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 Nickel oxide catalysts have been used for wastewater treatment due to their strong 

oxidizing power and air or chlorine has been utilized as a method of maintaining 

oxidation activity of the catalysts. However, such activation methods have low 

efficiency or problems such as generation of chloride ions. In this study, an 

electrochemical activation system was employed to the nickel oxide catalyst used 

for wastewater treatment. For the electrochemical use of the catalyst, a nickel oxide 

electrode was fabricated by calcination. The electrochemical activation system 

maintained oxidation activity of the nickel oxide while an organic compound was 

degraded in consecutive cycles. The nickel oxide catalyst with the electrochemical 

activation system showed comparable or better performance than nickel oxide 

powder or nickel oxide pellets with conventional air injection systems, in terms of 

maintaining oxidation activity. The oxidation mechanism of the electrochemical 
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system was turned out to be the indirect oxidation mechanism of high oxidation 

states of nickel oxide, which were electrochemically regenerable. For its practical 

use, the electrochemical system was applied to actual phenolic wastewater and 98 % 

of COD was eliminated. 

 

Keyword: electrochemical activation, nickel oxide catalyst, wastewater treatment, 

electrochemical wastewater treatment 
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Chapter 1. Introduction 

As the industry develops, industrial wastewater has a tendency to be diverse and the 

problem of water pollution becomes severe due to the release of refractory and toxic 

compounds even in small amounts. Accordingly, wastewater effluent standards 

continue to be more stringent and wastewater treatment (WWT) technology becomes 

more important. 

 Recently, nickel oxide catalysts, as heterogeneous oxidation catalysts, have been 

attracting attention due to their efficient process for WWT (Christoskova and 

Stoyanova, 2001; Christoskova et al., 1998; Ivanova et al., 2014; Stoyanova et al., 

2003). The nickel oxide catalyst has many advantages, making it suitable for 

wastewater treatment. For example, It is operable in ambient pressure and 

temperature, able to form high oxidation states of oxides with intermediate stability 

(Pirkanniemi and Sillanpää, 2002), and contains high amounts of surface active 

oxygen (O * ~ 8%) (Christoskova and Stoyanova, 2001). 

 The nickel oxide catalyst requires an activation system that reoxidizes the catalyst 

to maintain oxidation activity in WWT. In previous studies, oxidation activity of the 

nickel oxide was maintained by injecting air or chlorine. It was reported that air 

injection systems, which utilized air bubbling, maintained dissolved oxygen in the 

solution and dissolved oxygen reoxidized the catalyst (Christoskova and Stoyanova, 

2001; St. Christoskova and Georgieva, 2000; Stoyanova et al., 2003). However, 

oxygen could not fully activate the catalyst and restore its original oxidizing power. 
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Whereas, strong oxidants, such as chlorine, could completely regenerate the 

oxidizing power of the catalyst (Christoskova et al., 1995). 

 Therefore, commercial nickel oxide catalysts use chlorine, which is injected 

continuously, to maintain oxidation activity of the catalysts (Hancock, 1998). 

However, the use of chlorine inevitably produces a large amount of chlorine ions, 

which have possibilities of adversely affecting the environment and makes the 

treated water difficult to reuse. Therefore, a new catalyst activation system is 

required rather than injecting air or chlorine, which has low efficiency or generates 

chlorine ions. 

  In this study, electrochemical activation of the nickel oxide catalyst was 

investigated. For electrochemical activation, a nickel oxide electrode was fabricated 

by calcination and constant current was applied while it degraded organic 

compounds. In order to evaluate the ability of maintaining oxidation activity by the 

electrochemical system, repetitive use of the system in consecutive degradation 

cycles was observed. The performance of the electrochemical system was compared 

to that of the conventional air injection system using nickel oxide powder and pellets. 

In addition, in order to examine the practical usability, the electrochemical activation 

system was applied to actual phenolic wastewater. 
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Chapter 2. Literature Review 

2.1. Nickel oxide catalysts for wastewater treatment 

2.1.1. Use of nickel oxide as an oxidizing agent 

 The oxidizing ability of nickel oxide was first reported by Nakagawa et al. in 1962. 

The nickel oxide, used as an oxidizing agent, was prepared as follows. A mixture of 

NaOH and NaOCl was added dropwise to nickel salt solution (e.g. nickel sulfate). 

Nickel ions in solution are oxidized by NaOCl and precipitated into nickel oxide. 

