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Abstract 

Nitrate anion is one of the main nitrogen-containing-pollutants in groundwater and can 

be removed using denitrification systems including electrocatalytic systems. Herein we 

report on electrocatalytic nitrate reduction catalyzed on tin-modified single crystalline 

electrodes of palladium, platinum and palladium-platinum alloy in acidic and neutral 

media. We have prepared electrodes with the (111) surface or the (100) surface and 

modified their surface with tin. Cyclic voltammetry of the electrodes has revealed that 

the tin-modified alloy (trimetallic) electrodes show higher electrocatalytic activity than 

the tin-modified platinum or palladium (bimetallic) electrodes, and the catalytic reaction 

is more efficiently catalyzed on the (100) surface rather than the (111) surface. The 

tin-modified PdPt(100) electrode shows the highest catalytic activity in acidic media as 

well as in neutral media. X-ray photoelectron spectroscopy suggests that metallic tin 

forms on the (100) surface, but divalent tin species on the (111) surface, indicating that 

a surface alloy of tin may form on the (100) surface, resulting in enhancement of the 

electrocatalytic activity. Our findings suggest that design and preparation of ternary 

metallic electrodes with the (100) surface will pave the way to the development of 

practical systems on electrocatalytic denitrification. 
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Research highlights 

• Tin-modified single crystalline Pd, Pt and Pd–Pt alloy electrodes are prepared.  

• Electrocatalytic nitrate reduction occurs efficiently on the (100) surface. 

• A surface alloy may form for Sn/PdPt(100), revealed by using XPS. 

• Sn/PdPt(100) is highly active for electrocatalytic nitrate reduction.  

• Sn/PdPt(100) shows the catalytic activity in not only acidic but also neutral media. 

 

Keywords: Denitrification; Electrocatalysts; Single crystalline electrodes; Nitrate 

reduction; Platinum; Palladium.  
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1. Introduction 

Nitrate is the main nitrogen-containing pollutant in groundwater and is removed in the 

natural denitrification process, where nitrate is reduced to harmless dinitrogen gas by 

denitrifying bacteria [1–5]. Fertilizer-intensive agriculture causes imbalances in the 

nitrogen cycle and then an increase in the concentration of nitrate ions in groundwater. 

The excess nitrate ions in groundwater have raised a widespread concern for 

eutrophication of water reservoirs, and health threats including methemoglobinemia 

(blue baby syndrome) and cancer [4,5]. Therefore, efficient removal systems of nitrate 

ions from an aqueous solution containing nitrate are highly required. 

Electrocatalytic denitrification is one of the promising approaches to remove nitrate ions 

from nitrate-contaminated water. A biological denitrification is the most widespread 

approach, in which bacteria convert NO3
− to the harmless product of N2 as long as 

bacterial growth conditions are maintained. In the biological denitrification system, 

pathogenic bacteria could be developed, which is a serious issue for the industrial 

denitrification system [2,4,5]. In contrast, electrocatalytic denitrification systems require 

electrodes, which are based on inorganic materials and have no concern for the 

development of the pathogenic bacteria. Furthermore, the electrocatalytic denitrification 

can be powered by renewable energy such as solar light [6–9] and wind power, leading 

to environmentally friendly removing nitrate ions from drinking water sources. 

Electrocatalytic denitrification systems have been studied using various electrodes such 

as metals [10,11], binary metals (adatoms and alloys) [12–22], metal nanoparticles [23–

26], metal complexes [27–30] and metalloenzymes [3,31–33]. Although the nitrate 

reduction activity of monometallic electrodes including platinum and palladium has 

been intensively studied, these monometallic electrodes themselves are known to show 

poor electrocatalytic activity. To improve their catalytic activity, influences of the 

combination of other metals [12,21,22,24] or the surface modification with a 

"promoter" such as tin [13–15,34] on the nitrate reduction activity has been investigated. 

