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In this work, a novel Ni/ZnO-MnO2 electrode was fabricated by utilizing spent zinc-manganese batteries and then was applied to
the electrochemical treatment of ammonia-containing wastewater. The obtained Ni/ZnO-MnO2 electrode was characterized by
scanning electron microscopy, X-ray diffraction, and linear scanning voltammetry, suggesting that the fabricated electrode had a
flower-like structure and showed high oxygen evolution potential and electrochemical activity. The electrochemical performance of
the ZnO-MnO2 electrode in regard to ammonia removal and product selectivity was then investigated with different operating
factors (i.e., electrolyte concentration, initial pH value, current density, and Cl− concentration), and the results indicated that the
ammonia removal efficiency could reach 100% with a N2 selectivity of 91.8% under optimal conditions. Additionally, the
mechanism of ammonia oxidation was proposed by cyclic voltammetry tests and active radical measurements, showing that
ammonia was mainly oxidized via direct electron transfer, hydroxyl radicals, and active chlorine. Finally, the ZnO-MnO2 electrode
was equipped for the treatment of actual pharmaceutical wastewater, results for which showed that ammonia could be completely
removed with a current efficiency of 26.2% and an energy consumption of 52.7 kWh/kg N. Thus, the ZnO-MnO2 electrode
prepared by recycling spent batteries is a promising anode for wastewater treatment.
© 2021 The Electrochemical Society (“ECS”). Published on behalf of ECS by IOP Publishing Limited. [DOI: 10.1149/1945-7111/
ac3abb]
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Incompletely treated wastewater discharge from human activ-
ities, including the pharmaceutical, landfill, and dyeing industries,
usually contains a large amount of ammonia, which poses great
threats to aquatic ecosystems and public health.1,2 Anammox process
is presently the most appealing biological technology for the
treatment of ammonia-containing wastewater;3,4 however, it highly
relies on carbon resources, temperature, hydraulic retention time and
pH.5,6 Other technologies for ammonia removal, such as
photocatalysis,7 breakpoint chlorination,8 Fenton,9 and
adsorption,10 have several drawbacks and may not achieve the
required removal efficiencies while complying with increasingly
stringent environmental regulations.11

Electrochemical oxidation has attracted considerable attention
and has emerged as a promising approach for wastewater treatment
due to its environmental compatibility, versatility, and high effi-
ciency, while producing no sludge.12–14 It is well known that anode
materials play a crucial role in implementing electrochemical
oxidation methods for pollutant degradation.15,16 Ideal electrode
materials are usually inexpensive and exhibit high catalytic perfor-
mance, a long service life, and environmental friendliness.17,18

Several typical electrodes have been reported as comparatively
desirable anode materials. Boron-doped diamond (BDD) electrodes
are considered one of the most efficient anodes because of their high
oxygen evolution potential (OEP) and excellent electrochemical
stability;19 however, their difficult preparation and high cost hinder
their wide application.20,21 Lead dioxide (PbO2) electrodes have
been regarded as an excellent metal oxide electrode in view of their
good corrosion resistance, high conductivity, and low cost; 22

however, toxic Pb2+ may dissolve into the water.23 In addition,
Sb-doped SnO2 (Sb-SnO2) electrodes have garnered significant
attention and have proven to be an outstanding electrode for ·OH
production owing to their high OEP, unique crystalline structure and
easy preparation,24 but increasing their service life remains to be
further investigated.25 Compared with the above electrodes, MnO2

electrodes have become one of the most promising alternatives due
to their low toxicity, large surface area, and high catalytic activity.26

For example, Orimolade et al.27 prepared a modified MnO2 film
through pulsed layer deposition and observed enhanced

electrocatalytic degradation of emerging pharmaceutical pollutants.
Shih et al.28 developed a manganese dioxide electrode incorporating
active carbon that could provide reactive sites for the electrosorption
and electrocatalysis of contaminants; after optimization, the pollu-
tant removal efficiency could reach 95%. Du et al.29 summarized
that, compared with other electrodes, manganese oxide electrodes,
especially those with nanostructures, could provide specific poly-
morphisms to mediate electron transfer between the electrode and
pollutant, thus enhancing the electrochemical performance for
wastewater treatment.