Then, powder form of nickel oxide was obtained through filtration, followed by 

drying under room temperature and reduced pressure (Nakagawa et al., 1962). The 

prepared nickel oxide was used to partially oxidize organic substances, such as 

alcohols (Nakagawa et al., 1962), amines (Nakagawa and Onoue, 1965), phenols 

(Sugita, 1966), and thiols (Nakagawa et al., 1980), in order to synthesize their 

oxidized products. 

 Since 2000, the nickel oxide has been used as a catalyst by employing an activation 

system, injecting air to the solution (St. Christoskova and Georgieva, 2000). The 

nickel oxide catalyst with air injection was applied to treat a variety of organic 

wastewater, including phenolic waste (Christoskova and Stoyanova, 2001), 4-

chlorophenol (Stoyanova et al., 2003), and 2,4-dichlorophenol (Ivanova et al., 2014). 

The organic compounds were completely oxidized to CO2 by the catalyst. 
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2.1.2. Characteristics of nickel oxide catalysts 

 The physicochemical characteristics of nickel oxide catalysts used in WWT have 

been investigated by various researchers. The analysis of a nickel oxide catalyst was 

first carried out by Konaka et al. They estimated the elemental composition of the 

catalyst to NiO2.77H2.85 by elemental analysis, chelation titration and gas 

chromatography (Konaka et al., 1969). 

 Thereafter, Christoskova et al. proposed the formula of the catalyst as NiO(OH)2 

through ESR and XPS analysis. Figure 1 shows ESR spectra of (a) before use and 

(b) after use of the catalyst. As shown in Figure 1, there is no peak of nickel before 

use, however, peaks of Ni2+ and Ni3+ appeared after use. From this result, the 

oxidation state of the as-prepared nickel oxide was assumed to be Ni4+. Figure 2 

shows XPS spectra of (a) Ni 2p3/2, (b) O 1s, and (c) deconvoluted O 1s of the as-

prepared catalyst. Through the Ni 2p3/2 XPS spectrum, the nickel of binding energy 

of 855.7 eV was suggested to be Ni4+
. The XPS spectrum of O 1s was asymmetrically 

deconvoluted to two peaks of 529.5 eV (intensity 33%) and 530.8 eV (intensity 67%), 

which represents Ni-O and Ni-OH bonds, respectively. In conclusion, the formula of 

the nickel oxide catalyst was suggested to be NiO(OH)2 (Christoskova et al., 1995). 

 Figure 3 shows the XRD spectra of the nickel oxide catalyst to determine its crystal 

structure. According to XRD spectra in Figure 3, the catalyst was analyzed to have 

an amorphous structure both (a) before and (b) after use. The catalyst turned into the 

NiO cubic structure when calcined at high temperature (1000 ° C) (Figure 3 (c)) 

(Christoskova et al., 1995) 
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 Oxidation mechanisms of the nickel oxide catalyst turned out to be radical 

medicated mechanisms through various ESR analysis (M. V. George, 1975). Figure 

4 shows the radical mediated oxidation mechanism of the nickel oxide catalyst 

proposed by Christoskova et al. The oxidation mechanism was initiated with the 

subtraction of a hydrogen atom from a hydroxyl group of organic compounds, 

generating a radical. In addition, it has been suggested that the oxidation state of 

nickel oxide was reduced to the lower oxidation state from +4 to +2 during the 

oxidation of organic compounds (Christoskova et al., 1995). 
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Figure 1. ESR spectra of the nickel oxide catalyst: (a) before use; (b) after use 

(Christoskova et al., 1995). 
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Figure 2. XPS spectra of the nickel oxide catalyst: (a) Ni 2P3/2; (b) O 1s; (c) O 1s 

after deconvolution (Christoskova et al., 1995). 
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Figure 3. XRD patterns of the nickel oxide catalyst: (a) before use; (b) after use; 

(c); after calcination at 1000 °C; (d) NiO (Christoskova et al., 1995). 
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Figure 4. Mechanism of oxidation of organic compounds by the nickel oxide 

catalyst (Christoskova et al., 1995). 
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2.1.3. Activation system of nickel oxide catalysts 

 The activation system is required for nickel oxide catalysts to reoxidize the catalyst 

and maintain oxidation activity during wastewater treatment. Air or chlorine 

injection has been used for the activation of the catalyst. In the case of air injection 

system, air was bubbled into the solution. It was reported that the bubbled air 

maintained the dissolved oxygen of the solution and dissolved oxygen reoxidized the 

catalyst (Christoskova and Stoyanova, 2001; Ivanova et al., 2014; St. Christoskova 

and Georgieva, 2000; Stoyanova et al., 2003). 