These treatments are able to accelerate the rate-determining step of the reduction of 

NO3
− to nitrite (NO2

−).  
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Palladium is one of the most promising metal electrodes for nitrate reduction because 

palladium is able to produce the most desirable product of N2 [5,35,36]. Furthermore, 

the combination of Pt or Pd with a promoter of Sn drastically enhances the 

electrocatalytic activity and the activity of the Sn-Pt or Sn-Pd is enough for practical 

applications in acidic media [13,15,34,37]. However, from the viewpoint of practical 

applications such as the decontamination of groundwater, the use of neutral media is 

relevant [23,38]. Interestingly, Pt(100) catalyzes nitrate reduction in not only acidic but 

also neutral media, whereas Pt(111) shows the activity only in acidic media [23]. 

Furthermore, Pt(100) is the most active surface for breaking the N-O bond revealed 

under UHV conditions [39] and the (100) surface is ideal for a 

Langmuir-Hinshelwood-type reaction between (NHx)ads and NOads [5]. Thus, further 

studies on the electrocatalytic activity on the (100) surface of metal electrodes would 

allow us to develop practical electrocatalysts for denitrification.  

Herein we report effects of surface structures and compositions of single crystalline 

electrodes modified with tin on electrocatalytic nitrate reduction activity. We have 

prepared monometallic platinum and palladium single crystalline electrodes and 

bimetallic palladium-platinum alloy single crystalline electrodes and then modified their 

surfaces with tin. In this work, the electrodes with the (111) or the (100) basal plane are 

used because tin irreversibly adsorbs on Pt(111) and Pt(100) [40]. Electrochemical 

nitrate reduction on the well-defined surfaces has been studied not only in acidic media 

but also neutral media to gain insights into developing denitrification electrocatalysts.  

2. Experimental 

2.1. Materials 

Perchloric acid (70%, purity: 99.999%; Sigma-Aldrich Co.), sulfuric acid (96.0%, Wako 

Pure Chemical Industries, Ltd.), tin(II) chloride dihydrate (97.0%, Kanto Chemical Co., 

Inc.) and sodium nitrate (99.99, Kanto Chemical Co., Inc.) were purchased and used 

without further purification. Platinum wires (0.8 mmϕ or 0.5 mmϕ; 99.99% purity) and 

palladium (0.8 mmϕ or 0.5 mmϕ; 99.99% purity) wires were used for the preparation of 

single crystalline electrodes.  
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2.2. Preparation of well-defined single crystalline electrodes 

Pt, Pd and PdPt alloy single crystalline beads were prepared based on the procedure 

reported by Clavilier and co-workers [41–43]. A platinum wire or a palladium wire was 

annealed in methane-oxygen flame to obtain a single crystalline bead at the end of the 

wire. For the preparation of Pt-Pd alloy single crystalline beads, the single crystalline 

bead of Pt was used as a seed crystal as well as the source of Pt, and an amount of Pd 

was added to the Pt bead in methane-oxygen flame [44–46]. The percentage of Pd in Pt 

was controlled by the amount of Pd added. In this study, we prepared PdPt alloy 

electrodes with 3 wt% of Pd in Pt.  

The single crystalline beads were oriented using the reflection of a He–Ne laser beam 

from a (111) facet or a (100) facet on the single crystalline bead, fixed in a poly(methyl 

methacrylate) resin (Technovit 4004, Heraeus Kulzer), cut in the direction of the (111) 

facet or the (100) facet, and then polished with diamond slurries to be mirror-finished. 

The polished single crystalline electrode was annealed in methane-oxygen flame at 

<1250°C for four hours. To confirm the preparation of the single crystalline electrode 

with a specific orientation, cyclic voltammograms (CVs) were recorded in 0.5 M 

H2SO4 aqueous solution under Ar.  

2.3. Electrochemical measurements 

The Pt single crystalline electrodes were annealed in H2–O2 flame or in the induction 

coil of an induction heating system (EASY-HEAT, Ambrell model 0224), cooled under 

Ar, and then immersed in Milli-Q water purged with Ar. The surface of the electrode 

was covered with Milli-Q water and then transferred to the electrochemical cell for 

electrochemical measurements. Similarly, Pd and PdPt alloy single crystalline 

electrodes were annealed using the induction heating system, cooled under H2–Ar, 

immersed in Milli-Q water under H2–Ar, and then transferred to the electrochemical 

cell under the protection of a droplet of Milli-Q water for electrochemical 

measurements.  

