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A B S T R A C T

Denitrification to gaseous N2 is the best strategy for treating water samples with low nitrate contamination. Tin- 
based M − Sn electrodes exhibit high nitrate reduction rates with minimal ammonia production. M (Cu or Zn) 
and Sn metals serve as active sites for deoxygenation and hydrogenation reactions, respectively. This study 
synthesizes M − Sn bimetallic electrodes used for nitrate reduction reaction (NO3

- RR). The layered plating 
sequence of metals critically influences nitrate reduction pathways and regulates N2 selectivity. Both Cu and Zn 
metals can directly mediate the first electron transfer step through phase transformation, generating NH3 and 
NO2

– as predominant intermediates, respectively, at varying applied potentials. Sn coating enhances hydrogen 
(H•) adsorption on the Cu or Zn sublayer, increasing N2 selectivity and faradaic efficiency to over 90 % at a 
working potential of − 1.0 V (vs. RHE). Energy state calculations clarify that neighboring H on Sn domains lowers 
the barrier for adsorbed oxygenated nitrogen species on M metals. When Sn is plated as the top layer in Sn1Cu1 
and Sn1Zn1 coatings, a consistently high N2 selectivity and low electrical energy per order (EE/O < 0.25 kWh 
m− 3) are achieved during cycling electrolysis of real wastewater (NO3

– ~ 500 mg-N L-1, current density = 10 mA 
cm− 2).

1. Introduction

Nitrogen compounds, including nitrate (NO3
–), nitrite (NO2

–), 
ammonium (NH4

+), gaseous N2 and, organic nitrogen, are transported 
through the nitrogen cycle in natural environment [1]. Nitrogen species 
are regarded as macronutrients, but their excess, mainly from anthro
pogenic activities, will lead to eutrophication [2]. Due to their high 
solubility and widespread presence in water bodies, oxygenated nitro
gen like NO3

– and NO2
– easily contaminates the surface water and 

groundwater through runoff and irrigation. NO3
–/NO2

– pose significant 
risks to ecosystems and human health. Excessive intake of NO3

– can cause 
methemoglobinemia in infants, a condition resulting from hemoglobin 
oxidation, leading to reduced oxygen capacity in red blood cells [3]. 
Additionally, NO2

– in foods has been associated with increased risks of 
cancer, diabetes, and miscarriage in pregnant women [4]. The USEPA 
has established a standard level of 10 mg-N L-1 and 1 mg-N L-1 for nitrate 
and nitrite, respectively, in drinking water [5].

Current treatment technologies for nitrate wastewaters include 
physical separation and biochemical reduction methods. Reverse 
osmosis (RO) is commonly used to recover the nitrate ions [6]; 

nevertheless, the high cost of selective membranes and the issue of 
fouling limit its application. Biological denitrification utilize denitrify
ing bacteria to reduce nitrate to gaseous N2 in an anaerobic environment 
[7]. However, the microbial growth is slow, and less effective due to the 
large space required for the installation of active sludge systems. The 
electrochemical nitrate reduction reaction (NO3

- RR) minimizes second
ary waste since the only chemical reagents required are electrons, driven 
by a specific applied potential [8]. This method offers advantages such 
as environmental compatibility, energy efficiency, and cost- 
effectiveness. The selection of electrode materials that can effectively 
mediate electron transfer to different nitrogen species is essential for the 
success of treating various types of wastewaters [9]. NO3

- RR has been 
explored as a potential alternative approach to the Haber–Bosch process 
for synthesizing NH3 from nitrogen (N2) reduction, as NH3 emerges as an 
important carbon-free energy carrier [10]. However, the low nitrate 
concentrations (typically 10–100 s mg L-1) in waste streams, like agri
cultural and municipal wastewater, combined with the presence of 
complex chemical matrices, can limit the feasibility of NH3 or urea 
generation [11]. Additionally, challenges like low economic viability 
and overall environmental impacts constrain NO3

- RR to NH3 
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applications. In the realm of environmental engineering, therefore, the 
nitrate reduction to the harmless nitrogen gas (N2) is the most practical 
and sustainable pathway [12].

Accordingly, NO3
- RR involves a sequence where NO3

– is directly 
reduced to NO2

–, followed by hydrogenation to species with lower 
oxidation states, such as NO, N2O, N2, NH2OH, and NH3 [13]. To 
enhance the reduction efficiency, a strategy of tuning two distinct 
adsorption sites, i.e., O-metal and H-metal, on electrodes is normally 
employed [14]. The selectivity of NO3

– to either NH3 or N2 heavily de
pends on the strength of adsorbed H• on the metals [15]. In our previous 
work, Cu2O-to-Cu transformation, particularly on Cu(111) facet, under 
cathode potential exhibited the excellent catalytic activity in NO3

–-to- 
NO2

– step [16]. Other transition metals like Fe, Co, and Zn, which were 
relatively reductive than Cu, also possessed the cathode current den
sities in direct reduction at various potentials [17,18]. On the other 
hand, Sn is a non-noble metal catalyst effective in the hydrogenation 
step for perchlorate and carbon dioxide reduction. A Pd5Sn(200)95 
electrode was previously synthesized for NO3

- RR, with high N2 selec
tivity of over 85 % [19].

During NO3
- RR, surface Sn tended to passivate as hydroxides 

covering the Sn base. When a negative potential exceeding the redox 
potential between Sn(OH)2(S) and Sn was applied, solid-state diffusion of 
Sn into the bulk could lead to electroactivity loss [20]. Introducing a 
second noble metal, such as Pd and Pt [21], helped maintain H-enriched 
surfaces, preserving the integrity of the bimetallic electrode. On bime
tallic M − Sn electrodes, transition metals, Cu or Zn, as M sites are hy
pothesized to act as primary mediators, where the phase transition of M 
(I)/(II) ⇌ M0 governs the electron transfer from NO3

–
(ad) to NO2

–
(ad) 

[22–24]. Consequently, Sn passivation is mitigated during hydrogena
tion, facilitating the further reduction of oxygenated nitrogen to N2. This 
study aims to tune the layered-plating mode on bimetallic electrodes to 
improve NO3

- RR efficiency. The crystalline orientation of M and Sn is 
correlated with N2 selectivity, as well as the faradaic efficiency and 
charge transfer kinetic. A real electroplating wastewater containing ni
trate (with very dilute chloride concentration) is treated using constant 
current electrolysis, in which the durability of the M − Sn electrode is 
examined.

