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The scanning electron microscope (SEM), energy dispersive spectroscopy (EDS) and X-ray diffraction 

(XRD) techniques were used to investigate the physic-chemical properties of the base metal cathodes 

of Ti/CuO, Ti/Cu5ZnOx and Ti/CuZn5Ox prepared by thermal decomposition method. And the 

electrode performances were evaluated by linear sweep voltammetry (LSV) tests in alkaline solution 

and nitrate reduction by a membrane electrochemical cell. The SEM images and XRD patterns depict 

the prepared cathodes possess abilities of electrode area expansion and the oxide composite could be 

bound together with metal elements in nanoscale. The results during nitrate reduction indicate its 

removal relies on the potential and higher current density is beneficial to rapid nitrate conversion. In 

addition, the Ti/Cu5ZnOx is superior to others two materials via its inhibition of hydrogen evolution 

reaction: at 20 mA/cm
2
, the nitrate removal efficiency of 92.3% and reduction selectivity Sx for N2 

generation of 33.7% were achieved after 6 h electrolysis, which approximates the performances of 

noble metals. Moreover, the nitrate removal is highly dependent of the quantity of active sites of the 

cathodes and zinc could offer active sites for intermediate N-species degradation, which could be 

directly confirmed by calculation of reaction rate constants through LSV tests. The mechanism is valid 

to for exploring possibility of high electroactivity not only on Cu-Zn oxide composite but also on other 

base element modified electrodes during nitrate reduction in alkaline solution. 

 

 

Keywords: Thermal decomposition; Cu-Zn oxidize composite cathodes; Electrochemical process; 

Nitrate reduction 

 

1. INTRODUCTION 

Nitrate is a harmful pollutant that is restricted to be discharged into water bodies due to its risk 

both to aquatic ecosystems and human health [1, 2]. Hence, effective removal of nitrate becomes a 

central issue addressed with these problems. Many methods such as biological and physic-chemical 

processes have been reported by numerous publications [3-6]. Although considerable results were 
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achieved in these works, obvious drawbacks include lower reduction kinetics and byproduct generation 

related to the biological denitrification [3], as well as production of concentrated waste by the ion 

exchange [6], reverse osmosis [5] and electrodialysis [4]. All of those largely increase capital 

investment and operating cost, which hinder widely industrial application of these techniques. As a 

result, technology with higher efficiency and faster kinetics still should be developed to obtain 

complete conversion of nitrate to nitrogen gas (N2). 

Electrochemical method is considered to be another feasible way for efficient nitrate 

degradation. This process attracts much attentions and most study so far has focused on the efficiency 

of conversion of nitrate to N2 on the electrode materials. To date, many researchers have reported that 

noble metals such as rhodium (Rh) [7] and palladium (Pd) [8, 9] exhibit excellent conversion of nitrate 

to dinitrogen; however, these kinds of elements are so scarce and costly that largely increase the 

operating cost of nitrate elimination, which strongly limits their field application. Aiming to decrease 

capital investment, performances of base metals including Fe [10], Sn [11, 12], Ti [10, 13], Cu [14] 

and Ni [15] as monometallic cathodes were investigated in detail. Among these, Cu has been proven to 

be a highly efficient promoter for nitrate reduction both in acidic and neutral media, and the products 

are N2, nitrite or ammonia that determined by the applied potentials [16]; but the reaction efficiency 

would decrease due to electrode passivation caused by hydride formation after a long-period operation 

[17]. Though bimetallic alloys e.g. Cu-Ni [18], Cu-Sn [19] and Cu-Zn [20, 21] as cathodes can 

enhance nitrate reduction, the performance stability is still a central problem faced to these materials. 

Recently, CuO has been introduced into selective reduction of NO and maybe it could be used as a 

potential catalyst for NO3
-
 reduction by combine with some oxidizes (e.g. CeO2, MnO2) [22-24]. 

However, to our knowledge there is little literature published on the employment of Cu-Zn oxide 

composite as cathode for the nitrate reduction. In addition, most of researchers have focused on 

performance of bimetallic alloys in the nitrate reduction, and none is associated with the discussion on 

the competitive adsorption between OH
-
, Hads and N-species at surface active sites or evaluation of the 

influence of solution pH to surface active sites on the various elements. 