 However, the effect of air injection was not significant, although it somewhat 

affected the decomposition rate while the catalyst treated organic compounds. Figure 

5 shows the degradation of 4-chlorophenol by the nickel oxide catalyst with and 

without air bubbling (Stoyanova et al., 2003). From Figure 5, it seems that the air 

bubbling system showed a slightly faster removal rate than the system without air 

bubbling, but difference between two systems was not noticeable. Furthermore, 

oxygen could not fully restore the oxidizing ability of deactivated nickel oxide 

catalysts. However, complete regeneration of the catalyst, which restored its original 

oxidizing power, was achieved by the treatment with strong oxidizing agents, such 

as chlorine (Christoskova et al., 1995). 

 Figure 6 shows the IR spectra of the nickel oxide catalysts (a) before use (b) after 

use and (c) used catalysts after treatment with NaOCl. Through the IR spectrum in 

Figure 6, it was confirmed that chlorine completely regenerated the catalyst back to 

its original state. When the catalyst was used, the band of active oxygen (573 cm-1) 
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disappeared and the band of surface hydroxyl group (3641 cm-1) was generated 

(Figure 6 (b)). The IR spectrum of used catalyst was restored to its original state by 

chlorination (Figure 6 (c)). In addition, the oxidizing power of the catalyst also 

recovered by chlorine (Christoskova et al., 1995). 

 Therefore, in commercial nickel oxide systems, chlorine is continuously injected 

during wastewater treatment for maintaining the activity of the nickel oxide catalyst 

(Hancock, 1998). However, chlorine reacts with the catalyst and becomes chloride 

ion, generating high concentration of chloride ions in treated water. This may 

adversely affect the environment when it is discharged, and makes the treated water 

difficult to reuse. Therefore, there is a need for a new catalyst activation system 

rather than injecting air or chlorine. 
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Figure 5. Effect of air bubbling during 4-chlorophenol degradation with the nickel 

oxide catalyst: (a) with air bubbling; (b) without air bubbling. Catalyst 

concentration: (▲) 0.5 g dm-3; (●) 1 g dm-3; (■) 2 g dm-3 (Stoyanova et al., 

2003). 
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Figure 6. IR spectra of the nickel oxide catalyst: (a) before use; (b) after use; (c) 

after treatment with NaOCl (Christoskova et al., 1995). 
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2.2. Nickel oxide electrodes as an oxidizing agent 

 Nickel oxide electrodes have been widely used with the features of changing 

oxidation states of nickel. The representative oxidation-reduction reactions of the 

nickel oxide electrodes were expressed as follows: 

NiO(II) + OH− ↔ NiOOH(III) + e− 

Ni(OH)2(II) + OH− ↔ NiOOH(III) + H2O + e− 

 These oxidation-reduction reactions have been used for oxidizing organic 

compounds, since NiOOH, which is +3 nickel oxide, has oxidizing power. The nickel 

oxide electrodes have been applied to various organic compounds, including 

alcohols and amines (Fleischmann et al., 1971; Robertson, 1980), hydrazine 

(Fleischmann et al., 1972), hydroxysteroid (Kaulen and Schäfer, 1982), thiol 

(Schfifer, 1987), and phenol (Sechi et al., 2016). 

 Fabrication methods of the nickel oxide electrodes used in oxidation are divided 

into two methods. First method is to use nickel rods surrounded by a Teflon sheath. 

The surface of the nickel rod reacts with alkaline solution and forms nickel hydroxide 

(Fleischmann et al., 1972, 1971; Robertson, 1980). The other method is to 

electrodeposit a thin nickel oxide (hydroxide) layer on the current collectors, such as 

a graphite (Abdel Rahim et al., 2004), a nickel net (Kaulen and Schäfer, 1982), and 

a BDD electrode (Sechi et al., 2016). 