2. Materials and methods

2.1. Electroplating of M-Sn electrodes

Bimetallic M − Sn electrodes were fabricated using a layered-plating 
method with a Ni foam (NF 94 pore per inch, Innovation Materials Co., 
Ltd, Taiwan) as the substrate. An electroplating cell was assembled with 
an NF cathode and a commercial dimensionally stable anode (DSA, 
IrO2/Ti). The pristine NF was initially soaked in acetone and H2SO4 for 
1 h to remove the grease and other residues. Plating baths for Cu, Zn, and 
Sn were prepared using 0.05 M CuCl2 (Honeywell) in H3PO4 (Honey
well), 0.05 M ZnSO4⋅7H2O (Thermo Scientific) in 0.1 M H3BO3 (J.T. 
Baker) and H3PO4, and 0.05 M SnCl2 (Alfa Aesar) in H2SO4 (Honeywell), 
respectively. The pH of each plating solution was adjusted using 
respective phosphoric or sulfuric acid, and the plating temperature was 
maintained at 25 ◦C using a circulating water bath. 1-fold critical micelle 
concentration of BZT (1.78 × 10-3 M benzethonium chloride, 
C27H42ClNO2, Sigma Aldrich) was added in each of plating baths as the 
modifier. The mode of metal deposition was adjusted by sequential 
electrolysis at a constant current density of 50 mA cm− 2, transferring the 
NF substrate between different bathes, as shown in Fig. 1; including Sn 
as the intermediate layer and M (Cu or Zn) as the surface layer: M3Sn1/ 
NF, M1Sn1/NF, and M1Sn3/NF, and configurations with an intermediate 
M layer and Sn surface layer: Sn3M1/NF, Sn1M1/NF, and Sn1M3/NF. The 
subscript numbers represent the plating duration in minutes. Each layer 
of metal coating was rinsed with 0.1 M H2SO4 and deionized water in the 
ultrasonic batch, and the obtained bimetallic electrodes were dried in 
the vacuum before use.

2.2. Nitrate electrolysis

The electrochemical characteristics and behavior of NO3
- RR on M −

Sn/NF electrodes were analyzed on a potentiostat (CHI611C, CH In
struments, Inc., Austin, TX, USA), with an Ag/AgCl (3 M NaCl) (E0 =

0.195 V, RE-1B, ALS Co., Ltd) reference electrode and an IrO2/Ti 
auxiliary electrode. All working potentials were corrected with respect 
to a reversible hydrogen electrode (RHE) by 
E(vs.RHE) = E(vs.Ag/AgCl)+0.059pH+E0

Ag/AgCl. NO3
- RR using bime

tallic electrodes was performed in a polymethylmethacrylate (PMMA) 
electrolytic cell with dimensions of 6 cm × 1 cm × 10 cm (in HLW). The 
nitrate solution was recirculated using peristaltic pumps at a flow rate of 
3 mL s− 1. The Ag/AgCl reference was positioned between electrodes 
(effective area = 50 cm2), with a 1 cm spacing, to control the working 
potential. During electrolysis, concentrations of nitrogen species were 
measured to calculate selectivity (SN) and faradaic efficiency (FEN), 

SN =
[N]

[NO−
3 ]0 − [NO−

3 ]t
× 100 (1) 

FEN(%) =
nF[N]V
∫

Idt
× 100 (2) 

where n is the number of electrons, 2, 5, and 8 for NO2
–, N2, and NH3, 

respectively; F is the Faraday constant (96485 C mol− 1), V is the solution 
volume (L), and [N] represents NO2

–-N, NH3-N, and N2-N in mol L-1.

2.3. Analysis

An ion chromatography system (Eco IC 2.925.0020, Metrohm, USA) 
was used to measure NO2

– and NO3
– in the samples. The concentration of 

aqueous NH4
+ was quantified using a flow injection analyzer (FIA, 

Lachat’s Quik Chem 8500 Series 2, Loveland, Colorado, USA) based on 
the indophenol method at 630 nm (Method 350.1, USEPA). Other un
stable and short-lived intermediates like NO2, NO, N2O, and NH2OH 
were considered negligible. The concentration of N2 was estimated by a 
mass balance relationship relative to the initial nitrate concentration, as 
follows: [N2-N] = [NO3

–-N]0–[NO3
–-N]t–[NO2

–-N]–[NH4
+/NH3-N]. The 

morphology of metal coatings was observed using a scanning electron 
microscope (JSM-6700F, JEOL, Tokyo, Japan), with energy dispersive 
spectroscopy (EDS, INCA400, Oxford,UK) for elemental analysis. Graz
ing incidence X-ray diffraction (GID-XRD, D2 PHASER, Bruker Co., USA) 
with a Cu Kα source (λ = 1.5406 Å) was used to determine the crystal 

Fig. 1. Plating mode of layered M − Sn coatings (M = Cu or Zn) under applied 
current density of 50 mA cm− 2 for different duration (min).
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structure at a scan rate of 0.06◦ s− 1 and incidence angle 2θ of 20–85◦. 
Chemical states were specified by X-ray photoelectron spectroscopy 
(XPS, PHI 5000 VersaProbe, Physical Electronics, Inc., USA) with a Al Kα 
X-ray source (1487 eV). An operando Raman spectrometer (MRID 
model, ProTrusTech, Taiwan) (emitting radiation λ = 785 nm) was 
employed to analyze changes in chemical bond modes within the metal 
coatings during voltammetry scanned in specific potentials.

3. Results and discussion

3.1. Characterization

SEM images of the electroplated metals are shown in Fig. S1, which 
reveals distinct morphologies, including angular, polyhedral, and flaky 
crystals for Sn, Cu, and Zn, respectively. The addition of a BZT surfactant 
has been found to modify loosely bound coatings of Sn into regular 
crystallites [25]. A cubic habit, enclosed with Sn{100} and Sn{111} 
facets, was shown to favor N2 formation in NO3

- RR process. In the 
bimetallic electrodes, the crystal shapes of both M and Sn were signifi
cantly altered compared to their individual morphologies. The inter
mediate metal layer undergoes moderate dissolution and co-deposition 
during the sequential plating of the surface metal layer in different 
baths. Fig. 2a-2c indicate the increasing size of Cu octahedrons as the 
plating time of Cu increases from Cu1Sn3 to Cu3Sn1, in which Sn re
crystallizes into fine grains that are uniformly embedded within sub- 
layer texture. When plating Sn over a Cu base layer, recrystallization 
leads to the formation of Sn nanoclusters growing along the edges and 
boundaries of the Cu polyhedrons, as shown in Fig. 2d-2f. The size of the 
Cu crystals decreases with increasing Sn plating time, from Sn1Cu3 to 
Sn3Cu1. In comparison to the flaky morphology of Zn, the deposition of 
Zn forms irregular sheets, covering the angular Sn base. The size of these 
Zn sheets increases with extended plating time, from Zn1Sn3 to Zn3Sn1, 
as shown in Fig. 2g-2i. Conversely, the flaky Zn crystals persist, while Sn 
precipitates as nano-flowers on the surfaces of Zn. The amount of Sn also 
increases with time, as illustrated from Sn1Zn3 to Sn3Zn1 in Fig. 2j-2 l.