All electrochemical data were recorded on potentiostats (HZ5000 and HZ7000, Hokuto 
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Denko Corp.) using conventional three-electrode systems under Ar (99.999%, 

HOKKAIDO AIR WATER INC.). Single crystalline electrodes were used as working 

electrodes. A Ag|AgCl (sat. KCl) electrode with a double junction holder (International 

chemistry Co., LTD) and platinum foil coated with platinum black were used as the 

reference electrode and the counter electrode, respectively. Electrolyte solutions were 

purged with Ar (99.999%) for at least 30 min before measurements. All electrochemical 

measurements were performed in the hanging meniscus configuration. CVs on nitrate 

reduction were recorded in a 0.1 M HClO4 aqueous solution containing 0.1 M NaNO3 

at a sweep rate of 10 mV s-1 under Ar or in 0.05 M phosphate buffered aqueous solution 

containing 0.1 M NaNO3 at pH 7.2 at a sweep rate of 50 mV s-1 under Ar. All potentials 

in the main text are shown against the reversible hydrogen electrode (RHE). The 

potentials against Ag|AgCl (sat. KCl) were converted to those against RHE using the 

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

The surface modification of single crystalline electrodes with tin was carried out based 

on a reported procedure [16,19]. The annealed single crystalline electrode covered with 

a droplet of Milli-Q water was immersed in 0.1 M HClO4 aqueous solution containing 

SnCl2. The surface coverage was controlled by the SnCl2 concentration (0.1 mM–0.5 

mM) and the immersion time (10 s–30 s). After the immersion, the electrode was 

immediately transferred to an electrochemical cell under the protection of a droplet of 

the SnCl2 solution. CVs of tin-modified electrodes in the Hupd desorption region in 0.5 

M H2SO4 aqueous solution allowed us to determine the tin surface coverage (θSn) using 

the following equation: 𝜃𝜃𝑆𝑆𝑆𝑆  =  (𝑄𝑄𝐻𝐻0  −  𝑄𝑄𝐻𝐻)/𝑄𝑄𝐻𝐻0 , where 𝑄𝑄𝐻𝐻0  and 𝑄𝑄𝐻𝐻  indicate the 
Faradaic charges corresponding to the desorption of Hupd before and after the tin 

modification, respectively.  

2.4. X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) of single crystalline electrodes was performed 

on a photoelectron spectrometer XPS7000 (Rigaku). Mg Kα was used as the X-ray 

source. The peak of C=C at 284.7 eV in the C1s region was used as the internal standard 

to calibrate the binding energies of the elements.  
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3. Results and discussion 

3.1. Preparation and characterization of single crystalline electrodes of platinum, 

palladium and palladium-platinum alloy 

Platinum, palladium and palladium-platinum alloy single crystalline electrodes were 

prepared based on the Clavilier method [41–43]. To characterize the prepared electrodes, 

their CVs were recorded in 0.5 M H2SO4 under Ar. Figure 1 shows CVs of single 

crystalline electrodes with well-defined (111) surfaces. The CV of the Pt(111) electrode 

showed adsorption/desorption peaks of underpotentially deposited hydrogen (Hupd) at 

<+0.5 V vs. RHE and a spike involving a phase transition in the sulfate adlayer on 

Pt(111) surface at around +0.42 V vs. RHE [43]. The CV of the Pd(111) electrode also 

shows sharp peaks in the potential range from +0.2 to +0.3 V vs. RHE, originating from 

the sulfate adsorption and desorption [47]. These characteristic features allowed us to 

confirm the preparation of the well-defined Pt(111) and Pd(111) electrodes.  

The PdPt(111) alloy single crystalline electrode with 3 wt% of Pd in Pt was prepared, 

based on a previously reported method [44–46]. The well-defined single crystalline 

electrode was confirmed using cyclic voltammetry in 0.5 M H2SO4 under Ar (Fig. 1). 

The peak intensity of the characteristic spike observed for Pt(111) was decreased for the 

PdPt(111), suggesting that palladium atoms were randomly dispersed in the PdPt(111) 

alloy, because a randomly distributed solid solution phase was reported over the whole 

composition range in the phase diagram of bulk platinum and palladium [13,48], where 

the long-range order of the Pt(111) terrace was lost [44,46]. The PdPt(111) single 

crystalline alloy showed peaks in the Pt 4f region as well as in the Pd 3d region in XPS 

spectra (Fig. 2), also indicating the successful incorporation of Pd into Pt(111).  