Currently, the recycling of solid waste to maximize resource
utilization and its elimination has attracted considerable attention.
Zn-MnO2 batteries are one of the most common solid wastes in
human daily life, and these are mainly comprised of 12%–28% (w/
w) Zn and 26%–45% (w/w) Mn.30 If spent Zn-MnO2 batteries are
discarded optionally, they will inevitably cause soil and water
pollution. As reported by Chen et al.,31 in addition to environmental
problems, spent batteries can also pose human health risks, such as
blood poisoning, hepatotoxicity, and nervous system diseases. In
addition, Sun et al.32 presented that approximately 46% ̃ 75% of
energy could be saved by recycling and using the metal from spent
batteries rather than using only raw materials. Thus, improving the
recycling of spent Zn-MnO2 batteries and using the obtained
materials as raw materials for reproduction will certainly alleviate
their disposal problem and reduce their environmental impact. For
instance, Ali et al.33 proved the possibility of recycling spent
batteries to fabricate MnO2 supercapacitor electrodes, and the
prepared electrode exhibited excellent electrochemical properties.
It follows that it is possible to make use of Zn and Mn from spent
Zn-MnO2 batteries to prepare a novel electrode for electrochemical
wastewater treatment.

In this work, a Ni/ZnO-MnO2 anode was prepared using spent
Zn-MnO2 batteries and equipped for electrochemical treatment of
ammonia-containing wastewater. The surface morphology, crystal
structure, and electrochemical characteristics of the Ni/ZnO-MnO2

electrode were studied. Then, the effects of electrolyte concentration,
initial pH value, current density, and Cl− concentration on the
electrochemical performance of ammonia oxidation and product
selectivity were investigated and optimized. Additionally, the
mechanism of ammonia oxidation in the electro-oxidation system
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was proposed. Finally, the Ni/ZnO-MnO2 electrode was applied for
the treatment of actual pharmaceutical wastewater to evaluate the
possibility of industrialization.

Materials and Methods

Electrode preparation.—Spent Zn-MnO2 batteries (Gold Peak
Industry Group, China) were collected from a waste battery
collection point in Hangzhou (China). Black paste was obtained
by decomposing the spent batteries and separating the plastic films,
paper pieces, and other dismantled products. The paste was dried for
24 h at 100 °C before being ground and sifted through a 75 μm sieve.
The powder was ultrasonically cleaned several times with ultrapure
water to remove the residual battery electrolyte. Subsequently, the
washed powder was dried at 100 °C. Finally, the prepared powder
was used to make a film on nickel foam to obtain the Ni/ZnO-MnO2

anode (inspired by the work of Wang et al.34). The Ni/ZnO and
Ni/MnO2 electrodes were prepared using the same method as
commercial ZnO and MnO2 powders (Macklin, China), respectively.

Electro-oxidation experiments.—Electro-oxidation experiments
were conducted in a divided electrochemical cell separated by a
proton exchange membrane (Nafion 117, DuPont) and equipped
with the fabricated anode and a Ti cathode (both 2 cm × 2 cm). The
inter-electrode gap was 3 cm. Additionally, 100 ml of simulated
wastewater was stored in the anode chamber, and 100 ml of
electrolyte with the same conductivity was loaded into the cathode
chamber. The simulated wastewater was prepared by dissolving
(NH4)2SO4 in ultrapure water at an ammonia concentration of 50
mg N l−1. Sodium sulfate was used as the supporting electrolyte.
Chloride ions were supplied by adding sodium chloride. All electro-
oxidation experiments were performed at 30 °C.