In this study, the objective was to discuss the performance of various Cu-Zn oxidize composite 

cathodes in the nitrate reduction and to determine the effect of solution pH to active sites on the 

surface of various elements. The scanning electron microscope (SEM), energy dispersive spectroscopy 

(EDS) and X-ray diffraction (XRD) were used to analyze the physic-chemical properties of the 

electrodes. The electro-catalytic activity and selectivity were assessed through linear sweep 

voltammetry (LSV) measurement and nitrate reduction in a membrane electrochemical cell. In 

addition, the degradation pathway and mechanisms for nitrate conversion on the three cathodes were 

discussed in detail. 

 

2. EXPERIMENTAL SECTION 

2.1. Chemicals 

The chemicals in analytical pure containing Cu(NO3)2·3H2O, Zn(NO3)2·6H2O, ethanol, HNO3, 

Na2SO4, NaOH, NaClO4 and NaNO3 were purchased from Sinopharm Chemical Reagent Co., Ltd 

(China). The nitrate solutions were prepared by deionized water. 
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2.2. Cathodes preparation 

The raw Ti plates were polished to remove oxide on the surface and subsequent etching was 

performed in 15% oxalic acid for 2 hours. Then, these plates were washed with deionized water and 

dried at temperature of 105 °C for 30 min. After the pretreatment, Ti plates were spread with precursor 

solutions and evaporated at 105 °C for 15 min, and then calcined at 350 °C for 20 min. The above 

steps were repeated 20 times and finally the electrodes were baked at 350 °C for 2 h. 

The precursor solutions were prepared by dissolution of Cu(NO3)2·3H2O or Zn(NO3)2·6H2O in 

a hybrid of HNO3 and ethanol, which maintained HNO3 at 5% (w/w) in all precursor solutions. For 

Ti/CuOx, Ti/Cu5ZnOx and Ti/CuZn5Ox preparation, the concentration of Cu
2+

 were 0.2, 0.2, 0.04 M, 

respectively and the concentration of Zn
2+

 ions were 0, 0.04, 0.2 M, respectively. 

 

2.3. Electrochemical set-up 

An electrochemical cell with effective volume of 1 L (the cathodic and anodic chambers were 

0.7 L and 0.3 L, respectively) was equipped with a cation exchange membrane (CEM, Ultrex CMI-

7000). The prepared electrode with dimension of 10cm ×10cm and Ti/RuO2-IrO2 (10cm ×10cm) were 

used as cathode and anode, respectively. The inter-distance of electrodes was 7.5 cm. Two saturated 

calomel electrodes (SCE) were arranged on surfaces of anode and cathode via Luggin capillary probes 

in order to record the potential during nitrate reduction.  

 

 

A V

V V

W R

+-

W R

（1）

（2）

（3） （4）
（5）

（8）

（7）

（10）

（9）

（10）

（2）

（6）

（8）

（9）  
 

Figure 1. Schematic diagram of the electrochemical apparatus for nitrate cathodic reduction. (1) D.C. 

power supply; (2) Potentionmeter; (3) Cathode; (4) Anode; (5) SCE; (6) Luggin capillary; (7) 

Membrane; (8) Peristaltic pump; (9) Reservoir; (10) Stirrer. 
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The schematic of the set-up used in this study is shown in Fig. 1. The cathodic and anodic 

solutions were prepared with 150 mg/L NaNO3 and 500 mg/L NaCl, respectively. Na2SO4 was 

employed as support electrolyte and added with dosage of 3% (w/w). The solutions were pumped into 

the cell for reaction under a constant flow rate of 150 mL/min by peristalic pumps (Model: BT601F) 

connected to the water reservoirs (3 L) and the experiments were carried out at room temperature. 

 

2.4. Physic-chemical measurements of the prepared cathodes 

The morphology, element composition and atomic ratio of electrodes were detected by a 

scanning electron microscopy (SEM, FEI Quanta 250, USA) and an energy dispersive spectroscopy 

(EDS) in conjunction with the SEM, respectively. The X-ray diffraction (XRD) pattern was obtained 

by using a D8 advance diffractometer (Bruker Corporation, Germany) with a Cu Kα radiation at 40 kV 

and 30 mA at a scan rate of 0.2°/s and 2 range of 20° to 90°. 