Single crystalline Pt and PdPt alloy electrodes with the (100) surface were prepared and 

their CVs were recorded (Fig. 1). In the case of Pt(100), characteristic Hupd peaks were 

observed in the potential range from +0.2 to +0.4 V vs. RHE [49]. The sharp peak at 

around +0.35 V vs. RHE is associated with extended (1×1)-Pt(100) long range order 

[46]. In the case of the PdPt(100) alloy single crystalline electrode, the sharp peak at 

around +0.35 V vs. RHE was also observed but the peak intensity was lower compared 
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with Pt(100). This change in peak intensity was caused by the formation of the 

PdPt(100) alloy single crystalline electrode. Furthermore, XPS spectra of the PdPt(100) 

showed peaks in the Pt 4f and Pd 3d regions (Fig. 3). Thus, these findings indicate the 

successful preparation of single crystalline Pt(100) and PdPt(100) electrodes. 

3.2. Surface modification of single crystalline electrodes with tin 

To modify the surface of single crystalline electrodes with tin, the electrodes were 

immersed in 0.1 M HClO4 aqueous solution containing SnCl2. Controlling the 

concentration of SnCl2 at 0.1 mM to 0.5 mM and the immersion time for 10 s to 30 s 

defined the surface coverage of tin. The surface coverage was determined based on the 

Faradaic charges corresponding to the Hupd desorption region in the CVs in 0.5 M 

H2SO4 before and after the surface modification with tin (Fig. 1). Note that 

characteristic features of Pt or Pd in CVs disappeared when the surface coverage of tin 

was nearly 1 (See Fig. S1 in Supplementary material).  

All tin-modified electrodes showed peaks in Sn 3d XPS spectra (Fig. 4), allowing us to 

confirm the surface modification with tin. A peak observed in the range from 490 eV to 

497 eV in binding energy is associated with Sn 3d3/2, whereas a peak in the range from 

482 eV to 488 eV is associated with Sn 3d5/2. The peak deconvolution analysis of the Sn 

3d XPS spectra gave two components and the peaks at higher and lower binding 

energies were assigned to SnII species and to Sn0 (metallic tin), respectively, because 

XPS Sn 3d5/2 peaks are known to be observed at 486.1−488.2 eV for SnIV, 485.6−487.4 

eV for SnII and 484.3−485.2 eV for Sn0 [15].  

The peak deconvolution analysis allowed us to estimate the ratio of SnII to Sn0 for the 

tin-modified electrodes (Table 1). It seems that the tin-modified electrodes with the 

(111) surface tend to have more SnII species than Sn0 whereas more metallic tin was 

observed on the (100) surfaces than SnII species. These results are in good agreement 

with DFT calculations, which suggest that metallic tin on Pt(111) surface is more easily 

oxidized than that on Pt(100) surface [50]. Note that simple tin deposition gives no 

metallic tin on polycrystalline platinum [13,51] or on polycrystalline palladium [16]. 

The difference in the oxidation state of tin species between tin-modified (111) and (100) 
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electrodes may influence the electrocatalytic activity for nitrate reduction. The 

relationship between the oxidation state of tin and the electrocatalytic activity is 

discussed in Section 3.3. 

3.3. Electrocatalytic nitrate reduction on tin-modified single crystalline electrodes in 

acidic aqueous solution 

CVs of single crystalline electrodes unmodified with tin were recorded in an aqueous 

solution containing 0.1 M HClO4 and 0.1 M NaNO3 under Ar (Fig. 5). The bare single 

crystalline electrodes that we used except the bare Pd(111) electrode showed almost no 

current, indicating almost no catalytic activity for the nitrate reduction. Although 

cathodic and anodic currents were observed for the bare Pd(111) electrode, these 

currents are mainly due to the hydrogen adsorption/absorption and desorption, 

respectively [10,14].  