 Previous studies of nickel oxide electrodes are significantly different from those of 

the nickel oxide catalyst used in WWT. First, the nickel oxide electrodes used only 
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+3 nickel of NiOOH, however, the nickel oxide catalysts for WWT used higher 

oxidation states of nickel than +3, which had stronger oxidizing power. In addition, 

the objective of the studies of nickel oxide electrodes are to partially oxidize organic 

compounds and synthesize their oxidized products. On the other hand, the nickel 

oxide catalysts for WWT put more focus on complete oxidation, decomposing 

organic compounds to CO2. 
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Chapter 3. Materials and Method 

3.1 Fabrication of the electrode 

 The nickel oxide electrode was prepared in order to enable electrochemical 

activation of nickel oxide. A titanium plate (Sigma Aldrich) was used as a current 

collector. The 2 x 3 cm2 sized Ti plate was pretreated by sandpaper polishing and 

etching in 36.5 % HCl solution at 80 °C for 30 min. Nickel precursor solution (1.7 

M Ni(NO3)2∙6H2O, Alfa Aesar) was spread on one side of the pretreated Ti plate. 

After drying the electrode at 120 °C for 10 min, it was annealed at 450 °C for 10 min. 

The electrode underwent 4 more repetitive cycles and was annealed at 450 °C for 1 

hour. The amount of the coated nickel oxide was 60 mg on average. In the final stage, 

the electrode was immersed on 4 % NaOCl solution (Alfa Aesar) at pH 9 overnight 

to activate the nickel oxide coated on the electrode. 

 

3.2 Characterization of the electrode   

 The surface of the electrode was observed by field emission scanning electron 

microscopy (FE-SEM; JSM-6701F, JEOL, Japan). The electrode was coated with Pt 

to increase the surface conductivity by sputtering at 20 mA for 100 s. Energy 

dispersive spectroscopy (EDS; JSM-6701F, JEOL, Japan) was also performed to 

identify the elemental composition of the electrode surface. Investigations on the 

oxidation states of Ni in nickel oxide electrodes were performed by X-ray 
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photoelectron spectroscopy (XPS; SIGMA PROBE, Thermo VG, U.K.) using an Al 

Kα radiation source and synchrotron-based X-ray absorption near edge structure 

(XANES) analyses. Binding energy positions in XPS spectra were calibrated with 

regard to the location (531 eV) of O 1s peaks. XANES measurements were carried 

out at 7D Beamline of Pohang Accelerator Laboratory (PAL). The beam from the 

synchrotron radiation source was monochromatized by Si (111) monochromator 

during the measurements, and the beam intensity was detuned by 15% in order to 

avoid unwanted higher harmonics. Crystal structures of nickel oxideF were 

characterized by X-ray diffraction (XRD; SmartLab, Rigaku, Japan) analyses which 

were carried out after detaching the nickel oxide from Ti substrates. 

 

3.3 Electrochemical setup 

 A conventional tree-electrode cell was employed for electrochemical activation 

system. The fabricated nickel oxide electrode was used as working electrode, Pt as 

counter electrode, and Ag/AgCl/KCl(sat) as reference electrode. When applying 

current to the system, galvanostatic condition of 4 mA/cm2 was used by a battery 

cycler (WBCS3000, WonATech, Korea). In order to confirm that the electrochemical 

system maintained the oxidation activity of the nickel oxide, five consecutive 

decomposition cycles of organic compounds were carried out. All degradation 

experiments were performed in one-compartment cell with 30 ml of 0.1 M phosphate 

buffer and the pH was adjusted to pH 8 by adding NaOH. The degradation was 
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carried out at room temperature with stirring at 700 rpm.  

 Cyclic voltammetry of the nickel oxide electrode was performed by using a 

potentiostat (VersaSTAT 3, AMETEK, USA) in a potential range of 0 V – 3 V, and 

scan rate of 50 mV/s. The same cell and conditions were employed as the 

electrochemical degradation experiments, except concentration of 4-chlorphenol. 

 

3.4 Analytical methods 

 In order to evaluate the degradation performance of nickel oxide catalysts, 4-

chlorphenol (4-CP) was used as a target organic compound. The concentration of 4-

CP was measured by UV/high-performance liquid chromatography at 230 nm 

(UV/HPLC; LF13010, Younglin, Korea) equipped C18 5 μm (Agilent, 4.6 × 150 

mm). An isocratic elution of 60 % H3PO4 (0.01 M) and 40 % acetonitrile was 

employed at a flow rate of 1.5 ml/min. The COD was measured 

spectrophotometrically by the K2Cr2O7-oxidation method of COD range of 3-150 

mg/L (DR/2010, HACH Co., Loveland, USA). 