The linear sweep voltammetric (LSV) test was conducted with a three electrode system on a 

CHI 660E electrochemical workstation by using the prepared cathodes (2cm×2cm), Pt plate 

(4cm×4cm) and SCE as working, counter and reference electrodes, respectively. Since the nitrate 

reduction reaction is slightly affected by supporting electrolytes [8], the solutions were composed of 

0.1M NaClO4 and various amount of NaNO3 at different pH values (11, 12 and 13) adjusted by NaOH 

were used to maintain the LSV tests. The investigation was performed between -0.4V and -2.5V (vs. 

SCE) at scan rate of 10 mV/s and the measurements were repeated at least 3 times until a stable one 

was obtained. 

 

2.5. Analytical methods 

The solution pH was determined by a pH-meter (Model: PHSJ-4F, China). The concentrations 

of NO3
-
, NO2

-
 and NH4

+
 in the solution were analyzed according to Standard Methods [25]. The N2 

quantity was achieved through mass balance analysis by assuming that other less quantities of gaseous 

N-species (e.g. nitrogen oxide, gaseous ammonia) were ignored [13, 20]. 

The selectivity (SX, %) and current efficiency (ηX, %) during nitrate reduction could be 

calculated by Eqs. (1) and (2), respectively 

100×=
∑ X

X
X C

C
S  (1) 

100×
14

=
It

nFC
η

X
X  (2) 

where CX is the concentration of product X after 6 hours electrolysis (g/L), ∑CX the sum of 

quantity of all products (g/L); X depicts NO2
-
, NH4

+
 and N2; n the number of electron transferred 

during reactions, F the Faraday constant (96,485 C/mol), 14 the molar mass of nitrogen (g/mol), I the 

current (A), t the electrolysis time (h). In this work, the ƞX values are the total one by considering all 

products during nitrate degradation. 
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3. RESULTS AND DISCUSSION 

3.1. Physic-chemical characterization of the prepared cathodes 

(a) (b) (c)

 
 

Figure 2. SEM images of the prepared cathodes: Ti/CuOx (a), Ti/Cu5ZnOx (b), Ti/CuZn5Ox (c). 

 

Table 1. Chemical composition of the different Cu-Zn oxide composite cathodes in this study. 

 

Element 
Titanium 

(at.%) 

Oxygen 

(at.%) 

Copper 

(at.%) 

Zinc 

(at.%) 

Cu/Zn 

(at.%) 

Ti/CuO 5.85 58.12 36.03 - - 

Ti/Cu5ZnOx 7.07 67.23 21.67 4.03 5.37:1 

Ti/CuZn5Ox 1.89 59.14 6.33 32.65 1:5.16 

 

Fig. 2 provides SEM images of the prepared cathodes. Seen from this figure, we can observe 

the films are in irregular distribution on Ti plates and the surface of the Ti/ Cu5ZnOx (Fig. 2b) is 

covered with class of spicules; this microstructure is favorable to electrode area expansion, leading to 

increase of reaction kinetics. Table 1 shows the relative atomic percent contents (at. %) of various 

elements on the surface measured by EDS. It can be demonstrated that Cu/Zn atomic ratios on the 

surface of Ti/Cu5ZnOx and Ti/CuZn5Ox electrodes were 5.37:1 and 1:5.16, respectively, closed to the 

theoretical values of precursor added Cu(NO3)2 and Zn(NO3)2, indicating that titanium substrate was 

successfully coated with copper and zinc. Analyzing from the XRD patterns shown in Fig. 3, CuO with 

crystal phase of tenorite (JCPDS, 45-0937) was detected in the three electrodes, but they also illustrate 

large difference in the contents: 6CuOCu2O with tetragonal crystal phase (JCPDS, 03-0879) was found 

in the Ti/CuOx and Ti/Cu5ZnOx electrodes and ZnO with hexagonal crystal phase (JCPDS, 36-1451) 

was detected in the Ti/CuZn5Ox cathode. As shown in Table 2, the lattice constants for CuO 

nanoparticles of these prepared cathodes were calculated from the XRD data. It is easy to find that the 

lattice constant “a” decrease but “b” “c” increase gradually with the increase of zinc contents on these 

cathodes, indicating that zinc is beneficial to the change of lattice constant for CuO. In addition, 

comparing with hexagonal ZnO (JCPDS, 36-1451), the lattice constants of ZnO “a” and “c” decreased 

from 0.3250nm to 0.3238nm and 0.5207nm to 0.5165nm, respectively, for the Ti/CuZn5Ox electrode. 