Analysis methods.—Ammonia and chemical oxygen demand
(COD) were determined by Nessler reagent spectrophotometry and
dichromate method, respectively.35 Nitrate and nitrite were mea-
sured by ion chromatography.36 N2 was assayed by gas chromato-
graphy mass spectrometry.36 The surface morphology was observed
using a scanning electron microscopy (SEM, Hitachi, Japan).
Moreover, X-ray diffraction pattern was obtained with an X-ray
diffractometer (XRD, PANalytical, Netherlands). Hydroxyl radicals
and active chlorine were measured by RNO and DPD standard
methods, respectively.37 Liner sweep voltammetry (LSV) and cyclic
voltammetry (CV) were performed with an electrochemical work-
station (CHI660E, Chenhua, China). The fabricated electrode was
used as the working electrode, and a platinum sheet and a saturated
calomel electrode (SCE) were used as the counter electrode and
reference electrode respectively.

The N2 selectivity was estimated as:38
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where p is the concentration of the targeted pollutant (mol) needed to
form one mole of N2, CN2 is the produced N2 concentration (mg
L−1), and C0 and Ct are the ammonia concentrations at times 0 and t,
respectively.

The current efficiency CE (%) for ammonia removal was
calculated as follows:39
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where I is the current supplied, F is the Faraday constant (96 485 C
mol−1), 14 is the atomic mass of N, and n is the electron transfer
number from ammonia to N2.

The energy consumption for the degradation of 1 kg of ammonia-
N was estimated as follows:40
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where U is the voltage.

Results and discussion

Electrode characteristics.—Figure 1a shows the SEM images of
the ZnO-MnO2 coating of the Ni/ZnO-MnO2 electrode. It was
clearly observed that the surface of the electrode presented a
flower-like structure with a mean diameter approximately 500 nm.
The high surface roughness of the flower-like structure was expected
to be conducive to enhancing the adhesion between the substrate and
coating, and prolonging the service lifetime of the electrode.41 In
addition, the large surface area could provide a better chance for
electron movement, which would facilitate electron transfer between
the electrode and pollutant.42 The XRD pattern was used to identify
the phase structure of the fabricated electrode. As shown in Fig. 1b,
four characteristic diffraction peaks at 2θ values of 21.034°, 37.120°,
42.401°, and 56.027° corresponded to the (001), (100), (101), and
(102) crystal planes of MnO2 (JCPDS 30–0820). The diffraction
peaks at 2θ angles of 31.769°, 34.421°, 36.252°, 47.538°, 56.602°,
62.865° and 66.378° corresponded to the reflections of the (100),
(002), (101), (102), (110), (103), and (200) crystal planes, thereby
matching ZnO (JCPDS 36–1451).

To explore the electro-oxidation capability of the electrode, linear
sweep voltammetry was performed to examine the oxygen evolution
potential (OEP). Figure 2a shows the steady-state polarization
curves on Ni/ZnO-MnO2, Ni, commercial Ni/ZnO and Ni/MnO2

electrodes. Among these electrodes, the OEP of the Ni/ZnO-MnO2

Figure 1. Characteristics of the prepared ZnO-MnO2 electrode. (a) SEM image; (b) XRD pattern.
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electrode was found to be 1.73 V (vs. SCE), which was higher than
those of Ni (1.16 V), Ni/ZnO (1.49 V) and Ni/MnO2 (1.65 V). Such
results indicated that the Ni/ZnO-MnO2 electrode had the optimum
performance for promoting pollutant oxidation and restraining the
side reaction of oxygen evolution. Moreover, the ammonia removal
efficiencies of the different electrodes were compared to further
determine the electrochemical performance. As shown in Fig. 2b, the
catalytic activity order of these four electrodes was Ni/ZnO-MnO2

(49.3%) > Ni/MnO2 (44.5%) > Ni/ZnO (36.8%) > Ni (32.7%),
which was consistent with the relative OEP (Fig. 2a). These results
were in agreement with conclusions reported elsewhere: there were
unique active sites on the ZnO-MnO2 interface that could effectively
accelerate charge transfer and water splitting.43,44 According to the
above results, it was considered that the Ni/ZnO-MnO2 electrode had
the potential for the electrochemical treatment of ammonia-con-
taining wastewater.