The tin-modification activated the surface of the single crystalline electrodes for nitrate 

reduction. The tin-modified electrodes showed cathodic currents in the electrolyte 

solution containing 0.1 M HClO4 and 0.1 M NaNO3 (Fig. 5) whereas no such current 

was observed in the absence of 0.1 M NaNO3 (Fig. S2), suggesting that electrocatalytic 

nitrate reduction occurred on the tin-modified surfaces. In the case of the Sn/Pd(111) 

electrode, no oxidation peak corresponding to hydrogen oxidation was observed. Thus, 

the nitrate reduction also occurred on the Sn/Pd(111) surface but hydrogen evolution or 

the oxidation of hydrogen in the bulk did not. These findings are in good agreement 

with those of tin-modified polycrystalline Pt and Pd electrodes previously reported 

[15,17,34,52].  

Interestingly, the Sn/Pt(111) and Sn/PdPt(111) electrodes with low tin coverage showed 

a cathodic peak at ca. +0.08 V vs. RHE, whereas no peak was observed for those 

electrodes with high tin coverage and the other electrodes. The nitrate reduction may be 

deactivated on the Sn/Pt(111) and Sn/PdPt(111) surfaces with low tin coverage at < 

+0.12 V vs. RHE because of the strong adsorption of Hupd on the surface [17,37]. It is 

known that N2O is the main product for tin-modified platinum electrodes with 

intermediate tin coverage, whereas NO is dominant with high tin coverage [37]. Thus, 
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the nitrate reduction activity on the Pt(111) surface is quite sensitive to the Hupd 

adsorption and the reaction mechanism depends on the tin coverage on the Pt(111) 

surface. In contrast, no such cathodic peak was observed for Sn/Pt(100), Sn/Pd(111) and 

Sn/PdPt(100), implying that the Hupd adsorption was suppressed on electrodes 

containing palladium or possessing the (100) surface. On these surfaces, the reaction 

mechanism should be independent of the tin coverage. 

Table 2 summarizes the maximum current densities shown by the tin-modified 

electrodes in the potential range between +0.10 V and +0.01 V vs. RHE. The nitrate 

reduction activity on the tin-modified electrodes tends to increase in the following 

order: Sn/Pt(111) ~ Sn/Pd(111) < Sn/Pt(100) < Sn/PdPt(111) < Sn/PdPt(100). The 

Sn/PdPt(100) electrode with θSn=0.81 gave rise to the highest current density of -32.1 

mA cm-2 at +0.01 V vs. RHE for the electrocatalytic nitrate reduction (Table 2). 

Previously a tin-modified palladium thin film electrode with θSn=0.77 showed -10.3 mA 

cm-2 at +0.16 V vs. RHE and its activity was the highest activity for electrocatalytic 

nitrate reduction at that time [15]. At +0.16 V vs. RHE, a current density of -12.4 mA 

cm-2 was observed for our Sn/PdPt(100) electrode with θSn=0.81. Thus, the 

Sn/PdPt(100) electrode with θSn=0.81 is highly active for the electrocatalytic nitrate 

reduction.  

The order of the electrocatalytic activity revealed that the ternary metal electrodes were 

more active to electrocatalytic nitrate reduction than the binary metal electrodes. Thus, 

the combination of three metals of tin, palladium and platinum resulted in the 

enhancement of the electrocatalytic activity for the nitrate reduction. The combination 

of these metals might modulate the adsorption ability of nitrate anions to the surface 

[16] and/or the position of the d-band center [13]. 

The order of the electrocatalytic activity also suggests that the electrocatalytic nitrate 

reduction is more efficiently catalyzed on the tin-modified (100) surface rather than on 

the tin-modified (111) surface. The difference in the electrocatalytic activity between 

the tin-modified (100) electrodes and the tin-modified (111) electrodes may be related 

to the oxidation state of tin on the electrode substrate. As mentioned in Section 3.2, 

metallic tin was mainly observed for the tin-modified (100) electrodes but divalent tin 
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species for the tin-modified (111) electrodes. Thus, a surface alloy of tin may form on 

the (100) surface, resulting in the enhancement of the electrocatalytic activity for the 

nitrate reduction. Similar results were reported on electrochemically pre-reduced 

tin-modified palladium electrodes [16], in which divalent tin species on a 

polycrystalline palladium were electrochemically reduced to metallic tin, resulting in 

the enhancement of the electrocatalytic activity for the nitrate reduction. Although 

further experimental studies are necessary to understand the origin of the high 

electrocatalytic activity of the Sn/PdPt(100) electrode, the formation of a ternary metal 

alloy on the surface may accelerate the N−O bond cleavage [16]. 