This can be explained that Cu
2+

 lodges into the position of Zn
2+ 

in the Ti/CuZn5Ox electrode, which 

javascript:void(0);
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leads to a decrease of the lattice constants as the radius of Cu
2+

(0.072nm) is smaller comparing with 

Zn
2+

(0.074nm) [26]. This change trend of lattice constant possibly implies formation of (Cu-Zn)O 

solid solution [27, 28]. 
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Figure 3. XRD patterns of the cathodes, the symbols of , ,  and * represent the Ti, 6CuOCu2O, 

CuO and ZnO. 

 

Table 2. lattice constant of CuO for the various Cu-Zn oxide composite cathodes. 

 

Element 
CuO#45-

0937 
Ti/CuO Ti/Cu5ZnOx Ti/CuZn5Ox 

a (nm) 0.4685 0.4672 0.4665 0.4664 

b (nm) 0.3426 0.3427 0.3431 0.3430 

c (nm) 0.5130 0.51268 0.5128 0.5139 

 

The contents of products and current efficiency during nitrate reduction on the Ti/CuOx, 

Ti/Cu5ZnOx and Ti/CuZn5Ox cathodes are shown in Fig. 4. This figure illustrates nitrate removals on 

the three cathodes all increase with enhancement of the current densities and the higher the larger. 

Minor difference of the nitrate removals of these electrodes are found at lower current density (e.g. 1 

or 5 mA/cm
2
); but when current density is increased to 20 mA/cm

2
, the nitrate removal of Ti/Cu5ZnOx 

is higher than those of other two cathodes, demonstrating the CuO coupling to elemental zinc could 

effectively accelerate the nitrate removal. These results prove the Cu-Zn oxidize composite cathodes 

are superior to the metallic alloy electrodes in nitrate degradation reported by other researchers [20, 

21]. During nitrate reduction, only a portion of nitrate is reduced to nitrogen gas, the detected NO2
-
 and 

NH4
+
 ions could be formed according to the following equations [29, 30]: 

NO3
-
 (sol) ↔ NO3

-
 (ads) (3) 

NO3
-
 (ads) + 2e

-
 + H2O → NO2

-
 (sol) + 2OH

-
 (4) 

NO2
-
 (sol) ↔ NO2

-
 (ads) (5) 

NO2
-
 (ads) + 3e

-
 + 2H2O → 1/2N2 (g) + 4OH

-
 (6) 

NO2
-
 (ads) + 6e

-
 + 6H2O → NH4

+
 + 8OH

-
 (7) 
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Analyzed by the experimental data, we conclude that NO2
-
 would not be massively 

accumulated in the solution regardless of the cathode materials except the lower applied current 

density (1 mA/cm
2
), that is to say, reaction (6) or (7) is a fast one that dominated by reaction (4). 

However, it is unfortunate that NH4+ selectivity on the three cathodes is much higher than that of N2, 

especially on the Ti/CuZn5Ox. 

 

3.2. Electrochemical reduction of nitrate 

3.2.1 Products and variation of current efficiency 
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Figure 4. The selectivity of intermediate products on Ti/CuOx (a), Ti/Cu5ZnOx (b) and Ti/CuZn5Ox 

(c)cathodes, and  current efficiency (d) during nitrate reduction at different applied potentials 

and reaction time of 6 h. Notations: NO3
-
-N(

0 5 10 15 20

0

10

20

70

80

90

 znocu

 znocu

 znocu

0

15

30

45

60

75

 

); NO2
-
-N(

0 5 10 15 20

0

10

20

70

80

90

 znocu

 znocu

 znocu

0

15

30

45

60

75

 

);  NH4
+
-N(

0 5 10 15 20

0

10

20

70

80

90

 znocu

 znocu

 znocu

0

15

30

45

60

75

 

); N2-N(

0 5 10 15 20

0

10

20

70

80

90

 znocu

 znocu

 znocu

0

15

30

45

60

75

 ). 