Optimization of electrochemical ammonia oxidation.—To de-
termine the electrochemical performance of the Ni/ZnO-MnO2

electrode, the effects of electrolyte concentration, initial pH value,
current density, and Cl− concentration on ammonia removal and
product selectivity were investigated.

The electrolyte concentration reflects the electroconductivity of
the solution, which influences the electron transfer and pollutant
degradation rate. Sodium sulfate was used as the supporting
electrolyte, and concentrations varying from 0.05 mol L−1 to 0.3 mol
L−1 were selected to study its effect on ammonia removal. As shown
in Fig. 3a, the ammonia removal efficiency clearly increased at the
beginning with increasing electrolyte concentration, i.e., reached a
maximum value at 0.1 mol l−1, and then gradually decreased as the
electrolyte concentration was further increased. Such results might
be related to the fact that the increase in electrolyte concentration
could accelerate electron transfer; however, when the electrolyte
concentration exceeded a certain value, excessive sulfate ions would
be adsorbed on the electrode surface to form a salt layer, which
could decrease the number of active sites on the electrode.45

Figure 3b shows that N2 was the main product during ammonia
oxidation, while NO3

− and NO2
− were the byproducts. It also

indicated that the electrolyte concentration had little effect on the
product selectivity: N2 selectivity was mainly stable in the range of
96% to 98%.

Solution pH value is one of the most important factors of
electrochemical performance and can influence the existing form
of pollutants and their intermediates.46 figure 4 shows the variation
in ammonia removal and product selectivity as a function of the
initial pH value. The results showed that an increase in the initial pH
value had a positive effect on ammonia oxidation under acidic and

nonacidic conditions, respectively. Notably, alkaline conditions were
more favorable for ammonia removal than other conditions.
Nevertheless, the phenomenon of over-oxidation was easily oc-
curred, i.e., the N2 selectivity clearly decreased; the reason was
related to the mechanism of direct electron transfer, which was
reported in our previous work.47 Considering the removal efficiency
and N2 selectivity, an initial pH value of 6.0 was selected.

Current density is a key factor that regulates the generation of
active radicals during the electro-oxidation process. Figure 5a
displays that there was an upward trend in ammonia removal as
the current density was increased from 5 mA cm−2 to 20 mA cm−2,
and then a decreasing tendency was observed, suggesting that a
maximum removal efficiency of 64.6% was obtained at 20 mA/cm2.
This explanation was connected with the oxygen evolution reaction
(OER): an increase in current density was beneficial to produce
active radicals to intensify the electrochemical performance; how-
ever, when the current density increased to a certain value, the
excess energy was wasted on the OER, thus hindering pollutant
removal.48 Additionally, the N2 selectivity decreased slightly from
97.7% to 94.9% with increasing current density, and then went
stabilized.

Chloride ions are a common substance in actual wastewater.
Thus, the effect of the Cl− concentration on ammonia oxidation was
studied, as shown in Fig. 6. When Cl− was added to the solution, the
ammonia removal efficiency sharply improved from 64.6% to 78.8%
(500 mg l−1 Cl−); and then ammonia was completely removed as
Cl− concentration reached 1000 mg/l. This finding was consistent
with the results of other studies: the addition of Cl− was favorable
for generation of active chlorine, thus promoting the oxidation of
ammonia.40 In addition, the concentrations of generated chloramines
were negligible during all experiments. Unfortunately, the reaction
of ammonia over-oxidation was aggravated with increasing Cl−

concentration. The N2 selectivity decreased from 94.9% (0 mg/l Cl−)
to 91.8% (1000 mg/l Cl−) and then to 87.2% (1500 mg l−1 Cl−). It
was also found that NO3

− was the main byproducts as Cl− was
added, indicating that NO2

− was oxidized.

