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Highlights 20 

➢ The Sn/Pd(100) electrode exhibits NO3RR activity when the pH is below 3.8 21 

➢ The form of Sn2+ (pH < 3.8) promotes NO3
- adsorption on Sn site 22 

➢ Combination of Sn and Pd reduces the LUMO energy of adsorbed nitrate 23 

molecule 24 

➢ Protonation of NO2
- is crucial to support its reduction on the surface of Pd(100) 25 

26 
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Abstract 27 

Nitrate is a common pollutant in groundwater and endangers drinking water safety. 28 

The electrocatalytic nitrate reduction using tin-modified palladium electrode (Sn/Pd) 29 

provided a promising alternative for nitrate removal. However, the pH effect on the 30 

nitrate reduction activity of Sn/Pd and its mechanistic insights are still unclear. In this 31 

study, Sn/Pd(100) single crystalline electrodes were used as a model electrode to 32 

understand the pH effect on its nitrate and nitrite reduction activity and mechanism. 33 

Sn/Pd(100) electrodes showed the nitrate reduction activity at pH < 3.8. DFT 34 

calculations suggest that Sn2+ site can be found on Pd(100) at pH < 3.8 and promote 35 

nitrate adsorption. The copresence of Sn and Pd sites can reduce the LUMO energy of 36 

the adsorbed nitrate molecule and decrease the van der Waals electrostatic potential of 37 

the O-N bond, which promotes electron injection and protonation to nitrate. At pH > 38 

3.8, on the other hand, the formation of Sn(OH)+ or Sn(OH)2 can inhibit the 39 

adsorption of NO3
- on Sn atoms, resulting in the disappearance of the electrocatalytic 40 

activity. Sn atomic sites mainly promote the reduction step of NO3
- → NO2

-, and the 41 

subsequent NO2
– reduction reaction occurs on Pd sites. The protonation of NO2

– was 42 

crucial to the nitrite reduction on Pd(100) surface. The findings in this study would be 43 

useful to develop highly active electrocatalysts based on Sn and Pd materials for the 44 

nitrate reduction. 45 

Keywords:  46 

Tin-modified palladium(100); Electrocatalysis; Nitrate reduction; Effect of tin 47 

structures; Effect of nitrite protonation 48 

49 
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1. Introduction 50 

As a common pollutant in groundwater, nitrate (NO3) widely comes from fertilizer 51 

in agricultural activities [1], industrial wastewater leakage [2], landfill leachate 52 

infiltration [3]. Excessive nitrate in drinking water causes serious human diseases 53 

including blue baby disease, liver injury, and tumors [4]. Considering the hazard of 54 

nitrate, the maximum pollution level of nitrate is limited to 10 mg-N/L by US 55 

Environmental Protection Agency (USEPA) [5]. 56 

In recent years, electrochemical technology has been considered a feasible 57 

alternative for the nitrate removal due to its simple, stable, and efficient operation [6]. 58 

The efficiency of the electrochemical removal of nitrate depends on the 59 

electrocatalytic activity of the cathode for the nitrate reduction reaction (NO3RR). The 60 

NO3RR involves a continuous process of multi-electron transfer (Eq.1) [7] and 61 

produce a variety of reduction products including nitrite (NO2
–), nitrous oxide (N2O), 62 

nitrogen gas (N2), and ammonia (NH3): 63 

NO3
– → NO2

– → NO → N2O → N2 → NH3                                 (1) 64 

The electrochemical NO3RR is an interfacial process, and electrode materials such 65 

as single metal [8-10], alloy [11-13], and silicon-based materials [14-15] have been 66 

studied to control the reaction pathway of the NO3RR. Among the reported materials, 67 

electrodes containing Pd are known to show high product selectivity for the NO3RR 68 

to N2 [16]. However, the Pd electrode itself shows almost no NO3RR activity [17] and 69 

should be modified by other elements such as tin (Sn) as a promoter to reduce the 70 



 5 / 32 

 

interfacial reaction barrier for the NO3RR. Sn-modified Pd or alloy electrodes such as 71 

Sn/Pd [17-19] and Sn/Pd-Pt [18-19] have been studied for the NO3RR. A Sn/Pd/Au 72 

electrode shows high catalytic NO3RR activity in 0.1 M HClO4, and its activity 73 

depends on the joint action of Pd atom and Sn atom [20-21]. Sn/Pd electrodes are also 74 

known that the NO3RR is competitive with the adsorption of SO4
2- in 0.1 M H2SO4 75 

but does not affect the product composition [17]. Furthermore, Sn-modified Pd(111) 76 

and Pd(100) single crystalline surfaces show the NO3RR activity in acidic medium 77 

(0.1 M HClO4), and Sn/Pd(100) shows higher activity than Sn/Pd(111) [18-19]. The 78 

NO3RR activity of Sn-modified Pd electrodes has been mainly studied in acidic media 79 

and it seems that pH values affect the NO3RR activity of Sn/Pd electrodes. In the case 80 

of Pt electrodes, pH can affect the protonation forms of nitrite and control the reaction 81 

pathway for the nitrite reduction reaction (NO2RR) [21]. However, pH effects on the 82 