 

It should be pointed out that the ability of complete conversion of nitrate to N2 is an important 

index in evaluating the electrode performance and it is interesting that the SX values of the prepared 

cathodes are almost in accordance with trends of the nitrate removal. Furthermore, we could observe 

the N2 selectivity on Ti/CuZn5Ox is independent of the current density and the SX values are very small 

that remain constant of 14.1%-17.8% at 5 to 20 mA/cm
2
. On the contrary, the N2 production on the 

Ti/Cu5ZnOx and Ti/CuOx highly relies on the current density and the SX values abruptly increase from 

17.8% and 12.6% to 36.5% and 28.0% at current densities of 10 and 20 mA/cm
2
, respectively, which is 

superior to those of Cu-Zn alloys [20, 21]. On the other hand, the current efficiency of the cathodes 

decreases with increase of current densities, meaning lower one would be power-saving; but somewhat 
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incongruously, these two contradictory approaches should be achieved simultaneously by investigating 

the intrinsic mechanisms of nitrate conversion in detail. 

 

3.2.2 Variation of potentials 
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Figure 5. The variation of cathodic potentials on Ti/CuOx (a), Ti/Cu5ZnOx (b) and Ti/CuZn5Ox (c) 

cathodes, and relationship between current density and potentials (d) during nitrate reduction in 

presence of NaNO3 (150 mg/L) and Na2SO4 (3% w/w). Notations: 1mA/cm
-2
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Fig. 5 shows the variation of anodic and cathodic potentials during nitrate reduction with 

reaction time of 6 h under different operating conditions. As expected, the recorded potentials 

correspondingly enhance with the increase of current densities. Almost constant potentials on the 

Ti/CuOx and Ti/Cu5ZnOx cathodes but obviously changed ones on the Ti/CuZn5Ox are displayed with 

their respective current densities, implying that the active layer of Ti/CuOx and Ti/Cu5ZnOx is more 

stable than that of Ti/CuZn5Ox. In addition, we observe from Fig. 5 (d) that the average cathodic 

potentials of these electrodes are different under a certain current density: the potentials of Ti/Cu5ZnOx 

cathode are always higher than those of Ti/CuOx at the same current densities, indicating the addition 

of zinc is beneficial to electron transfer from the electrode surface to aqueous solution; as for the 

potentials of Ti/CuZn5Ox, they are relatively higher but obviously lower than those of other two 

electrodes at 10 or 20 mA/cm
2
 and 1 or 5 mA/cm

2
, respectively, probably attributing to increase of 

electron transfer via the change of labile ZnO crystal pattern with larger current density and its weak 
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nitrate reduction capability at a less one. Till date, researchers have revealed that the nitrate reduction 

highly relies on the cathodic potentials [14, 31]; as a result, LSV test should be further conducted to 

make clear the intrinsic mechanisms affected by different potentials for nitrate degradation on the 

prepared electrodes. 

 

3.3. Nitrate reduction mechanisms 

3.3.1 LSV analysis at different pH values 
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Figure 6. The variation of pH values in cathodic chamber when Ti/CuOx (a), Ti/Cu5ZnOx (b) and 

Ti/CuZn5Ox (c) cathodes were employed for nitrate reduction. Notations: 1mA/cm
-2
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During nitrate reduction, nitrate ions are firstly absorbed by active sites of the cathodes [32], 

and the adsorbed hydrogen ions would compete with the main reaction, which maybe decreases the 

removal efficiency of nitrate in aqueous solution. In this study, we observe from Fig. 6 that the pH 

values vary from the initial 7.0 to about 11, 12, 13 and 13 at the four current densities on the all 

prepared cathodes, respectively. Hence, the LSV investigations under pH values of 11, 12 and 13 were 

conducted to evaluate the effect of the HER on nitrate conversion (Fig. 7). In the blank electrolyte 

(pH11, 0.1 M NaClO4 only), an obvious downwards trend attributing to the HER is obtained and the 

potentials of HER are about -1.36 V, -1.50 V and -1.42 V when the Ti/CuO, Ti/Cu5ZnOx and 

Ti/CuZn5Ox cathodes are employed, respectively. While in presence of the nitrate, the feedback 

currents obviously rise with increase of alkalinity and the currents of Ti/Cu5ZnOx cathode are higher 

than those of Ti/CuOx and Ti/CuZn5Ox, indicating Cu5ZnOx composite is an excellent candidate for 

nitrate reduction. We also find the potentials for HER in these solutions are slightly enhanced 

compared with those obtained in the blank electrolyte, which illustrates hydrogen evolution could be 

hindered by the nitrate reduction reactions. In an alkaline solution, the HER involves the following 

major steps: 