 

3.5 Comparison with other conventional systems 

 The electrochemical activation system was compared with conventional air 

injection systems using nickel oxide powder and pellets, in order to evaluate its the 

ability to maintain oxidation activity. The nickel oxide powder was prepared by 

precipitation methods treating a nickel salt with 6 % NaOCl (Sigma Aldrich) in 
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alkaline media, followed by filtration and dry at reduced pressure, described as 

previous studies (Christoskova and Stoyanova, 2001; Christoskova et al., 1995; 

Nakagawa et al., 1962; Stoyanova et al., 2003). The nickel oxide pellet was a 

commercial catalyst from Johnson Matthey (ACCENTTM, Johnson Matthey, UK). 

This catalyst had pelletized form with alumina substrate for practical use. For 

degradation of 4-CP, same conditions with the electrochemical system (250 mg/L 4-

CP in 30 ml of 0.1 M phosphate buffer solution, pH 8, room-temperature, 700 rpm 

stirring) were employed for both the powder and pellet. On the contrary to 

electrochemical system, which applied current, excessive air was continuously 

bubbled during the 4-CP degradation. 

 

3.6 Phenolic wastewater 

 The electrochemical activation system was applied to actual phenolic wastewater 

for examining its practical use. The phenolic wastewater was obtained from 

Bisphenol-A (BPA) plant located in Gunsan, North Jeolla Province, Korea. The 

wastewater contained phenol as a major organic compound. It also included 

ethylbenzene, acetone, etc. Physicochemical characteristics of the phenolic 

wastewater are presented in Table 1. Before treatment, the wastewater was diluted 

25 times with 0.1 M phosphate buffer to adjust the COD to 160 mg/L and fix the pH 

to 8.  
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Parameter Value 

CODcr 4000 mg/L 

pH 4.2 

Conductivity 140 mS 

Turbidity < 1 NTU 

Phenol > 1000 mg/L 

Ethyl benzene > 600 mg/L 

Table 1. Physicochemical characteristics of the phenolic wastewater. 
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Chapter 4. Results & Discussion 

4.1 Characterization of the fabricated nickel oxide 

electrode 

 Figure 7 shows the surface of the fabricated nickel oxide electrode observed by 

SEM. As shown in Figure 7, many cracks and nanoparticles of nickel oxide, which 

have 60-120 nm size, were observed on the surface. These features presumably 

contribute to the increasing surface area of nickel oxide. The elemental composition 

of the electrode surface was analyzed by EDS, which shows nickel and oxygen atoms 

accounted for 49.8% and 49.7 atomic% of the surface, respectively. Since the most 

of the surface was composed of nickel and oxygen and only trace amounts of 

titanium atoms (0.5 atomic%) were observed, it was confirmed that nickel oxide was 

successfully coated on the titanium current collector. 

 Figure 8 shows a Ni 2P3/2 XPS spectrum of the as-prepared nickel oxide electrode. 

By the XPS analysis in Figure 8, the nickel oxide electrode was determined to have 

three oxidation states. The XPS spectrum was deconvoluted into three peaks with 

binding energies of 854.4 eV, 856.0 eV, and 857.7 eV, respectively. Each peak 

indicates different oxidation states of nickel oxide. The peaks at 854.4 eV and 860.0 

eV represent Ni2+ and Ni3+, respectively (Kishi, 1988). The binding energy of 857.7 

eV is assumed to be nickel with a higher oxidation state than +3 (>+3). Thus, the 

fabricated nickel oxide electrode appeared to consist of three oxidation states of 
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nickel (+2, +3, >+3). 

 Figure 9 shows a XRD pattern of nickel oxide of the fabricated electrode. As shown 

in Figure 9, the XRD pattern of the nickel oxide exactly matches with that of the NiO 

cubic structure. This is because nickel oxide of Ni+2, NiO, has crystalline structure, 

but other nickel oxide which has oxidation states higher than +3 tends to have non-

crystalline structure. For this reason, only NiO cubic structure was observed in the 

fabricated nickel oxide. To sum up, the fabricated electrode turned out to be a mixture 

of three oxidation states of nickel oxide (+2, +3, >+3) that had the NiO cubic 

structure. 
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Figure 7. SEM images of the fabricated nickel oxide electrode. 
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Figure 8. The Ni 2p3/2 XPS spectrum of the fabricated nickel oxide electrode. 
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Figure 9. The XRD pattern of nickel oxide of the fabricated electrode. The NiO 

peaks were assigned according to the ICDD PDF Card No. 1010095. 
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4.2 Degradation of the organic compound 

4.2.1 Degradation by the electrochemical nickel oxide system 

 Figure 10 shows change of 4-CP concentration during the consecutive five 

degradation cycles by the nickel oxide electrode with or without current supply. Two 

important observations can be drawn from Figure 10. First, electrochemical power 

from the current was able to maintain oxidation activity of the nickel oxide. For 

instance, in Figure 10, the system without current (w/o current) could not degrade 4-

CP after the second cycle, however, if the current was applied (w/ current), the 

oxidation activity was maintained, as the system with current continuously 

decomposed 4-CP during the 5 cycles. During the first cycle, the difference of 

degradation performance between system with current and without current was not 

apparent. This seems due to the as-prepared nickel oxide electrode already had 

oxidation activity, given by chlorine treatment at the time of electrode fabrication. 