NO3RR and NO2RR activity of remain unclear for Sn/Pd(100) and Pd(100) 83 

electrodes. 84 

Herein, the pH dependence of NO3RR activity of Sn/Pd(100) single crystalline 85 

electrodes were analyzed by a combination of electrochemical measurement and 86 

density functional theory (DFT) calculation. The effects of structures of tin species 87 

and protonation of intermediate product nitrite for NO3RR were discussed. The 88 

findings of this study provided a reference for further understanding the nitrate 89 

reduction process of Sn/Pd electrode, as well as the preparation and optimization of 90 

electrode based on Sn/Pd for the NO3RR. 91 
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2. Materials and methods 92 

2.1. Samples and materials 93 

The tin(II) chloride dihydrate (purity: 97.0%), sodium nitrate (purity: 99.0%), and 94 

sodium nitrite (purity: 98.5%) used in this study were purchased from Kanto 95 

Chemical Industries, Ltd. The perchloric acid (70%, purity: 99.999%) and sulfuric 96 

acid (purity: 99.999%) were purchased from Sigma-Aldrich. Pd wire (purity: 99.99%, 97 

0.8 mmϕ) was used for the preparation of single crystalline electrodes. Milli-Q 98 

ultrapure water from a filtration system (MILLIPORE, USA) was used to prepare the 99 

electrolyte solution. 100 

2.2. Electrode preparation 101 

2.2.1 Preparation of Pd (100) single crystalline electrode 102 

The preparation method of single crystalline electrodes was the same as that of our 103 

previous research [18]. A melted Pd bead at the end of Pd wire was obtained in 104 

methane-oxygen flame. After slow cooling, the single crystal bead was obtained and 105 

the (111) and (100) facets can be observed on the Pd bead. A (100) facet was aligned 106 

to be parallel to the baseplate by He-Ne laser reflection. After the (100) facet was 107 

aligned, the Pd bead was cut by a MC-201N cutting machine (MARUTO) and then 108 

polished by a ML-150P polishing machine (MARUTO) to be the mirror plane. After 109 

polishing, the single crystalline electrode was annealed at 1100–1200℃ for 4 h. 110 

Cyclic voltammograms (CVs) of the prepared electrodes were recorded in a 0.5 M 111 

H2SO4 aqueous solution and then compared with the reported CVs [22] to confirm the 112 
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successful preparation of Pd(100) electrodes. 113 

2.2.2 Preparation of Sn/Pd(100) electrode 114 

The surface of the Pd(100) electrode was modified with Sn by immersion process. 115 

The Sn-containing solution used in this study was 0.1 mM SnCl2 aqueous solution. 116 

After the annealing in inductive heating furnace (EASY-HEAT model 0224, Ambrell) 117 

under Ar atmosphere, cooling and quenching in milli-Q water, the Pd(100) electrode 118 

covered with a droplet of Milli-Q water was transferred to the electrochemical cell, 119 

and then, the electrochemical characterization of Pd(100) surface was carried out by 120 

CV measurement in deaerated 0.5 M H2SO4 solution. When the chraracteristic CV of 121 

clean Pd(100) electrode was obtained, the Pd(100) electrode with a droplet of 0.5 M 122 

H2SO4 solution was immersed in 0.1 mM SnCl2 solution for 1-30 s, then immediately 123 

removed and rinsed by deaerated Milli-Q water, following by transferred to the 124 

three-electrode electrochemical cell to measure the CV curves in the region of 125 

underpotentially deposited hydrogen (HUPD) desorption (< +0.5 V vs. RHE) [18]. The 126 

Sn-coverage (θSn) was calculated by hydrogen desorption Faradaic charge (mC) 127 

before ( ) and after (QH) Sn-modification according to Eq. 2 [20]. 128 

                                             (2) 129 

2.3. Electrochemical analysis 130 

The CVs and linear sweep voltammograms (LSVs) were acquired by a HZ-7000 131 

electrochemical measurement system (Hokuto Denko) controlled by a computer. In 132 

this study, a three-electrode cell was constructed with Pt foil coated with platinum 133 
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black and Ag|AgCl (sat. KCl aq.) electrodes as the counter and reference electrodes, 134 

respectively. The Sn/Pd (100) electrode with different Sn-coverage was used as the 135 

working electrode. The potentials expressed in this study were converted into 136 

reversible hydrogen electrode (RHE) by Eq. 3.  137 

E(RHE) = E(Ag/AgCl) + 0.197 + 0.0591×pH                                (3) 138 

The experimental conditions for exploring the nitrate reduction behavior of 139 

Sn/Pd(100) electrode and the nitrite reduction behavior of Pd(100) electrode under 140 

different pH were shown in Table S1 and Table S2. Each pH value was measured by a 141 

pH/ORP METER D-72 Tester (HORIBA, Japan). 142 

2.4. Theoretical calculation 143 

2.4.1 Calculation of Gibbs free energy 144 

The initial structure model of Pd crystal had been given by Wyckoff [23], and 145 

published on the website of American Mineralogist Crystal Structure Database 146 

(http://rruff.geo.arizona.edu/AMS/amcsd.php) for open access. The molecular 147 

structure was constructed and optimized using BURAI 1.3 software 148 

(http://nisihara.wixsite.com/burai) and Quantum-ESPRESSO software ([24], 149 

https://www.quantum-espresso.org/). The Pd surface was simulated with 2×2 (100) 150 

cells. The ultrasoft Vanderbilt pseudopotential method with Perdew–Burke–Ernzerhof 151 

exchange-correlation functional was selected [25-26]. Using 500 eV as the 152 

plane-wave cutoff energy [27]. The vacuum thickness was set to 15 Å in calculations. 153 