OH
-
sol ↔ OH

-
ads (9) 

H2Oads ↔ OH
-
ads + H

+
ads (10) 

H
+

ads + e
-
 ↔ Hads (11) 

2Hads ↔ H2↑ (12) 
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Figure 7. LSVs of the Ti/CuOx (a), Ti/Cu5ZnOx (b) and Ti/CuZn5Ox (c) cathodes in presence of 

NaClO4 (0.1 M) and NaNO3 (0.01 M) under different pH values at scanning rate of 10 mV/s. 
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observed at potentials of 0.66V, -0.91V, -1.24V on the Ti/CuOx and -0.63V, -1.12V, -1.38V on the 

Ti/Cu5ZnOx electrodes (pH13), respectively. These facts depict that the presence of OH
-
 ions induce, 

to some extent, an inhibition of hydrogen ions adsorption thereby to increase the N-species adsorption 

on the surface of these cathodes. 
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Figure 8. LSVs of the Ti/CuOx (a), Ti/Cu5ZnOx (b) and Ti/CuZn5Ox (c) cathodes at pH 13 in aqueous 

solutions containing 0.1M NaClO4(
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) at scanning rate of 10 mV/s. 

 

Aiming to determine the mechanisms of nitrate reduction on the prepared three cathodes, LSV 

tests were further carried out in aqueous solutions of NaClO4, NaNO3 and NaNO2 at pH 13 and the 

results are described by Fig. 8. As shown in Fig. 8a, the data obtained in nitrate electrolyte presents 

three reduction peaks at potentials of -0.66V (A1), -0.91V (A2) and -1.24V (A3) prior to occurrence of 

the HER. Less feedback currents are observed when nitrite solution is used, and we also can assert the 

A2 peak is associated with the reduction of nitrate to nitrite ions from the disappearance of this peak. 

Comparison of these curves with that achieved in NaClO4 solution, it could be ensured that the A3 and 

A1 peaks should be related to nitrite reduction (Eqs. (6) and (7)) and CuO conversion, respectively. 

The similar phenomena for nitrate reduction obtained in alkaline solution on copper cathode were 
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previously reported by Reyter et al. [14] and Mattarozzi et al. [18]. The LSVs of Ti/Cu5ZnOx cathode 

behave the same shape to those of Ti/CuOx but potentials for the three peaks shift to -0.60V (B1), -

1.07V (B2), -1.41V (B3), respectively. It can be observed that the reduction potentials of nitrate to 

nitrite and nitrite further degradation on Ti/CuOx (Cu=36.0 at. %) are more positive than those on 

Ti/Cu5ZnOx (Cu=21.7 at. %). This is probably because more copper could accelerate the adsorption of 

NO3
-
 ions by retarding hydrogen ions transfer therefore enhancing the conversion of NO3

-
 to NO2

- 
ions, 

which is in accordance with the published works [9]. However, relatively less feedback currents in 

nitrite solution comparing with those in nitrate electrolyte both on Ti/CuOx and Ti/Cu5ZnOx cathodes 

are found, indicating copper has a negative effect in the degradation activity and selectivity of NO2
-
 to 

N2. When the Ti/CuZn5Ox cathode is employed, not any reduction peak for nitrate degradation is 

captured by the LSV investigation, but a new peak or wave arises in each LSVs after the HER (Fig. 

8c). The existence of wave C1 in blank electrolyte over potential region of -1.58 V to -1.70 V is due to 

the H-poisoning on the electrode surface by adsorbed hydrogen, blocking the nitrate reduction process 

[14, 18]. The shift of wave C2 to more negative potential region of -1.9 V to -2.0 V in presence of 

nitrate ions indicates the inhibition of the H-poisoning by nitrate reduction. Furthermore, the detection 

of an even more positive wave C3 by the H-poisoning in presence of NO2
-
 ions reflects a much less 

effective reactivity than that in NO3
-
 ions. 

