdx/FTO electrodes 

(Table S3) and the charge transfer from Sn to Pd was confirmed by the comparison of 

XPS data of Pd30/FTO with Pd30/GC in the Pd 3d region (Fig. S4 and Tables S1).  

 

The Pt30/FTO electrode with θPt ≈ 0.63 showed greater activity for the NO3RR 

than the Pd30/FTO electrode with θPd ≈ 0.50 (Fig. 2 and Table S3), indicating that the 

Pt/Sn interface more efficiently catalyzes the NO3RR 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 [13]. Although the charge densities of Pt and Pd are modulated by charge 

transfer from Sn, the activity difference between Pt30/FTO and Pd30/FTO can be explained 

by the intrinsic difference between NO3
– adsorption energies on Pt and Pd: NO3

– 

adsorption energy on Pt surface (–2.23 eV) was reported to be higher than that on Pd 

surface (–2.14 eV) [45].  

 

3.3. NO3RR 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 (Ptx/Pd30–x/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 Pd30/FTO. The Pt15/Pd15/FTO 

electrode showed the highest NO3RR activity of –2.24 mA cm–2 at +0.16 V vs. RHE in 
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the Ptx/Pd30-x/FTO electrodes (Figs. 3, S5, and Table S4). In the following text, the 

optimized ternary and binary metallic electrodes of Pt15/Pd15/FTO, Pt30/FTO, and 

Pd30/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 NO3RR activity than the 

binary metallic electrodes: the order of NO3RR activity was found as follows: Pt/Pd/FTO 

> Pt/FTO > Pd/FTO (Fig. 3a). Similar results have also been reported for Sn-modified 

PdPt electrodes [13,30]. TEM, STEM, and EDS mapping images of Pt/Pd (Pt15/Pd15) on 

silicon oxide grids confirmed a particle density of 7.5 × 1012 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 (Fig. 4). Furthermore, a Pt/Pd/GC electrode as a control sample showed almost 

no activity for the NO3RR (Fig. 3b). Thus, the ternary metallic PtPd/Sn interface of 

Pt/Pd/FTO plays an important role in the high NO3RR activity.  

 

 
Fig. 3 (a) Bar graph of current densities for the NO3RR at +0.16 V vs. RHE shown by 

Pt30/FTO, Pd30/FTO, and Ptx/Pd30–x/FTO electrodes. (b) CVs of Pt15/Pd15/GC and 

Pt15/Pd15/FTO electrodes in 0.1 M HClO4 aqueous solution containing 0.01 M NaNO3 at 

a sweep rate of 0.01 V s–1 under Ar. 
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Fig. 4 (a) TEM image, (b) size distribution, and (c) STEM image and EDS mapping of 

Pt/Pd NPs (Pt15/Pd15) 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 (Fig. 3b). In this potential region, the 

adsorption of NO3
– competes with the hydrogen adsorption (Fig. S6) [14,35,45]. The 

formation of the PtPd/Sn interface could enhance the NO3
– adsorption and/or suppress 

the hydrogen adsorption [30], and then accelerate the rate-determining step of the NO3
– 

reduction to NO2
– [11,24,29]. 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 (Fig. 5 and 

Tables S5 and S6). Thus, the ternary metallic PtPd/Sn interface enables us to finely tune 

the adsorption ability of NO3
–, resulting in the high NO3RR activity. 
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Fig. 5 XPS of (a) Pt/Pd/FTO and FTO electrodes in the Sn 3d region, Pt/Pd/FTO and 

Pt/Pd/GC electrodes in the (b) Pt 4f, and (c) Pd 3d regions. Experimental data (open 

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

 

 

3.4. NO2RR, NORR, and N2ORR at Pt/Pd/FTO and Pt/Pd/GC electrodes  

The high NO3RR activity of the ternary metallic Pt/Pd/FTO encourages us to 

study NO2RR, NORR, and N2ORR using Pt/Pd/FTO and Pt/Pd/GC electrodes to further 

understand the role of the PtPd/Sn interface into the production of N2 in the 

electrocatalytic NO3RR. Pt/Pd/FTO showed much higher cathodic currents than 

Pt/Pd/GC in a 0.1 M HClO4 aqueous solution under N2O (Fig. 6a). Although Pd/FTO and 

Pt/FTO also showed the electrocatalytic N2ORR activity (Fig. S7), the activity of 

Pt/Pd/FTO was higher than those of Pd/FTO and Pt/FTO (Table S7). Therefore, the 

formation of the PtPd/Sn interface increases not only the NO3RR activity but also the 

N2ORR activity. The cathodic currents of Pt/Pd/FTO for the N2ORR can be mainly found 

in the hydrogen adsorption region between +0.06 and +0.34 V vs. RHE (Fig. S6). The 
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N2O adsorption can compete with the hydrogen adsorption on Pt and Pd electrodes [46–

48]. The PtPd/Sn interface could enhance the N2O adsorption and/or suppress the 

hydrogen adsorption, leading to the enhancement of the N2ORR activity.   

 
Fig. 6 CVs of Pt/Pd/GC and Pt/Pd/FTO electrodes at a sweep rate of 0.01 V s–1 in an 

aqueous solution of 0.1 M HClO4 (a) under N2O (The inset shows the magnified CVs of 

Pt/Pd/GC electrode), (b) containing 0.01 M NaNO2 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 Fig. 6b and 6c, 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 
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the NO2RR and NORR. Because the NO2RR and NORR mainly occur at more positive 

potentials than the hydrogen adsorption, NO2
– or NO adsorption does not compete with 

the hydrogen adsorption, resulting in no contribution of the ternary interface including Sn 

to the activity enhancement. 

 

 
Scheme 1: Highly active catalytic sites for the electrocatalytic NO3RR, NO2RR, 

NORR, and N2ORR. 
 
 

For the Pt/Pd/FTO electrode, the PtPd/Sn interface efficiently catalyzed the 

NO3RR and N2ORR but not the NO2RR and NORR (Scheme 1). The NO3RR and N2ORR 

occur in the potential range of the hydrogen adsorption between +0.06 and +0.34 V vs. 

RHE (Fig. S6). 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 the 

adsorption of NO3
– or N2O and/or suppressed the adsorption of hydrogen. As a 

consequence, the activity of NO3RR and N2ORR increased and less hydrogen at the 

PtPd/Sn interface may favor the formation of the most likely product N2 instead of the 

formation of NH4
+ and NH3OH+ [12–14,49]. In contrast, because of no overlap of onset 

potentials of the NO2RR and NORR with hydrogen adsorption, Sn did not work as a 

promoter for the NO2RR and NORR.  

 
4. Conclusions 

Our study demonstrates that the PtPd/Sn interface is effective to the 

electrocatalytic NO3RR and N2ORR, whereas it showed no drastic contribution to the 

electrocatalytic NO2RR and NORR.  It is most likely that the ternary metallic PtPd/Sn 

interface enhances the adsorption of NO3
– and N2O 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 NO3
–, N2O, 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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