The gaussian scheme was used for sampling the Brillouin zone and k-point grid of 154 

2×2×1 [28]. The relaxations of the atoms were performed until the maximum force on 155 
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any atom was below 0.03 eV/Å. The minimum energy (EDFT) (eV) of the structure can 156 

be obtained after optimization. 157 

After the molecular structure optimization, the atomic coordinates of the lowest 158 

energy structure can be obtained. And then the .cube file containing the atomic 159 

coordinates of this structure can be obtained through the pp.x program 160 

(https://www.quantum-espresso.org/Doc/INPUT_PP.html) of Quantum-ESPRESSO 161 

software. After obtaining the .cube file, the input file of ORCA 5.0.0 software 162 

(https://orcaforum.kofo.mpg.de/) [29] can be generated by Multiwfn software 163 

(http://sobereva.com/multiwfn/) [30], and the zero point energy (ZPE) (eV) and 164 

entropy (TS) (eV) at 298.15 K can be obtained by Frequency calculation using ORCA 165 

5.0.0 software with the b97-3c basis group. 166 

The Gibbs free energy (G) (eV) was calculated by Eq. 4. 167 

G = EDFT + ZPE – TS                                               (4) 168 

In this study, the correction of the adsorption Gibbs free energy change of NO3
- in 169 

aqueous (G(NO3
–)) was based on the method in reference [31]. Firstly, the Gibbs 170 

free energy change of gaseous HNO3 (G(HNO3)) was calculated. Then, the 171 

G(NO3
–) was corrected by considering two thermodynamic processes: (i) the 172 

conversion of HNO3 (g) into liquid HNO3 (HNO3 (l)), and (ii) the dissociation of 173 

HNO3 (l) into NO3
-. Specifically, the Gibbs free energy change of HNO3 (l) 174 

evaporation can be calculated from the Gibbs free energy difference (0.075 eV) 175 

between the standard products of HNO3 in liquid phase and gas phase [32]. Moreover, 176 

the Gibbs free energy of HNO3 (l) formed by NO3
- in aqueous solution is 0.317 eV 177 
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[33]. Therefore, the correction process can be described as Eq. 5 (The unit in the 178 

equation is eV). In addition, the Gibbs free energy of electrons (G(e–)) in the 179 

structures (Sn2+/Pd(100) and Sn(OH)+/Pd(100)) were corrected by using the result 180 

(G(e–) = -0.038 eV, 298.15 K, 1 bar [33]). 181 

G(NO3
–) = G(HNO3) + 0.075 + 0.317                              (5) 182 

2.4.2 Calculation of density of states (DOS) 183 

The changes of DOS were calculated by the BURAI 1.3 software. The energy of 184 

the lowest unoccupied molecular orbital (LUMO) was determined at the position 185 

higher than the 0 eV vs Ef in the DOS diagram. 186 

2.4.3 Calculation of van der Waals electrostatic potential (ESP) 187 

In this study, ESP and extreme point were calculated by Multiwfn software [30]. 188 

Before using Multiwfn software for calculation, it is necessary to obtain the input file 189 

containing the basis function (such as the .molden file output from ORCA 5.0.0 190 

software). Therefore, firstly the .molden file was obtained after optimizing the 191 

structure by ORCA 5.0.0 software. In addition, modify the [atoms] section in the 192 

molden file to the actual number of nuclear charges base on the Multiwfn standard 193 

manual before calculating ESP 194 

(http://sobereva.com/multiwfn/Multiwfn_manual.html). 195 

2.5. Curve fitting analysis 196 

The reduction current change of nitrate or nitrite at different pH is a dose-dependent 197 

reaction, and those kinds of reactions can be fitted by Logistic model [34]. In this 198 
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study, the Logistic model was fitted by the Origin software (OriginLab, USA), and the 199 

equation can be described as Eq. 6 200 

(https://www.originlab.com/doc/Origin-Help/Logistic-FitFunc).  201 

                                                (6) 202 

Where, y represents the objective function value (in this study it was the reduction 203 

current density (mA/cm2)),  is the independent variable (in this study it was the pH 204 

value). A1 and A2 is the maximum and minimum value (mA/cm2) of .  represents 205 

the value of  when  equals half of A2, and  is the slope of the curve at  = 206 

.  207 

In this study, we need to observe the pH value at the fastest decreasing of reduction 208 

current density that can be achieved by calculating the inflection point ( ) of the 209 

curve (that is, the second derivative of  equals 0). According to the method of 210 