XRD analyses in Fig. 3a evidence the presence of metallic crystals 
plated onto the Ni foam. The Sn layer is identified as β-Sn phase 
(tetragonal, I41/amd, #86–2265) by four peaks at 2θ of 30.6◦, 32◦, 
43.9◦, and 44.9◦, corresponding to (200), (101), (220), and (211) crystal 
planes, respectively [26]. The Cu phase (cubic, Fm 3 m, #85–1326) is 
determined by peaks at 2θ of 43.3◦, 50.4◦, and 74.1◦, representing (111), 

(200), and (220) planes, respectively [27]. Additionally, three primary 
peaks at 2θ of 36.2◦, 38.9◦, and 43.2◦ due to diffraction in (002), (100), 
and (101) planes, respectively, indicates a hexagonal lattice (P63/mmc, 
87–0713) of Zn metal [28]. These well-defined crystal structures indi
cate that the last plated metal forms distinct crystallites on the under
lying metal sublayer. The crystalline size (DS) of the metals in the 
bimetallic M − Sn coatings are measured using a Scherrer equation 
(DS = Kλ

Bcosθ), where K is the shape factor, λ is the wavelength of incident 
X-ray (1.5406 Å for Cu Kα), and B is the full width at half maximum for 
specific diffraction planes, as shown in Fig. 3b. Extending the plating 
time increases the grain size of surface metal (Cu or Zn) while decreasing 
that of the base Sn metal, aligning with the crystal growth observed 
through SEM analysis. This variation in crystal size also suggests re- 
crystallization during the layered-plating process, in which galvanic 
deposition impacts the solubility of the sublayer [29]. Fig. 3c presents 
ratios of the primary facets of metals on M − Sn electrodes, i.e., FSn(200) =

ISn(200)
ISn(200)+ISn(101)

, FCu(111) =
ICu(111)

ICu(111)+ICu(200)
, FZn(002) =

IZn(002)
IZn(002)+IZn(101)

. The preference 
in crystal facet orientation is related to surface energy, with the 
morphology of metal particles largely determined by low-energy planes. 
Consequently, the surfaces of these metals are expected to be capped by 
the BZT additive during the plating process. Notably, single-crystal 
electrodes with lower Miller indices exhibit more regular surface 
structures. The F values of the metals tend to decrease with extended 
plating duration, indicating a decrease in crystal uniformity as the sur
face metal is repeatedly plated onto the base metal.

Effects of the plating mode on the chemical states of metals in the M 
− Sn electrodes are evaluated using XPS analysis, as shown in Fig. 3d-3f. 
Sn orbitals consist of 3d5/2 and 3d3/2 bands at binding energies of 486 eV 
and 495 eV, respectively. The 3d5/2 band in the Sn base can be decon
voluted into approximately 60 % zero valent Sn(0) and 40 % Sn(II) at 
485.2 eV and 486.5 eV, respectively [30], indicating partial oxidation 
due to atmospheric exposure: SnO + 2H+ + 2e- ⇌ Sn0 + H2O (E0 =

-0.084 eV vs. RHE); O2 + 2Sn0 → 2SnO (Δ G0 = -510 kJ mol− 1). The 
characteristic peaks at their respective binding energies were further 
deconvoluted to determine the ratios of different chemical states, as 
summarized in Fig. 3g. During the layered-plating process in bimetallic 
electrodes, the Sn state undergoes oxidation to varying extents. The shift 
of the Sn0 band toward Sn(II) is more pronounced in Cu-Sn than in Zn-Sn 
electrodes, which is ascribed to the higher reduction potential of Cu 
compared to Zn: Cu2O + 2H+ + 2e- ⇌ 2Cu0 + H2O (E0 = 0.46 V) and 

Fig. 2. SEM images of bimetal coatings: (a) Cu1Sn3, (b) Cu1Sn1, (c) Cu3Sn1, (d) Sn1Cu3, (e) Sn1Cu1, (f) Sn3Cu1, (g) Zn1Sn3, (h) Zn1Sn1, (i) Zn3Sn1, (j) Sn1Zn3, (k) 
Sn1Zn1, (l) Sn3Zn1.
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ZnO + 2H+ + 2e- ⇌ Zn0 + H2O (E0 = -0.43 V). The XPS spectra of Cu 
exhibit the 2p3/2 and 2p1/2 bands corresponding to the Cu(0)/Cu(I) state 
at 932.4 eV and 952.3 eV, respectively, along with the Cu(II) state at 
934.4 eV and 954.5 eV, respectively [31]. Cu tends to oxidize when 
plated as the surface layer in Cu1Sn1, compared to the monometal Cu 
electrode. However, when Cu is plated as an intermediate layer in 
Sn1Cu1, the relatively reductive Sn deposition mitigates the oxidation of 
Cu state. In contrast, the reductive zero-valent Zn(0) (with 2p3/2 and 
2p1/2 bands at 1021.4 eV and 1044.6 eV, respectively [32]) protects Sn 
from galvanic oxidation but transforms more to Zn(II) (1022 eV and 
1045.3 eV) in the Sn1Zn1 coating.

3.2. Electrochemical behaviors

Fig. S2 illustrates the effect of nitrate addition on the voltammetry 
response using Sn, Cu, and Zn electrodes. In the background electrolyte 
(0.1 M Na2SO4, uncontrolled pH), the monometals exhibit reversible 
peak current densities, which are attributed to the redox reactions of the 
transition metals during voltammetric scans. These phase trans
formations correspond to the reduction of SnO to Sn, Cu2O to Cu, and 
ZnO to Zn at peak potentials of approximately − 0.85 V, − 0.6 V, and 
− 1.2 V (vs. RHE), respectively [21]. The variation in the peak potential 
of RM (M = Sn, Cu, and Zn) also indicates the differing reductive char
acteristics of these metals. With the addition of nitrate (15 mM), a sharp 
increment in cathode current (RN) is observed as the scanning potential 
surpasses RM peak on Cu and Zn metal. However, this nitrate 
concentration-dependent current is negligible on Sn metal. This obser
vation indicates that the first 2e- transfer in nitrate conversion to nitrite 
occurs directly through phase transformation of RM step (eq. (3)–––5) on 
Cu and Zn [33,34]. 