The LSVs under different conditions demonstrate the nitrate reduction could be effectively 

conducted in alkaline solution on the prepared electrodes and the Ti/Cu5ZnOx cathode possesses higher 

reduction ability in comparison with the others, which also could be confirmed by the electrochemical 

reduction of nitrate shown in Figs. 4 to 6. 

 

3.3.2 Degradation rate of nitrate 

According to published literature [15], the nitrate reduction is assumed as first-order kinetics 

and the relation between current density and nitrate concentration can be described by the following 

equation: 

]NOlog[+log=log -
3nkj

xE  (13) 

where jEx is the current density at potential Ex, k the rate constant, n the reaction order and 

[NO3
-
] the nitrate concentration. Hence, k values of the Ti/CuO, Ti/Cu5ZnOx and Ti/CuZn5Ox cathodes 

at pH 11, 12 and 13 could be calculated by the current density corresponding to their respective 

potentials under different nitrate concentrations and the results are displayed in Fig. 9. The rate 

constants for nitrate conversion on the Ti/Cu5ZnOx electrode increase with enhancement of the pH 

values and potentials, and the increase is more remarkable at a higher alkaline solution. Similarly, an 

increasing electroactivity of Ti/CuZn5Ox is also shown, but the change is much less than those of 

Ti/Cu5ZnOx. As for the Ti/CuOx one, whatever the potentials, it possesses excellent electroactivity of 

nitrate reduction at pH 11, however, the excellent activity is not significantly improved with variations 

of solution pH at higher potentials (E3 or E4), which may seem inconsistent with change rules of k 

value of the cathodes containing zinc. 
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Figure 9. The apparent rate constants of the Ti/CuOx (a), Ti/Cu5ZnOx (b) and Ti/CuZn5Ox (c) cathodes 

at their respective potentials(E1, E2, E3, E4 corresponding to current densities of 1, 5, 10 and 20 

mA/cm
2
). 

 

3.3.3 Degradation mechanisms of nitrate 

Based on the above analysis, one can conclude that the copper oxide is active for initial 

adsorption of nitrate and electron transfer due to the higher nitrate degradation on Ti/CuOx cathode 

prior to the HER (Fig. 4) and the accumulation of OH
-
 in aqueous solution could weaken Hads 

occupation on electrode surface thereby free more active sites for nitrate adsorption under this 

condition. On the contrary, more negative potentials may benefit the Hads adsorption on the surface of 

CuO after the HER, resulting into a constant pH values during nitrate reduction (Fig. 6).  
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Figure 10. The mechanism for activity and selectivity in alkaline electrolytes for Cu-Zn mixed 
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respectively. 
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reduction of nitrite to N2, confirming by higher selectivity of N2 generation on containing-zinc 

cathodes (Ti/Cu5ZnOx and Ti/CuZn5Ox) comparing with on non-zinc cathode(Ti/CuOx). The proposed 

reaction mechanism to describe the activity and selectivity of the Cu-Zn oxidize composite cathodes in 

alkaline electrolytes is presented in Fig. 10. 

It is worth to be noted that Cu element shows a negative influence on activity and selectivity 

for nitrite degradation and rare element (Pd) is necessary to be required to offer active sites for 

production of the intermediate products, such as NO2
-
, NO and N2O to N2 [8, 9], which makes the 

nitrate removal extremely expensive. Interestingly, almost the same performance to those rare metals is 

also achieved by the prepared Cu-Zn oxidize composite cathodes and hence this work provides a low-

cost strategy for effective nitrate reduction. 

 

 

 

4. CONCLUSIONS  

This study investigated the electroreduction of nitrate by using different prepared cathodes 

(Ti/CuO, Ti/Cu5ZnOx and Ti/CuZn5Ox). The following conclusions can be drawn: (1) Cu-Zn oxide 

composite can be bound together by thermal decomposition method and active CuO nanoparticles 

were more stable than other metal oxides in the process of nitrate reduction; (2) Ti/Cu5ZnOx cathode 

exhibits higher activity in nitrate removal and considerable selectivity of N2 production, and 

ammonium ion is the main product on the three electrodes; (3) the presence of OH
-
 ions enhanced 

electroactivity of the Ti/Cu5ZnOx and Ti/CuZn5Ox cathodes, especially after the HER, and the zinc 

element could provide extra active sites for intermediate N-species reduction via inhibition of adsorbed 

hydrogen ion.  
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