Origin software (https://www.originlab.com/doc/Origin-Help/Logistic-FitFunc), the 211 

relationship of ,  and  can be described by Eq. 7. The curve fitting results 212 

and inflection point information were presented in Supporting Materials Table S5. 213 

                                                      (7) 214 

3. Results and discussion 215 

3.1. Nitrate reduction behavior of Sn/Pd(100) at different pH values 216 

In order to confirm the preparation of electrodes, CVs of Pt(100) and Sn/Pd(100) 217 

were recorded in 0.5 M H2SO4 aqueous solution under Ar (Fig. 1a). For the Pd(100) 218 

electrode, the current peaks corresponding to the adsorption and desorption of HUPD 219 
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were observed at 0.25 V and 0.34 V vs. RHE, respectively, in a 0.5 M H2SO4 aqueous 220 

solution, which was consistent with the results previously reported [22]. For 221 

Sn/Pd(100), the surface modification with Sn decreased the current density for HUPD. 222 

This result is similar to those of Sn/Pd electrodes [35]. LSVs of Pd(100) and 223 

Sn/Pd(100) electrodes for the NO3RR were recorded in 0.1 M HClO4 (Fig. 1b). The 224 

unmodified Pd(100) electrode had no nitrate reduction activity because there is almost 225 

no difference of LSVs of Pd(100) in the presence and absence of nitrate. In contrast, 226 

reduction currents with an onset potential of about 0.35 V vs. RHE were observed in 227 

the LSV of Sn/Pd(100) in the presence of nitrate, which was attributed to the 228 

reduction of nitrate. 229 

The nitrate reduction activity of the Sn/Pd(100) electrode depends on the pH value 230 

of the electrolyte solution. The cathodic currents for the nitrate reduction decreased as 231 

the pH value increased (Fig. 1c). The relationship between pH and nitrate reduction 232 

current was obtained referring to the current density values of the LSV curves at 0.3 V 233 

vs. RHE (Fig. 1d). It is worth noting that θSn also holds the potential to contribute to 234 

fluctuations in NO3RR current density. Yet, achieving quantitative control over θSn 235 

during the preparation of Sn/Pd(100) using the immersion process proves challenging. 236 

What is certain is that at the potential of 0.3 V vs. RHE, with a nitrate concentration 237 

of 10 mM, and under the same pH conditions, the change in NO3RR current density 238 

of Sn/Pd(100) caused by θSn can be limited to within 1 mA/cm² [19][35]. 239 

Consequently, Fig. 1d can be interpreted as representing changes in NO3RR activity 240 
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predominantly driven by pH levels. 241 

Overall, the nitrate reduction current decreased slowly in the pH range of 1 to 2, 242 

while decreased rapidly in the pH range of 2 to 4. When the pH exceeded 4, there was 243 

almost no nitrate reduction current can be observed. The curve fitting analysis gives 244 

an inflection point at about pH 2.6. This indicates that structural changes of tin species 245 

or protonation/deprotonation of nitrate or tin species occur at this pH and would be 246 

critical to showing the nitrate reduction activity for Sn/Pd(100). More details on the 247 

origin of this pH effect are discussed in the following section based on results of DFT 248 

calculation. 249 

 250 

Fig. 1. (a) CVs of Pd(100) (the trace in black) and Sn/Pd(100) (the trace in red). Experimental 251 

condition: 0.5 M H2SO4; sweep rate: 20 mV/s; θSn = 78.8%. (b) LSVs of Pd(100) and Sn/Pd(100) for 252 

the nitrate reduction reaction. The LSVs of Pd(100) recorded in 0.1 M HClO4 containing 0 mM and 10 253 
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mM sodium nitrate at pH 1.04 and 1.13 under Ar, respectively. The LSVs of Sn/Pd(100) with θSn of 254 

61.7 and 80.6% recorded in 0.1 M HClO4 containing 0 and 10 mM sodium nitrate at pH 1.11 and 1.07 255 

under Ar, respectively. All LSVs were recorded at 20 mV/s. (c) Representative LSVs of Sn/Pd(100) 256 

recorded in 0.1 M HClO4 containing 10 mM sodium nitrate at different pH values under Ar. (d) The 257 

relationship between pH values and current densities of Sn/Pd(100) at 0.3 V vs. RHE for the nitrate 258 

reduction reaction. The experimental conditions are shown in Table S1. 259 

 260 

3.2. Effects of Sn structures on nitrate reduction under different pH value 261 

3.2.1 Nitrate adsorption capacity of Sn sites 262 

The structural change of Sn species at different pH can affect the nitrate reduction 263 

activity of the Sn/Pd(100) electrode. Previously reported X-ray photoelectron 264 

spectroscopy (XPS) results confirmed that Sn2+ species were mainly found in 265 

Sn-modified Pd or Pd-Pt electrodes [18, 36, 37]. The existing form of stannous ions 266 