M + NO3
– → M(NO3

–)                                                                      (3)

M(NO3
–) → MO(NO2

–)                                                                      (4)

MO + 2H+ + 2e- → M + H2O (RM, M = Cu and Zn)                        (5)

Subsequent hydrogenation reduces the nitrogen species to lower 
oxidation states on RN [35]. 

M + H+ + e- → M(H•)                                                                   (6)

M(H•) + MO(NO2
–) → MO + product (RN)                                      (7)

The absence of direct electron transfer on Sn suggests that nitrate is 
not reduced via the RM mechanism but instead by indirect hydrogena
tion process (eq. (6) and (7). The electroanalysis of the Cu-Sn and Zn-Sn 
coatings with various metal ratios is present in Fig. 4a-4c and Fig. 4d-4f, 
respectively. Increasing the coverage of the M sublayer from Sn3M1 to 
Sn1M3 significantly enhances the current densities of RN. Note that Sn 
alone cannot induce direct electron transfer for nitrate (Fig. S2a). 
Howeve, while integrated onto M (Cu or Zn) bases, RN becomes 
concentration-dependent, underscoring the synergistic effects of the 
bimetallic composition on the NO3

- RR pathways. The Cu or Zn base acts 
as nucleation sites for Sn crystallite growth, effectively regulating the 
electrodeposition, and vice versa. As a result, the Faradaic current 
associated with direct nitrate reduction is amplified on bimetallic elec
trodes compared to the Sn monometal electrode.

The electrode kinetics of RN step are further evaluated using Nich
olson and Shain theory [36]: 

EP = E0’ −
RT
αnF

[

0.78 + ln

(
D1/2

0

k0

)

+ ln
(

αnF
RT

v
)1/2

]

(8) 

which predicts the heterogeneous rate constant, k0 (cm s− 1), through the 
shift in the peak potential, EP, of RN with respect to the square root of the 
scan rate, v1/2 (V s− 1). When the transfer coefficient α = 1.86RT

nF|EP − EP/2|
and 

the diffusion coefficient of nitrate ion D0 (2 × 10-6 cm2 s− 1) are given, 

this calculation simplifies to: k0(25◦C) =
1.11D1/2

0 v1/2

(EP − EP/2)
1/2, which is used to 

diagnose irreversibly diffusion-controlled behaviors [37]. Fig. 4g and 
Fig. 4h demonstrate the voltammetry for Cu and Zn electrode, respec
tively, in 15 mM NO3

–, with the inset displaying the k0 values obtained by 

Fig. 3. (a) XRD pattern of M − Sn bimetallic electrodes with (b) corresponding crystalline sizes and (c) facet ratios as affected by plating mode. XPS analysis of (d) Sn 
3d, (e) Cu 2p, and (f) Zn 2p orbitals. (g) Summary of chemical state ratios in metal coatings.
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linearly correlating the peak potential of RN to v1/2. The k0 values of Cu- 
or Zn-based electrodes are generally higher than those of Sn-based 
electrodes, as shown in Fig. 4i. Furthermore, the k0 values of Cu-Sn 
electrodes are consistently larger than those for Zn-Sn electrodes. 
Here, k0 represents the rate of reducing adsorbed NO3

–, with RN 
considered the rate-determining step. This result confirms that Cu and 
Zn act as O-metals in the bimetallic electrodes, with Cu being more 
effective than Zn in the step of NO3

– reduction to NO2
–. When Sn, serving 

as the hydrogenation sites, is well-decorated on Cu or Zn base, the H- 
enriched surfaces significantly accelerate the NO3

- RR rate.
To better understand the charge transfer efficiency of NO3

- RR on 
bimetal electrodes, the electrochemical impedances are analyzed (− 1.0 
V vs. RHE, 0.1 M NO3

–). As displayed in Fig. 5a, the Nyquist plots are 
modeled using the inset equivalent circuit, which comprises series 
components of electrical double layer (EDL) capacitance (Cdl) and 
charge transfer resistance (RCT) in parallel, coupled with the capacitance 
(CS) and resistance (RL) of metal-electrolyte interface [38]. (EIS pa
rameters obtained by fitting the model are listed in Table S1.) Notably, 
the semicircles observed on Cu-Sn electrodes are smaller compared to 
those of Zn-Sn, signifying faster charge transfer-controlled kinetics at Cu 
sites than at Zn sites [39]. Voltammetry analysis in Fig. 5b, conducted by 
scanning potentials in the supporting electrolyte (0.1 M Na2SO4, v =

0.01 V s− 1), reveals the redox behavior of the metal transformation. 
These basic current densities arise from electrical charging/discharging 
reactions, which vary depending on the plating mode. The double-layer 
capacitance (Cdl) in the non-Faradaic region was estimated using the 
equation: Cdl =

dσ+/−

dE = Ia − Ic
v (where σ+/− is the surface charge in 

coulomb, Ia and Ic are the charging currents). This estimation provides a 
measure of the electrochemical surface area [40]. Fig. 5c compiles the 
RCT and Cdl values, showing a general trend where the effective sites of 
the bimetallic electrodes increase when Sn is plated as the surface layer 
compared to when it is the sublayer. Additionally, the decrease in RCT 
values alongside an increase in Cdl suggests that the enhanced rate of 
electro transfer is associated with the extended surface area. However, 
despite having smaller Cdl, the Cu-Sn combinations exhibit significantly 
lower RCT values than those of Zn-Sn, which is consistent with the 
calculated heterogeneous rate constants shown in Fig. 4i.