Mechanism of ammonia oxidation.—Cyclic voltammograms of
the absence/presence of ammonia on the Ni/ZnO-MnO2 electrode
are presented in Fig. 7a. As shown, a pair of obvious redox peaks,
i.e., an anodic current peak at ~1.04 V and a cathodic current peak at
~0.87 V, were observed in the presence of ammonia, indicating that
direct electron transfer existed during ammonia oxidation.49,50

Figure 7b shows the cyclic voltammograms of ammonia oxidation
as a function of the scan rate. When increasing the scan rate from 10
mV s−1 to 200 mV s−1, the anodic current peaks moved slightly to
more positive potentials; in other words, the ammonia oxidation

Figure 2. The comparison of electrochemical behaviors of the different electrodes. (a) steady-state polarization curves (0.5 mol/L H2SO4, 100 mV s−1); (b)
ammonia removal performance (Electrolyte concentration of 0.1 mol L−1, initial pH value of 6, current density of 10 mA cm−2, no Cl−, electrolysis time of 60
min).
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process was an irreversible process.51 The inset presented that there
was a linear relationship between the anodic current peak and the
square root of the scan rate, and the straight line did not pass the
origin. This finding implied that diffusion-controlled theory was
suitable for describing the ammonia oxidation process on the
Ni/ZnO-MnO2 electrode. Figure 7c displays that the generation of
hydroxyl radicals and active chlorine increased with electrolysis,
explaining that indirect oxidation greatly contributed to ammonia
removal. Based on the above results, a schematic diagram of

mechanism of the electrochemical ammonia oxidation in anode
chamber is shown in Fig. 7d, involving the ammonia oxidation
mechanism by electrons, hydroxyl radicals and active chlorine. Most
of the ammonia could be thoroughly transformed to N2, while some
was converted to by-product such as nitrate and nitrite. Fortunately,
the N2 selectivity could consistently exceed 90% after optimization.

Verification of actual wastewater treatment.—For its possible
practical application in the future, the oxidation performance of the

Figure 3. The effect of electrolyte concentration on ammonia removal. (Initial pH value of 6, current density of 10 mA cm−2, no Cl−, electrolysis time of 60
min)

Figure 4. The effect of initial pH value on ammonia removal. (Electrolyte concentration of 0.1 mol L−1, current density of 10 mA cm−2, no Cl−, electrolysis
time of 60 min)
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fabricated electrode was tested in actual wastewater (i.e., effluent of
secondary wastewater from a pharmaceutical factory, Zhejiang,
China). Table I shows the characteristics of the actual wastewater
and presents the results of electrochemical wastewater treatment. At
a current density of 20 mA/cm2 and an electrolysis time of 60 min,
ammonia could be oxidized from 79 mg-N/L to 36 mg-N/L, and
COD concentration decreased from 213 mg l−1 to 128 mg/l. After
another 60 min of electrolysis, ammonia was completely removed
with a N2 selectivity of 92.3%, and COD removal efficiency reached

73.2%. It was also observed that the effluent qualities after 120 min
of electrolysis met the Discharge Standard of Water Pollutants for
Pharmaceutical Industry in China. Besides, in order to evaluate the
safety of the treated wastewater, the concentrations of the dissolved
metal ions were measured by inductively coupled plasma mass
spectrometry. The results indicated that the ion concentrations of
manganese and zinc were 0.009 mg l−1 and 0.006 mg l−1,
respectively, which met the Standard for Drinking Water Quality
(manganese ⩽ 0.1 mg l−1; zinc ⩽ 1.0 mg/l). Additionally, a current

Figure 5. The effect of current density on ammonia removal. (Electrolyte concentration of 0.1 mol L−1, initial pH value of 6.0, no Cl−, electrolysis time of 60
min)

Figure 6. The effect of Cl− concentration on ammonia removal. (Electrolyte concentration of 0.1 mol L−1, initial pH value of 6.0, current density of 20 mA
cm−2, electrolysis time of 60 min)
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efficiency of 26.2% was obtained for ammonia removal, and energy
consumption was calculated as 52.7 kWh/kg N. Compared with
other electrode materials reported for ammonia-containing waste-
water treatment (Table II), this Ni/ZnO-MnO2 electrode was not
only cost-effective in regard to its materials and operation but also
exhibited excellent pollutant removal efficiency and energy saving
during ammonia oxidation.