(Sn2+) at different pH values can be predicted by Pourbaix diagram [38-39]: Sn2+ are 267 

stable at pH < 3.8; Sn(OH)+ can be found at 3.8 < pH < 4; and Sn(OH)2 can be 268 

dominant at pH > 4 [40].  269 

It had been confirmed that the initial steps of nitrate reduction include: i) the 270 

adsorption process of nitrate at the active site (Eq. 8) [41]; ii) Electron injection into 271 

the nitrate molecule (Eq. 9) [42]; iii) Removal of an oxygen atom from the nitrate 272 

molecule by electrophilic attack of H+ (Eq. 10) [43]. 273 

NO3
− → NO3

−
(ad)                                                  (8) 274 

NO3
−

(ad)  + e−  → NO3
2−

(ad)                                           (9) 275 

NO3
2−

(ad)  + 2H+ + e−  →NO2
-
(ad)  + H2O                                (10) 276 
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To understand the pH effect of the Sn atomic site change on the nitrate reduction 277 

reaction at Sn/Pd (100) electrode, the changes of Gibbs free energy (G) of the nitrate 278 

adsorption on Pd(100), single Sn atom, and Sn/Pd(100) with different Sn species of 279 

Sn2+, Sn(OH)+, and Sn(OH)2 were calculated by density functional theory (DFT) (Fig. 280 

2). Pd(100) without Sn modification shows the rise of G during the nitrate 281 

adsorption process, indicating that the process was not spontaneous. This result is in 282 

good agreement with the experimental result of the Pd(100) electrode for the nitrate 283 

reduction reaction (Fig. 1b) and previously reported calculations of G of the nitrate 284 

adsorption to Pd [31]. In contrast, a strong nitrate adsorption occurs to the single Sn 285 

atom with G of -2.57 eV. Therefore, the nitrate adsorption, which is the first step of 286 

the nitrate reduction processes, occurs at the Sn site [44]. 287 

A G value for the nitrate adsorption on Sn2+/Pd(100) was calculated to be -0.15 eV. 288 

Although it was higher than that of the nitrate adsorption process at the single Sn 289 

atom, the modification of Sn2+ promotes the adsorption of nitrate on the surface of 290 

Sn/Pd(100) thermodynamically. The energy comparison between N- and O-bonded 291 

nitrate to Sn2+ also reveals that the Sn-O formation between nitrate and Sn2+ is more 292 

favorable on Sn/Pd(100) (Fig. 2c). In our DFT calculation, Sn(OH)+/Pd(100) and 293 

Sn(OH)2/Pd(100) have no nitrate adsorption capacity for Sn/Pd(100), which have the 294 

increasing G value for the nitrate adsorption of 0.22 and 0.39 eV (Fig. 2d and Fig. 295 

2e), respectively. The above results were attributed to the formation of Sn-O bond by 296 

the bonding between OH- and Sn atom deprived the Sn 2p orbital electrons that 297 
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supported the bonding between NO3
- and Sn atom at the low energy level, thus it was 298 

difficult for nitrate to bond with Sn 2p orbital electrons. This part was discussed in 299 

detail in section 3.2.2. Since Sn(OH)+ and Sn(OH)2 is dominant at pH > 3.8, almost no 300 

current of the Sn/Pd(100) electrode for the nitrate reduction reaction was detected (Fig. 301 

1c and Fig. 1d). 302 

 303 

Fig. 2 The changes of Gibbs free energy (G) during NO3
- adsorption on Pd(100) (a), Sn atom (Sn0) 304 

(b), Sn2+/Pd(100) (c), Sn(OH)+/Pd(100) (d), and Sn(OH)2/Pd(100) (e) at 0 V vs. RHE. 305 

 306 

3.2.2 Electron affinity of nitrate adsorbed on Sn sites 307 

According to the results of structural optimization, Sn atom seemed to be repulsive 308 

to N atom, but attractive to O atom, which meant that the formation of Sn-O bond can 309 

weaken N–O bonding in the NO3
- molecule. Similar results had been observed in a 310 

previous report on Sn-Pt materials that Sn changed the local electron density of its 311 

bonding atoms, and then affecting the coulomb force between the bonding atoms and 312 

other atoms [45]. The binding of nitrate to Sn sites should also change the molecular 313 

orbitals of nitrate molecules.  314 

In this viewpoint, the lowest unoccupied molecular orbital (LUMO) energies of 315 
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nitrate molecules after binding to different Sn sites were explored by density of states 316 

(DOS) analysis (Fig. 3). For the nitrate reduction, the injection of electrons into the 317 

anti-bonding molecular orbital of N–O is necessary to break N–O bonding and the 318 

LUMO is placed at about 2.3 eV (Fig. 3a). The result of high electron injection energy 319 

barrier of nitrate molecule was also mentioned in the study of da Cunha and 320 

co-workers [46]. The LUMO energies of nitrate were reduced to 1.3 eV and 2.0 eV 321 

after the adsorption to a single Sn atom (Fig. 3b) and Pd(100) (Fig. 3c), respectively. 322 

Both Sn atom and Pd atom contribute to reducing the LUMO energy of nitrate and 323 

promoting electron injection. Because the Sn atomic site more significantly reduce the 324 

nitrate reduction barrier than the Pd atomic site, Sn atom is the main active site for the 325 