The cathode polarization curves of Sn, Cu, and Zn electrodes in the 
electrolyte are analyzed to assess the catalytic reactivity of the metals in 
the hydrogenation process, as shown in Fig. S3a. The onset of hydrogen 
evolution reaction (HER) occurs at − 0.7 V and − 0.8 V (vs. RHE) for Cu 
and Sn monometals, respectively, which are lower than that for Zn 
(− 1.1 V). Namely, Zn initiates H2 generation at more negative poten
tials. The electrochemical pathways of HER can be divided into a Volmer 

Fig. 4. Voltammetry analysis of (a) Sn3Cu1, (b) Sn1Cu1, (c) Sn1Cu3, (d) Sn3Zn1, (e) Sn1Zn1, and (f) Sn1Zn3 in the presence of 0.1 M Na2SO4, compared to those with 
addition of 15 mM NO3

–. Effect of scan rate on voltammetry of (g) Sn1Cu1 and (h) Sn1Zn1 electrodes, and the effect of plating mode on heterogeneous rate con
stants (k0).
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step, which transfers the first electron to form adsorbed H•, followed by 
a Heyrovský step, where H2 is produced from the second electron in the 
combination with H• [41]. 

M + H+ + e- → M − H• (Volmer step)                                            (9)

M − H• + H+ + e- → M + H2↑ (Heyrovský step)                           (10)

The descending order of the Tafel slopes is Sn (160 mV dec-1) > Cu 
(118 mV dec-1) > Zn (106 mV dec-1), as shown in Fig. S3b. A Tafel slope 
close to 120 mV dec-1 suggests that the Heyrovský step is rate- 
determining in this HER model. As a result, among the metals Zn ex
hibits the fastest hydrogenation kinetics but requires a higher over
potential for H2 evolution. Fig. 5d presents the Tafel plots of bimetallic 
M − Sn electrodes, showing varying slopes according to different 
layered-plating modes, following Cu1Sn1 (149 mV dec-1) > Sn1Cu1 (126 
mV dec-1) > Sn1Zn1 (109 mV dec-1) ~ Zn1Sn1 (106 mV dec-1). The Zn-Sn 
composites demonstrate high reactivity in the hydrogenation step. The 
free energy of H adsorption (Δ GH) on Sn has been reported to fall on the 
left of the volcano plot [42]. In other words, Sn binds the H+ too 
strongly, which hinders the release of H2 [43]. It was found that incor
porating an appropriate amount of Sn in bimetal composites increased 
the energy barrier of HER [44]. Therefore, Zn-Sn coatings in bimetallic 
electrodes increase HER overpotential, while maintaining surfaces sta
bly enriched with adsorbed H•. The EPR spectra of 1 mg L-1 2,2,6,6-tet
ramethylpiperidine-1-oxyl (TEMPO), used as a hydrogen trapper, are 
shown in Fig. 5e. TEMPO, a nitroxyl radical, weakens upon hydroge
nation to TEMPOH, thus serving a probe for the presence of H• [45]. 
During electrolysis under an applied current of 20 mA cm− 2, electrodes 
with Sn as the surface layer, such as Sn1Cu1 and Sn1Zn1, display lower 
EPR intensities compared to those where Sn is the base metal, i.e., 
Cu1Sn1 and Zn1Sn1. In addition, the minimal change in the TEMPO 
signal on Cu1Sn1 implies the limited hydrogenation on Cu metal. Vol
tammetry results have confirmed that Sn primarily conducted HER in 
the presence of NO3

–. These findings suggest that in M − Sn composites, 
NO3

– ions are preferentially adsorbed on M sites, while H+ are adsorbed 
on Sn sites. The division of adsorption sites enhance the nitrate reduc
tion efficiency as a result of collaborative interactions between the two 
metals.

Faradaic currents by NO3
- RR involve reversible phase transitions of 

Cu and Zn, where the passivated films must resist corrosion when 
facilitating direct electron transfer. The Tafel plots in Fig. 5f highlight 
the corrosion potential (Ecorr) of M − Sn electrodes in 15 mM NO3

–, which 
follows the order: Cu (− 0.45 V) > Sn (− 0.82 V) > Zn (− 1.17 V). As a 
result, Cu is the most resistant metal in reducing NO3

–. In bimetallic 
electrodes, plating a more oxidative metal on the base metal shifts Ecorr 
to less negative values. This means that, under cathode potential close to 
Ecorr, the surface metal with an increased Ecorr is reduced first, acting as 
an electron donor to stabilize the overall bimetal coating during NO3

- RR 
[46]. Therefore, the surface metals shield the underlying layers, thus 
enhancing the electrode’s resistance to nitrate-induced corrosion.

3.3. Electrochemical NO3
– Reduction

Effects of working potentials (vs. RHE) on NO3
- RR using M − Sn 

electrodes are present in Fig. 6a and 6b, in terms of selectivity (SN), 
removal efficiency (R), and faradaic efficiency (FE) (NO3

– = 100 mg-N L- 

1). Electrolysis was performed in chronoamperometry mode within a 
potential range of − 0.6 V to − 1.6 V. Voltammetry analysis (Fig. 4) has 
revealed phase transitions of Cu and Zn metals at varied potentials, 
enabling the first 2e- transfer for reducing nitrate on these bimetallic 
electrodes. On Cu1Sn1, R and FE reach 68 % and 75 %, respectively, at 
− 1.0 V, where SN2 is maximized at 84 %. Increasing applied potential 
further elevates NH3 yield but significantly decrease FE, likely due to 
concurrent hydrogen evolution reaction (HER) [47]. Conversely, Zn1Sn1 
achieves the highest SN2 of 76 % at − 1.2 V, corresponding to R of 64 % 
and FE of 71 %. However, at lower potentials, a notable amount of ni
trite (SNO2- > 50 %) is observed, suggesting its lower hydrogenation 
capability for adsorbed nitrite species, compared to Cu1Sn1. This result 
aligns with the high overpotential required for HER on M − Zn elec
trodes (Fig. 5d), which overlaps with potentials for nitrate reduction 
(Fig. 4e). Fig. 6c and 6d illustrate the effects of plating modes on NO3

- RR 
using Cu-Sn (at − 1.0 V) and Zn-Sn (at − 1.2 V) electrodes, respectively. 
Typically, Cu and Zn as surface metals on the Sn base layer produce 
more NH3 and NO2

–, respectively, compared to those electrodes with a 
surface Sn layer on Cu and Zn bases. The increased selectivity for NH3 
and NO2

– with longer plating times of Cu and Zn on Sn metal explains the 

Fig. 5. (a) Impedance analysis, (b) voltammetry, and (c) the corresponding charge transfer resistance and double-layer capacitance. (d) Polarization at hydrogen 
evolution potentials, (e) EPR spectra of TEMPO-H, and (f) Tafel plots for corrosion behaviors on M − Sn electrodes.
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strong influence of surface metal composition on the preferred 
byproducts. The monometallic Cu and Zn coatings, included for com
parison, exhibit average R and FE values below 40 %, clarifying the 
synergistic effect of bimetallic coatings. Thermodynamically, NO3

- RR 
pathways involved concurrent deoxygenation and hydrogenation pro
cesses, where the two end products, N2 and NH3, compete with each 
other. 