Conclusion

A Ni/ZnO-MnO2 electrode was successfully prepared by recy-
cling spent zinc-manganese batteries, and its electrochemical per-
formance for the removal of ammonia from simulated and actual
wastewater was evaluated in this study. The SEM, XRD, and LSV
were applied to determine the electrode characteristics; results

showed that the flower-like structure electrode had an OEP of 1.73
V, which was more suitable for ammonia oxidation than that of other
commercial electrodes. The operating parameters, including electro-
lyte concentration, initial pH value, current density, and Cl−

concentration, were investigated to reveal their effects on the
ammonia removal and product selectivity by the Ni/ZnO-MnO2

electrode. After optimization, 100% ammonia could be removed
from the simulated wastewater, and N2 was considered the main
product. Then, the mechanism of direct and indirect electrochemical
ammonia oxidation was presented via cyclic voltammetry and active
radical tests. Additionally, the oxidation performance of the fabri-
cated electrode was validated by treating actual pharmaceutical
wastewater. The results indicated that the removal efficiencies of

Figure 7. Mechanism for ammonia oxidation. (a) cyclic voltammograms of ammonia oxidation (electrolyte concentration of 0.1 mol L−1, initial pH value of 6.0,
no Cl−, scan rate of 50 mV s−1); (b) cyclic voltammograms with different scan rates (electrolyte concentration of 0.1 mol L−1, initial pH value of 6.0, no Cl−);
(c) hydroxyl radical and active chlorine generation(electrolyte concentration of 0.1 mol L−1, initial pH value of 6.0, current density of 20 mA cm−2, 1000 mg/l
Cl−); (d) schematic diagram of mechanism of electrochemical ammonia oxidation in anode chamber.

Table I. The characteristics of actual wastewater before and after electrochemical treatment.

Parameter Initial value 60 min treatment 120 min treatment Discharge standard

Ammonia (mg-N/L) 79±4 36±4 ND 20
COD (mg/L) 213±15 118±13 57±6 100
Color 15 ND ND 50
pH 8.5±0.2 7.6±0.3 6.8±0.2 6~9
Cl− (mg/L) 876±41 858±38 849±33 /

ND: not detected.
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Table II. Comparison of oxidation performance of different anode materials for ammonia removal.

Electrode material
Experimental conditions

Results
References

Anode Cathode
Removal
efficiency

Current
efficiency

Energy con-
sumption (kWh/

kg N)

graphite/PbO2 Graphite 100 mg/l NH4
+, 900 mg l−1 Cl−, current of 0.3 A, 120 min

electrolysis
96.5% ~4.8% / 52

Graphite/MnO Graphite 1.42 mM NH4
+, 50 mM Cl−, current density of 3.5 mA cm−2,

120 min electrolysis
~28% 17.8% / 53

Ti/EBNTA Ti/
EBNTA

21 mM NH4
+, 30 mM Cl−, current density of 5 mA cm−2,

240 min electrolysis
~75% / 100 54

Ti/IrO2-RuO2 Ti 50 mg/l NH4
+, 20 mM Cl−, pH 6.0, current density of 3
m A /c m 2 , 40 min electrolysis

~95% 14.6% 126 55

Graphite Stainless
steel

185 mg/l NH4
+, 7500 mg L−1 Cl−, pH 8.93, current density

of 40 m A /c m 2 , 120 min electrolysis
~99% ~8% 491.9 56

Ti/Ir0.7Ta0.3O2/Co-TiO2/Sb-SnO2 Stainless
steel

12 mM NH4
+, 60 mM Cl−, current density of 25 m A /c m 2 ,

120 min electrolysis
100% / 383 57

Ni/ZnO-MnO2 Ti 79 mg/l NH4
+, 213 mg/l COD, pH 8.5, 876 mg l−1 Cl−,

current density of 20 mA cm−2, 120 min electrolysis
100% 26.2% 52.7 In this

study

EBNTA: structurally enhanced blue-black TiO2 nanotube array
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ammonia and COD could reach 100% and 73.2%, respectively, and
an energy consumption of 52.7 kWh/kg N was calculated.
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