NO3RR. 326 

The partial density of states (PDOS) of 2p orbital shown that in Sn0 the 2p orbital 327 

electron of Sn atom near 1.3 eV can effectively form a covalent bond with the 2p 328 

orbital electron of O atom in nitrate molecule (Fig. 4a). Sn2+ in Sn2+/Pd(100) can also 329 

form a bond with nitrate molecule near 1.5 eV, and achieved the decreasing LUMO 330 

energy for nitrate molecule (Fig. 3d and Fig. 4b). Therefore, in the range of pH < 3.8, 331 

Sn/Pd(100) electrode can effectively adsorb nitrate molecule and reduce the LUMO 332 

energy of nitrate molecules, which promoted electron injection into nitrate molecule 333 

and nitrate reduction. 334 

On the other hand, when nitrate was connected with Sn(OH)+/Pd(100) and 335 

Sn(OH)2/Pd(100), LUMO energy of nitrate molecule was increased to 2.7 and 2.8 eV, 336 
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respectively (Fig. 3e and Fig. 3f). This phenomenon can be easily understood through 337 

the PDOS calculation results of 2p orbital. During the formation of Sn(OH)+/Pd(100) 338 

or Sn(OH)2/Pd(100), the electrons of O atom in OH- mainly overlapped with 2p 339 

orbital electrons in Sn atom near 1.3 eV to form Sn-O bond (Fig. 4c and Fig. 4d). 340 

Thus the binding of nitrate based on Sn(OH)+/Pd(100) or Sn(OH)2/Pd(100) mainly 341 

through the 2p orbital electrons of Sn atoms near 2.5 eV. This meant that in the above 342 

case, the formation of Sn-O bond will raise the LUMO energy of nitrate molecule. 343 

Therefore, Sn/Pd(100) was difficult to achieve effective electron injection into nitrate 344 

molecules when pH > 3.8, and loss nitrate reduction activity. 345 

 346 

Fig. 3 Density of states (DOS) diagram of different structures. (a) nitric acid; (b) nitrate combination 347 

with Sn0; (c) nitrate combination with Pd(100); (d) nitrate combination with Sn2+/Pd(100); (e) nitrate 348 

combination with Sn(OH)+/Pd(100); (f) nitrate combination with Sn(OH)2/Pd(100).(Ef is the Fermi 349 

energy) 350 
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 351 

Fig. 4 Partial density of states (PDOS) diagram of different structures. (a) nitrate combination with Sn0; 352 

(b) nitrate combination with Sn2+/Pd(100); (c) nitrate combination with Sn(OH)+/Pd(100); (d) nitrate 353 

combination with Sn(OH)2/Pd(100). (Ef is the Fermi energy) 354 

 355 

3.2.3 Electrophilic reactivity of nitrate molecule after connected with Sn sites 356 

In this study, the electrostatic potential (ESP) of nitrate and nitrate adsorbed by 357 

Sn/Pd(100) was calculated to further explore the influence of adsorption process on 358 

nitrate. The ESP at the point coordinate r can be calculated by Eq. 11 [47] 359 

                                           (11) 360 

where A is the type of nucleus in the molecule, Z is the number of nuclear charges. RA 361 

and r
，

 is the coordinate of the nucleus and extranuclear electrons, respectively. The 362 

averaged electron number in each volume element dr is given by the electronic 363 

density function (ρ(r)). |RA − r| represents the distance between nucleus and the point r, 364 

just as |r
，

− r| is the distance between each extranuclear electron and the point r. ESP 365 
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indicates the total electrostatic interaction energy between a unit positive charge at the 366 

point coordinate r and system (nucleus and extranuclear electrons). 367 

The van der Waals surface is defined as an isosurface with an ρ(r) of 0.001 e/Bohr3 368 

[48]. This can provide a measure of electrophilic / nucleophilic attacks between 369 

molecules [49]. Generally, the more negative the ESP is, the more likely it is to react 370 

with the positively charged species like H+ [50]. The ESP of O atoms in nitrate 371 

molecule decreases significantly after binding with a single Sn atom (Fig. 5a and Fig. 372 

b), which can be attributed to the increase of the number of electrons near O atoms by 373 

the overlap of Sn and O orbital after Sn-O bonding. In addition, when nitrate molecule 374 

was directly connected to Pd(100), the ESP of O atoms in nitrate also decreased 375 

significantly (Fig. 5c), which means that there is also orbital overlap between Pd atom 376 

and O atom. Because of both Sn and Pd atoms are beneficial to reduce the ESP of O 377 

atom in the nitrate molecule, the adsorption of nitrate to Sn/Pd(100) promotes the 378 

electrophilic attack of H+ on nitrate molecule, that is, promotes Eq. 10 during 379 

electrolysis. 380 

Moreover, although the ESPs of all O atoms in the nitrate molecule were decreased 381 

significantly after the adsorption on Sn/Pd(100) , the lowest ESP was obtained at the 382 