NO3
– + 2H+ + 2e- ⇌ NO2

– + H2O                                                 (11a)

2NO2
– + 8H+ + 6e- ⇌ N2 + 4H2O                                               (11b)

NO2
– + 7H+ + 6e- ⇌ NH3 + 2H2O                                               (11c)

On monometallic electrodes, the metal state shall be responsible for 
mediating electron transfer to adsorbed nitrogen and hydrogen species. 
Hence, the bond strength between metal sites and NO3

–/H+ ions critically 
determines the reaction pathways. Cu is considered the most effective 
for nitrate adsorption due to its unpaired d-electrons, which have a d- 
band configuration similar to the π* orbital in the LUMO of NO3

− [47]. 
This electronic similarity favors ammonia production at high applied 
potentials. By contrast, zero-valent Zn, despite its high reduction po
tential, is easily oxidized to ZnO, making subsequent reduction of nitrite 
to the lowest-oxidation state of ammonia sluggish [48]. Nevertheless, 
both N2 formation and NO3

– removal efficiency improve on Sn1Cu1 (R =
82 %, SN2 = 90 %) and Sn1Zn1 (R = 88 %, SN2 = 92 %). This outcome 
indicates that incorporating H-metal, i.e., Sn, enriches reactive H• over 
electrode surfaces, promoting the conversion of nitrogen intermediates 
to N2. In other words, the trapping of H• on Sn results in hydride 
functional groups, which modulate hydrogenation reactions at Cu and 
Zn sites. The metal phase transition on Cu-Sn and Zn-Sn electrodes 
during NO3

– electrolysis is observed on operando Raman spectra as 
shown in Fig. 6e and Fig. 6f, respectively. At cathode potentials, the shift 
of vibrational modes in the 500 – 650 cm− 1 region (F2g and Eg modes) 
indicates the gradual reduction of CuO to Cu2O. On Cu1Sn1, a steady- 
state cuprous film forms in conjunction with SnO at potentials more 
negative than − 1.0 V, correlating with the rocking mode of ρ NH2 (960 

cm− 1) [49], an intermediate for NH3 production. The formation of SnO 
suggests moderate passivation of the Sn metal layer due to hydrogena
tion reactions, as evidenced by the vibrations of Eg and A1g modes in the 
450 – 600 cm− 1 range [50]. On Sn1Cu1, the signal for CuO-to-Cu2O 
transformation at 550 cm− 1 is notably weakened. On the other hand, on 
Zn1Sn1, Raman bands at 460 cm− 1 and 639 cm− 1 correspond to the 
transverse and longitudinal phonon modes (E1) of ZnO, respectively 
[51]. A vibrational band at 1030 cm− 1 found on Zn-Sn electrodes is 
attributed to the accumulation of adsorbed oxygenated nitrogen (NOx) 
[52] at potentials up to − 0.1 V. Metal passivation is also mitigated on 
Sn1Zn1, where the nitrate/nitrite predominate as surface-adsorbed 
species over a wide potential range. The M − O vibration modes on 
monometallic electrodes in Fig. S4 intensify with increasing cathode 
potentials in Na2SO4 electrolyte, reflecting the redox behavior of metal 
surfaces upon hydrogenation. With the addition of nitrate, variations in 
functional nitrogen species, such as NH2 and NOx, influence the Raman 
shifts of metal oxides, providing insights into NO3

- RR selectivity. These 
findings confirm the role of bimetallic coatings in determining nitrate 
conversion pathways, i.e., to NH3 and NO2

– on Cu-Sn and Zn-Sn com
posites, respectively.

The density function theory (DFT) program was performed using 
Forcite modules [53] to evaluate the adsorption energy (Eads) of nitrogen 
and hydrogen species over various M − Sn surface combinations. 
Detailed computational methods are provided in the supporting infor
mation, where Eads is defined as the difference between the energy of the 
adsorbed molecule and the sum of the energies of the clean surfaces and 
the gas-phase species [54]. Hydrogenation steps involve interactions 
between NO3

– and H+ on two metal sites, M1/M2, which can include Cu/ 
Sn, Sn/Cu, Zn/Sn, and Sn/Zn pairs. 

Eads,NO3 = EM1 ,NO−
3
− EM1 − ENO−

3
(NO−

3 on M1 site) (12) 

Eads,H = EM2 ,H+ − EM2 − EH+ (H+ on M2 site) (13) 

Fig. 7a presents the free energy of H on bridge sites of various metal 
crystal facets. Across monometallic surfaces, Sn(2 0 0) exhibits strongest 

Fig. 6. Effects of applied potential (vs. RHE) at (a) Cu1Sn1 and (b) Zn1Sn1, and plating mode of (c) Cu-Sn and (d) Zn-Sn electrodes on the performance of NO3
- RR 

(initial NO3
– 
= 100 mg-N L-1, 0.1 M Na2SO4; SN: selectivity, R: removal efficiency, FE: faradaic efficiency). Operando Raman spectroscopy during electrochemical NO3

– 

reduction at (e) Cu-Sn and (f) Zn-Sn electrodes (0.1 M NO3
–).
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hydrogen binding due to its highly negative Eads. The predominance of 
Sn(1 0 1) increases when it is plated as the surface layer on Sn1Zn and 
Sn1Cu1, compared to those with Sn as the sublayer, as determined by the 
diffractometer in Fig. 3c, implying a reduced energy barrier for H2 
evolution. NO3 adsorption on different facets of monometals is modeled 
as shown in Fig. 7b, where the binding energies of nitrate on Cu facets 
exhibit much stronger interactions compared to Zn and Sn. Strong 
adsorption of NO3

– is expected to lower the energy state of the first 
discharge step: * + NO3

– → *NO3 + e- [55]. After the first deoxygenation 
on the M1 site (the O-bonded metal), the reaction proceeds as: 

M1
(
NO−

3
)
→M1(O)

(
NO−

2
)

(14) 

Hydrogenation begins with the interaction between the adsorbed 
NO2

– and H. 