3.4. Nitrate reduction in neutral media 

Electrocatalytic nitrate reduction on metal electrodes has been extensively studied in 

acidic media, whereas a few studies are reported in neutral media [23,38]. From a 

practical point of view, nitrate reduction electrocatalysts that are active not only in 

acidic media but also in neutral media should be developed because denitrification of 

nitrate-contaminated water waste or groundwater should be performed under neutral 

conditions rather than acidic conditions. In this work, we have also performed the 

electrocatalytic nitrate reduction experiments in neutral media. Our electrochemical 

studies in neutral media mainly focused on the Pt(100) and PdPt(100) electrodes 

unmodified/modified with tin (θ ≈ 1) because the electrocatalytic activity of platinum is 

known to be extremely sensitive to the surface structure and the nitrate reduction occurs 

mainly on the well-defined (100) terraces [23].  

Electrochemical measurements in neutral media revealed that the bare Pt(100) and 

PdPt(100) electrodes showed the electrocatalytic activity for the nitrate reduction, but 

the bare Pt(111) electrode did not (Fig. 6). A characteristic reduction peak was in the 

positive going sweep observed at ca. +0.44 V vs. RHE for Pt(100) and at ca. +0.39 V vs. 

RHE for PdPt(100). The electrochemical behavior of Pt(100) or PdPt(100) in neutral 

media is similar to that previously reported for Pt(100) [23]. This characteristic 

reduction peak can be assigned to nitrate reduction at the (100) terrace sites with low 

Hupd coverage [23]. An oxidation peak was also observed for Pt(100) and PdPt(100) at 

>+0.8 V vs. RHE in the positive going scan, indicating the re-oxidation of nitrate 
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reduction products. This oxidation process might involve reactions on hyponitrous acid 

[23]. 

After the surface modification of the (100) surface with tin (θ ≈ 1), the nitrate reduction 

activity was drastically enhanced for PdPt(100). The Sn/PdPt(100) showed cathodic 

currents at <+0.4 V vs. RHE for PdPt(100) in the phosphate buffered solution 

containing NaNO3 (Fig. 6) whereas no such cathodic currents were observed in the 

absence of NaNO3 (Fig. S3), suggesting that nitrate reduction occurred on the 

Sn/PdPt(100) surface in neutral media. Interestingly, the characteristic cathodic peak 

that was observed in the positive going scan for the unmodified PdPt(100) disappeared. 

Although further studies are required to conclude the reaction mechanism on the surface 

of Sn/PdPt(100) in neutral media, the tin surface modification might suppress the 

competitive adsorption of Hupd and nitrate on the surface, resulting in the enhancement 

of the catalytic activity.  

4. Conclusions 

The tin-modified single crystalline electrodes of Pt, Pd and PdPt alloy with the (111) 

surface or the (100) surface showed electrocatalytic activity for the nitrate reduction in 

acid media and the tin-modified PdPt(100) electrode showed the highest catalytic 

activity. The tin-modified PdPt(100) electrode also catalyzed the nitrate reduction even 

in neutral media, suggesting that ternary metallic electrodes with the well-defined (100) 

surface will provide new possibilities for applications to electrocatalytic denitrification. 

XPS measurements of the tin-modified electrodes allowed us to confirm that divalent 

tin species were deposited on the (111) surfaces whereas metallic tin was the main 

species on the (100) surfaces.  