O atom that has the farthest distance from the binding site (Fig. 5d). Therefore, during 383 

the process of H+ based electrophilic reaction, the farthest O atom can be protonated 384 

first. 385 
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 386 

Fig. 5 (a) The electrostatic potential (ESP) of nitric acid molecule; (b) The ESP of nitrate absorbed by 387 

single Sn atom; (c) The ESP of nitrate binded to Pd(100); (d) The ESP of nitrate absorbed by 388 

Sn/Pd(100). 389 

In summary, Sn/Pd(100) shows the nitrate reduction activity at pH < 3.8, where 390 

Sn2+ can be involved in the adsorption of nitrate on the Sn/Pd(100) electrode. The 391 

LUMO energy of nitrate can be decreased by the adsorption on Sn and Pd atoms. The 392 

nitrate adsorption process also reduced the ESP of O atoms in the nitrate molecule, 393 

which was advantageous to the protonation of nitrate. 394 

 395 

3.3. Effect of pH on the nitrite (NO2
–) reduction reaction catalyzed at Pd(100) 396 

Although results of DFT calculations indicate that the nitrate reduction reaction can 397 

be catalyzed at the Sn/Pd(100) electrode at pH < 3.8, the decrease of the cathodic 398 
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currents is observed even at pH < 3.8 (Fig. 1d). To further explore the continuous 399 

reduction process for the nitrate reduction reaction, the nitrite reduction reaction at 400 

Pd(100) was studied. For the nitrite reduction reaction, Pd itself works as an active 401 

site [51-52]. It is necessary to further confirm which is the main active site for the 402 

nitrite reduction, the Sn or Pd site. 403 

Fig. 6a shows linear sweep voltammograms of the Pd(100) electrode for the nitrite 404 

reduction at different pH values. A peak was observed with onset and peak potentials 405 

at about 0.6 and 0.4 V vs. RHE, respectively. Moreover, at pH lower than 2.58, the 406 

formation of reduction current can also be observed near the electrode potential of 0.1 407 

V vs. RHE. The above results were consistent with the previous observation of nitrite 408 

reduction in 0.1 M HClO4 using Pd electrode [51]. The pH dependence of CV curves 409 

of the Sn/Pd (100) electrode was basically the same as that of the Pd(100) electrode 410 

without Sn modification (Fig. S1). This phenomenon means that Sn modification 411 

plays no significant role in the nitrate reduction and the nitrite reduction mainly 412 

occurs at the Pd atomic site. This result was also consistent with the previous 413 

observation that Sn modification had almost no effect on the electrochemical 414 

reduction of nitrite by Pd electrode in 0.1 M HClO4 [51]. The thermodynamic results 415 

of the nitrite reduction obtained from DFT calculations also support the experimental 416 

results: the nitrite reduction at the Sn atomic site on the surface of Sn2+/Pd(100) gave 417 

a positive G value. Thus, the reduction of nitrite occurs at the Pd atomic site (Fig. 418 

6b). In this study, we mainly focused on the reduction behavior of nitrite at Pd atomic 419 
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site. 420 

The nitrite reduction current densities of Pd(100) at 0.1 and 0.4 V vs. RHE at 421 

different pH were extracted and then plotted as the pH dependence curve, as shown in 422 

Fig. 6c-6d. Almost no current densities were observed at higher pH values than the 423 

pKa value of HNO2 (3.25). At pH < pKa (HNO2), HNO2 is dominant in solution while 424 

NO2
- at pH > pKa (HNO2) (Eq. 12).  425 

NO2
- + H+ ⇌ HNO2          (pKa = 3.25)                          (12) 426 

Previous study has shown that the direct reduction of NO2
- by Pd electrode is 427 

difficult which depends on the chemical reaction between adsorbed species (Pd-H and 428 

Pd-NO2
-) formed at Pd atomic sites [53]. More importantly, the formation of Pd-NO2

- 429 

was also limited by the competition of Pd-H, makes the Pd-NO2
- difficult to be 430 

formed [53]. Thus, the formation of HNO2 seems very important to mediate the 431 

continuous reduction of nitrite on the surface of Pd (100) according to Fig. 6c-6d. 432 

To understand the nitrite reduction mechanism, we should consider the 433 

disproportionation of HNO2 under acidic conditions. Previous studies had confirmed 434 

that HNO2 was unstable under acidic conditions and promoted the formation of NO 435 

(Eq. 13) [54-55].  436 

2HNO2 ⇌ NO + NO2 + H2O                                       (13) 437 

NO can quickly adsorb at Pd atoms on the Sn/Pd(100) surface (Eq. 14).  438 

NO + Pd* → Pd*NO                                             (14) 439 

This process can be confirmed by DFT calculations in this study: G of NO 440 
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adsorbed by Pd atoms (-2.29 eV) was much lower than that of H+ (-0.63 eV). These 441 

results were also consistent with previous results of FTIR studies on the NO 442 

adsorption on the surface of Pd atoms [56].  443 

Moreover, the direct reduction of HNO2 can also promote the formation of 444 

adsorbed NO (Eq. 15) [57].  445 

HNO2 + H+ + e- → NOads + H2O                                    (15) 446 

After the formation of the adsorbed NO, it can react with HNO2 in solution and 447 