M1(O)
(
NO−

2
)
+M2(H)→M1(NO2)+2M2 +OH− (15) 

Intermediates, including *NO2, *NO, and *HN2O, adsorbed on M1 site 
are reduced by the *H on M2 site, ultimately forming N2 as the final 
product [56]. The NO3

- RR pathway leading to N2 is visualized in Fig. 7c. 
Alternatively, *NO2 may undergo a parallel reduction sequence via *N, 
*NH, *NH2, and⋅NH3. The final step involves NH3 desorption from the 
catalyst surface [57]. The calculated energy states of each intermediate 
in these reaction steps are summarized in Table S2, with optimized 
adsorption geometries shown in Fig. S5. Fig. 7d and 7e depict the energy 
profiles of NO3

- RR to N2 and NH3 on different metal combinations, where 
Zn or Cu and Sn alternatively function as M1 and M2 sites for NO3

– and H+

adsorption, respectively. Notably, the predominant facets of Cu(1 1 1), 
Zn(1 0 1), and Sn(1 0 1) were selected for these computations, based on 
XRD analysis in Fig. 3. It is clear that the free energies for the conversion 
of NO3

– to *NO3 on M(H)/Sn(NO3) are much lower than on Sn(H)/M 
(NO3). However, the deoxygenation of *NO3/*NO2 to *NO on M(H)/Sn 
(NO3) goes through an uphill with larger energy barriers than on Sn(H)/ 
M(NO3). This finding indicates that the adsorption strength of nitrate/ 
nitrite on M site weakens as a second Sn metal is responsible for H 
adsorption. Additionally, *NO2 exhibits lower energies on Cu-Sn than on 
Zn-Sn, reflecting a higher nitrite formation on Zn1Sn1 than on Cu1Sn1 at 
low potentials (Fig. 6a and 6b). On the other hand, nitrite reduction 
emerges as the rate-limiting step, with the activation energy required 
decreasing when Sn exclusively acts as H site for reduction reactions on 
M metals. Note that there is a positive barrier for the pathway of *NO 
proceeding to NH on Zn-Sn composites, whereas the state of *NO 

experiences a downhill route to N2. The small difference in free energies 
between the parallel *NO to *N and to *HN2O on Cu-Sn implies its 
relatively high selectivity toward NH3 compared to Zn-Sn. This DFT 
simulation also effectively explains the operando Raman shifts in Fig. 6e 
and 6f. At elevated cathode potentials, oxide signals like Cu2O and ZnO 
noticeably decreased when plated as the sublayers (namely, in Sn1Cu1 
and Sn1Zn1). The adsorption of H+ on the Sn surface layer creates a more 
reductive environment for boosting catalytic reactions. Under these 
conditions, Cu or Zn sites remain in a more metallic state, forming less 
oxides, for reducing oxygenated nitrogen intermediates.

To evaluate electrochemical NO3
- RR performance, real nitrate- 

containing wastewater collected from electroplating effluent was uti
lized. Results from constant current electrolysis (2 – 10 mA cm− 2) on the 
bimetallic Sn1Cu1 and Sn1Zn1 electrodes are shown in Fig. 8a − 8c and 
Fig. 8d − 8f, respectively. As detailed in Table S3, the wastewater 
contains approximately 500 mg-N L-1 NO3

–, 10 mg-N L-1 NO2
–, and 10 mg- 

N L-1 NH4
+, along with other major ionic species such as 350 mg L-1Na+, 

600 mg L-1 Ca2+, 50 mg L-1 Mg2+, 50 mg L-1Cl-, and 750 mg L-1 SO4
2-, 

contributing to a total ionic strength of around 80 meq L-1. As expected, 
the observed rate of nitrate removal increases with increasing applied 
current, with first-order rate constants provided in Fig. 8g. Notably, at 
low currents of 2–5 mA cm− 2, Sn1Zn1 produces more nitrite during the 
4-hour electrolysis period compared to Sn1Cu1. At 10 mA cm− 2, how
ever, nitrite formation is significantly inhibited on Sn1Zn1, leading to a 
comparable SN2 of 85 %, similar to that on Sn1Cu1. This variation in 
nitrite generation during NO3

- RR aligns with DFT predictions, which 
indicate a lower free energy for NO2(ads) on Cu-Sn than on Zn-Sn 
bimetallic electrodes.

Sn1Cu1 electrode can achieve a similar nitrate removal (>95 %) but 
with a higher rate (kobs = 1.35 h− 1) compared to Sn1Zn1 (kobs = 1.17 
h− 1). Fig. S6 present the performance of monometallic electrodes in the 
electrolysis of real wastewater at 10 mA cm− 2, showing relatively low 
rate constants of around 0.25 h− 1, compared to Sn1Cu1 and Sn1Zn1 
electrodes. During electrolysis at 10 mA cm− 2, the energy consumption 
for reducing nitrate by one order of magnitude (R = 90 %) at time t (h) is 
calculated: 

EE/O (Wh/m3) =
E × I × t90

V
=

2.303 × EI
V × kobs

(16) 

where EE/O refers to electrical energy per order, E and I are voltage 
and ampere response, 2.303 accounts for the logarithmic factor of 90 % 
removal (ln(10)), and V is the wastewater volume. The EE/O for 

Fig. 7. (a) DFT simulation of free energies for (a) hydrogenation and (b) nitrate adsorption on Sn, Cu, and Zn monometal electrodes. (c) Mechanism of nitrate 
reduction on bimetal sites, and free energy change for each intermediate on (d) Zn-Sn and (c) Cu-Sn electrodes, by varying metals responsible for H and O 
adsorption sites.
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electrochemical denitrification to N2 reaches 0.19 kWh m− 3 (or 0.4 kWh 
kgN− 1) on Sn1Cu1 and 0.25 kWh m− 3 (0.5 kWh kgN− 1) on Sn1Zn1. In 
terms of electric power utilization, electrochemical NO3

- RR using M − Sn 
electrodes demonstrates higher energy efficiency, compared to con
ventional biological processes, such as bio-denitrification (~2.4 kWh 
kgN− 1) and the ANAMMOX process (1.0 kWh kgN− 1) [58]. The cycling 
performance of NO3

- RR in wastewater using Sn1Cu1 and Sn1Zn1 elec
trodes is depicted in Fig. 8h and 8i, respectively. Over 10 runs of con
stant current electrolysis (4 h per run), both electrodes maintain N2 
selectivity greater than 80 %, with their removal efficiencies declining 
by approximately 10 %. To further evaluate the treatability of the real 
nitrate-containing wastewater, a continuous-flow electrolyzer was 
assembled to demonstrate the long-term performance of M − Sn elec
trodes. As schemed in Fig. S7, the electrolyzer consists of an M − Sn/NF 
cathode and an IrO2/Ti anode, separated by a 1.5 cm spacer. The flow 
rate is maintained at 3 mL min− 1, resulting in a hydraulic retention time 
of approximately 50 min. NO3