Although the reaction mechanism or the enhancement mechanism for the nitrate 

reduction remains still unclear, it is most likely that the formation of the ternary metallic 

surface alloy is associated with the high electrocatalytic activity for the nitrate reduction 

in acidic media as well as in neutral media. To understand the reaction mechanism in 

detail, the product analysis using online-mass spectroscopy (also called differential 

electrochemical mass spectroscopy, DEMS) and ion chromatography is underway in our 
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group.  
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Figure Captions 

Fig. 1 CVs of unmodified (solid traces in black) and tin-modified (solid and broken 

traces in gray) single crystalline electrodes of (a) Pt(111), (b) Pd(111), (c) PdPt(111), (d) 

Pt(100) and (e) PdPt(100). The PdPt alloy single crystalline electrodes contain 3wt% of 

Pd in Pt. The CVs were recorded at a sweep rate of 50 mV s-1 in 0.5 M H2SO4 under Ar. 

Fig. 2 XPS spectra of the tin-modified/unmodified Pt(111), Pd(111) and PdPt(111) alloy 

single crystalline electrodes (a) in the Pt 4f region and (b) in the Pd 3d region.  

Fig. 3 XPS spectra of the tin-modified/unmodified Pt(100) and PdPt(100) alloy single 

crystalline electrodes (a) in the Pt 4f region and (b) in the Pd 3d region. 

Fig. 4 XPS spectra of tin-modified single crystalline electrodes (θ ≈ 1) in the Sn 3d 

region. 

Fig. 5 CVs of unmodified or Sn-modified (a) Pt(111), (b) Pd(111), (c) PdPt(111) 

containing 3wt% of Pd, (d) Pt(100) and (e) PdPt(100) containing 3wt% of Pd. The CVs 

were recorded at 0.01 V s-1 in an aqueous electrolyte solution containing 0.1 M HClO4 

and 0.1 M NaNO3 under Ar. The CVs in the first cycle are shown. The current density 

of each CV at the positive potential limit is nearly zero.  

Fig. 6 CVs of unmodified (solid traces in gray) and tin-modified (θSn ≈ 1; solid traces in 

black) single crystalline electrodes of (a) Pt(111), (b) Pt(100) and (c) PdPt(100). The 

PdPt alloy single crystalline electrodes contain 3wt% of Pd in Pt. The CVs were 

recorded at a sweep rate of 50 mV s-1 in 0.05 M phosphate buffered aqueous solution 

containing 0.1 M NaNO3 at pH 7.2 under Ar. 
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Table Captions 

Table 1 The results of peak deconvolution analysis of the XPS Sn 3d peaks in Fig. 4 

Table 2 Maximum current densities (j) showed by the electrodes for the nitrate 

reduction at 0.01 V s-1 in aqueous solution containing 0.1 M HClO4 and 0.1 M NaNO3 

under Ar  
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Table 1 

Electrode 

Peak positions of 

XPS Sn 3d3/2 

Peak positions of 

XPS Sn 3d5/2 SnII : Sn0 

SnII Sn0 SnII Sn0 

Sn/Pt(111) 494.5 493.7 486.1 485.2 66 : 34 

Sn/Pd(111) 495.2 494.4 486.7 485.2 75 : 25 

Sn/PdPt(111) 494.9 493.4 486.1 484.8 32 : 68 

Sn/Pt(100) 493.8 492.4 485.6 484.1 25 : 75 

Sn/PdPt(100) 493.3 492.1 485.2 483.6 16 : 84 
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Table 2 

θSna E / Vb j / mA cm-2  

Pt(111) 

0 +0.01 -0.2 

0.11 +0.10 -1.6 c 

0.37 +0.09 -3.1c 

0.93 +0.01 -3.1 

Pd(111) 

0 +0.01d -2d 

0.08 +0.01 -1.7 

0.49 +0.01 -5.2 

0.99 +0.01 -2.7 

PdPt(111) 

0 +0.01 -0.1 

0.20  +0.05 -5.5 

0.75 +0.01 -8.5 

0.99 +0.01 -10.7 

Pt(100) 

0 +0.01 -0.6 

0.13 +0.01 -0.5 

0.65 +0.01 -6.3 

0.90  +0.01 -8.2 

PdPt(100) 

0 +0.01 -0.2 

0.39 +0.06  -21.3 

0.81 +0.01 -32.1 

0.99 +0.01 -26.4 

a The surface coverage of tin over the electrode surface. b The potential at which each 

electrode showed the maximum current density for nitrate reduction. c The current 

density was recorded in the negative going scan. d No current for the nitrate reduction. 