then N2O is produced (Eq. 16) [57]. These processes can occur in the potential range 448 

between 0.3 and 0.5 V vs. RHE [21]. Therefore, the peak at about 0.4 V vs. RHE for 449 

the nitrite reduction (Fig. 6a) can be attributed to the process of Eqs. 14-16 and finally 450 

promote the formation of N2O.  451 

HNO2,aq + NOads + 3H+ + 3e-→ N2O + 2H2O                           (16) 452 

The above discussion also can be confirmed from our previous results of 453 

differential electrochemical mass spectrometry (DEMS) that N2O was dominant in the 454 

gaseous products of nitrate reduction by Sn/Pd (100) electrode (0.2 V vs. RHE) [19]. 455 

Cathodic currents at 0.1 V vs. RHE can be attributed to the conversion of HNO2 to 456 

NH3OH+ (Eq. 17) [58].  457 

HNO2 + 5H+ + 4e- → NH3OH+ + H2O                                (17) 458 

From a kinetic point of view, Eq. 17 highly depends on the concentration of H+ 459 

rather than Eqs. 15-16. Therefore, compared with the cathodic currents near 0.4 V vs. 460 

RHE, the cathodic currents near 0.1 V vs. RHE decrease more quickly as pH values 461 
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increase (Fig. 6c). 462 

In conclusion, since the occurrence of Eqs. 13-17 depended on the formation of 463 

HNO2, the dissociation of intermediate nitrite was the main reason for the decreasing 464 

nitrite reduction current of Pd(100) electrode with the increasing pH value in the 465 

range of pH < 3.8. This also means that adjusting the suitable pH value to control the 466 

degree of protonation of nitrite in intermediate products would be very important to 467 

maximize the nitrate reduction efficiency to design or develop practical 468 

electrocatalytic systems in the future. 469 

 470 

Fig. 6 (a) the nitrite reduction behavior of Pd(100) under different pH values; (b) the Gibbs free energy 471 

change of nitrite reduction at Sn atomic site and Pd atomic site (0 V vs. RHE); (c) the current values of 472 

nitrite reduction by Pd(100) at 0.1 V vs. RHE under different pH value; (d) the current values of nitrite 473 

reduction by Pd(100) at 0.4 V vs. RHE under different pH value. The experimental conditions for Fig. 474 

6(a), 6(c), and 6(d) were provided in Table S2. 475 
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3.4. Mechanism analysis 476 

Based on the results of this study, the effect mechanism of pH on Sn/Pd(100) for 477 

nitrate reduction can be described as follows (Fig. 7): 478 

(i) pH < pKa (HNO2) = 3.25 479 

The adsorption and reduction processes of NO3
- at Sn atomic site were remarkable. 480 

The intermediate product of HNO2 mediated its decomposition on Pd surface and 481 

promote the formation of N2O and NH3OH+. The nitrate reduction current was 482 

decreased with the decreasing percentage of intermediate HNO2 controlled by pH. 483 

(ii) pKa(HNO2) = 3.25 < pH < 3.8 484 

The conversion from NO3
- to NO2

- on the electrode surface can be occurred. The 485 

deprotonation of HNO2 lead to the decreasing of overall nitrate reduction current. 486 

(iii) pH > 3.8 487 

The Sn site is evolved into Sn(OH)+ or Sn(OH)2, which lost the adsorption capacity 488 

of NO3
-, and the electrode activity disappeared. 489 

 490 

 491 

Fig.7. The mechanism of different pH values on the activity of Sn/Pd(100) for nitrate reduction 492 

 493 
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4. Conclusions 494 

In this study, the effect of pH value for the nitrate reduction by the Sn/Pd(100) 495 

electrode was evaluated. At <pH 3.8, the Sn/Pd(100) electrode had nitrate reduction 496 

activity with Sn atomic sites in the form of Sn2+, where (i) Sn atomic sites promoted 497 

nitrate adsorption; (ii) the combined action of Sn and Pd atoms can reduce the energy 498 

level of the LUMO of the nitrate molecule and the van der Waals electrostatic 499 

potential of the O-N bond, which promoted electron injection into nitrate as well as 500 

protonation to nitrate. At >pH 3.8, the formation of Sn(OH)+ or Sn(OH)2 inhibits the 501 

adsorption of NO3
- on Sn atoms, resulting in no electrocatalytic activity for the 502 

NO3RR. Sn atom sites mainly support the reduction step of NO3
- to NO2

-, and the 503 

subsequent continuous reduction mainly occur on Pd atom sites. The protonation of 504 

NO2
– is crucial to the nitrite reduction on Pd(100) surface and therefore the 505 

deprotonation of HNO2 reduces the overall current density for the nitrite reduction. 506 

The findings in this study will encourage us to understand the nitrate reduction 507 

mechanism at Sn/Pd electrodes and develop novel approaches or substrate materials, 508 

specifically those capable of safeguarding and sustaining Sn2+ on the electrode's 509 

surface, which is critical for efficient NO3RR performance in applications. 510 
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