- RR results (Fig. S8) indicate that after two 
or three retention cycles, both Sn1Cu1 and Sn1Zn1 coatings can achieve a 
steady nitrate removal exceeding 80 % at 10 mA cm− 2, while nitrite and 
ammonia levels remain below 3 mg-N L-1. The removal efficiency ex
hibits no significant decline over two days of continuous operation. The 
above findings confirm the reproducibility of nitrate wastewater 

remediation and the durability of the bimetallic electrodes.
Following consecutive NO3

- RR operations, slight metal passivation of 
these composites is observed, while their crystalline morphology re
mains intact. As revealed in Fig. 9a − 9c, the divalent Sn(II) dominates in 
both the used Sn1Cu1 and Sn1Zn1 electrodes, accounting for over 70 % of 
the Sn species. Meanwhile, the oxidized Cu and Zn phases also increase 
to around 70 % in the bimetallic electrodes, compared to less than 60 % 
in the fresh counterparts (Fig. 3). The metallic surfaces are expected to 
serve as active sites for the reduction reactions. After long-term elec
trolysis, an increased presence of oxide states is observed, resulting from 
electron mediation of adsorbed hydrogen and nitrate species. This 
phenomenon explains the slight decline in the electrode performance 
after cycling tests. Elemental mappings in Fig. 9e and 9f show that Sn 
and O signals are homogeneously distributed across the used Cu and Zn 
coatings, respectively. Compared to the initial coating compositions in 
Fig. 2e and 2 k, the atomic ratio of O increases after electrolysis cycles, 
with noticeable accumulation around Sn clusters. Fig. S9 presents metal 
concentrations monitored in the electrolyte during cycling tests (Fig. 8h 
and 8i), which initially remain below tens of μg L-1 and decrease to 
approximately 1 μg L-1 after 4 cycles. This outcome indicates the 
acceptable stability of bimetallic coatings, with dissolved metal levels in 
the treated solution far below effluent standards set by the USEPA and 

Fig. 8. Constant current electrolysis of nitrate-containing wastewater (NO3
–-N ~ 500 mg L-1, uncontrolled pH) using Sn1Cu1 electrode under (a) 2, (b) 5, and (c) 10 

mA cm− 2, and Sn1Zn1 electrode under (d) 2, (e) 5, and (f) 10 mA cm− 2, with (g) corresponding observed rate constants and energy consumption. Cycling electrolysis 
using (h) Sn1Cu1 and (i) Sn1Zn1 electrodes.
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regulations worldwide (Cu = 1.5 mg L-1, Zn = 3.5 mg L-1, Sn = 1 mg L-1). 
Additionally, Sn1Zn1 exhibits lower resistance to leaching compared to 
Sn1Cu1, thus leading to a notable decline in removal efficiency after 
NO3

- RR cycles (Fig. 8i). The relatively high Zn loss also explains its 
reduced ratio in the used electrode, based on EDS analysis (Fig. 2k vs. 
Fig. 9f). Sn may undergo moderate corrosion during the hydrogenation 
process even though the composite stability is well maintained after the 
repeated electrolysis.

While electrochemical NO3
- RR has been widely studied for ammonia 

synthesis, achieving selective conversion to N2 remains challenging, 
particularly without the assistance of chloride electrolysis. Electro- 
reduction of relatively low nitrate concentrations to non-toxic nitro
gen gas emerges as a more economical and eco-friendly solution. Table 1
summarizes recent studies on NO3

- RR to N2 using metallic electrodes, 
with nitrate concentrations typically ranging between 10 – 100 mg-N L- 

1. The averagely low N2 selectivity (SN2 ~ 50 %) on monometallic 
electrodes such as Co [59], Fe [60], Sn [25], and Cu [33] can be 
moderately improved through strategies including organic chelation, 
carbon substrate, or tuning crystal facet. Bimetallic electrodes 
frequently employed Cu [61] and Pd [62] as active sites due to their 
effectiveness in nitrate adsorption and hydrogenation reactions, 
respectively. Therefore, integrating Cu-Pd in varied topographical con
figurations [16,56,63–65] has proven to be the best option for NO3

- RR, 
leading to N2 selectivity of up to 80 %. We previously demonstrated that 
a small amount of Pd NPs decoration (~5%) on PdSn(200) could direct 
pathways of nitrite to N2 [19]. In the present work, Sn, in combination 
with cost-effective non-precious Cu and Zn metals, achieves comparable 

SN2, while the plating sequence plays a critical role in suppressing 
ammonia and nitrite formation, respectively. Furthermore, these two 
bimetallic electrodes are validated for practical nitrate reduction in real 
wastewater with satisfied stability and reproducibility.

4. Conclusions

On bimetallic electrodes (M − Sn, M = Cu or Zn), the redox couple of 
M(I)/(II) ⇌ M0 directly mediates electron transfer for nitrate deoxy
genation under cathode polarity. The plating mode critically influences 
the hydrogenation of nitrogen intermediate and the formation of 
gaseous N2. Morphological and capacitive analyses reveal that Sn crys
tallites plated as surface coatings are uniformly decorated on Cu or Zn 
base, resulting in an enhanced effective surface area. DFT modelling 
highlights the positive effect of plating Sn onto M bases, showing a 
decrease in the activation energy of *NO2 to *NO step. Moreover, Sn as a 
surface layer also lowers the energy state of N2 formation. This predic
tion well explains the inhibition of NH3 and NO2

– formation on bimetallic 
electrodes with Sn coatings on Cu and Zn sublayers, respectively. Elec
trochemical NO3

- RR using a real wastewater containing around 500 mg- 
N L-1 demonstrates the viability of Sn1Cu1 and Sn1Zn1 electrode in ni
trate conversion to N2 with selectivity exceeding 85 %. Additionally, 
integrating Sn into the Cu-Sn and Zn-Sn electrodes largely limits metal 
passivation, as evidenced by stable performance during cycling 
electrolysis.

Fig. 9. XPS analyses at (a) Sn 3d, (b) Cu 2p, and (c) Zn 2p orbitals of the surface coatings; SEM and elemental mappings of (e) Sn1Cu1 and (f) Sn1Zn1 electrodes after 
cycling electrolysis.
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