However, the system without current was deactivated after the first cycle, and 

organic decomposition was not observed from the second cycle. On the other hand, 

in the case of system with current, the nickel oxide was reactivated by 

electrochemical energy and able to continuously remove 4-CP until the fifth cycle, 

although the degradation performance was somewhat reduced. 

 Second, in Figure 10, electrochemical activation, which restored the oxidation 

activity of inactivated nickel oxide, was able to be performed separately. For 

example, when the nickel oxide electrode was electrochemically regenerated 
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(reactivated) before each degradation step, it degraded 4-CP even though no current 

was applied during degradation (w/o current (Elec. Reg.) in Figure 10). The 

electrochemical regeneration process was performed with constant current of 4 mA 

/cm2 for 1 hour in the same solution only without 4-CP. The degradation step and the 

electrochemical regeneration step could be separated, since the electrochemically 

regenerated nickel oxide degraded 4-CP without current. The degradation step and 

the electrochemical regeneration step can be represented by following two equations, 

respectively: 

    NiOx + 4‐ CP ⟶ NiOx−1 + Oxidized compound (degradation step) 

    NiOx−1 + H2O ⟶ NiOx + 2e− + 2H+  (electrochemical regeneration step) 

 NiOx is the nickel oxide of high oxidation states (≥+3), which has oxidizing ability. 

In the degradation step, NiOx uses active oxygen, oxidizing 4-CP, and is reduced to 

NiOx-1, which has lower oxidation states. In the regeneration step, NiOx-1 is 

electrochemically reoxidized to NiOx having high oxidation states. The degradation 

mechanism accompanied by change of oxidation states of nickel oxide was also 

suggested in previous study (Christoskova et al., 1995). 

 The mechanism can be confirmed by XPS and XANES analysis in Figure 11. Figure 

11 shows change of (a) Ni 2p3/2 XPS spectra (b) Ni K-edge XANES spectra and (C) 

enlarged absorption edges of the XANES spectra of the nickel oxide electrode during 

the 4-CP degrdation experiment. The nickel oxide electrode of before use, after use 

in 4-CP degradation without current, and electrochemically regenerated after use was 

measured, hereafter denoted as ‘before use’, ‘after use’, and ‘elec. reg.’ respectively.  
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 XPS spectra in Figure 11 (a) clearly show change of oxidation states of the nickel 

oxide through the decomposition of 4-CP and the electrochemical activation process. 

As shown in Figure 11 (a), Nickel oxide having high oxidation states (≥+3) was used 

at the time of the organic compound degrdation, and regenerated by electrochemical 

activation. There were peaks of high oxidation states of nickel, which were +3 (860.0 

eV) and higher than +3 (857.7 eV) in before use. After using the nickel oxide 

electrode in 4-CP decomposition, the peak of higher than +3 dissapeared and the 

ratio of +3 peak was remarkably reduced. However, those peaks of high oxidation 

states (≥+3) reappeared after electrochemical regneration. This means that high 

oxidation states (≥+3) of nickel oxide are used to oxidize 4-CP, and they are able to 

be regenerated electrochemically. 

 XANES spectra in Figure 11 (b) and (C) also showed the same tendency to XPS in 

Figure 11 (a). Figure 11 (b) represents the XANES spectra of the same three nickel 

oxide samples in Figure 11 (a), ‘before use’, ‘after use’, and ‘elec. reg.’. Meanwhile, 

XANES spectra of NiO, ~Ni2O3 were additionally obtained for comparisons. From 

the enlarged absorption edges depicted in Figure 11 (c), it is perceived that Ni 

valencies in the nickel oxide electrodes were higher than that of thermodynamically 

stable NiO in all cases, demonstrating their capabilities to serve as oxidants. After 

use of the nickel oxide electrode in 4-CP decomposition, a significant drop in its 

oxidation state was clearly observable. However, the decreased oxidation state of 

nickel was completely recovered to the initial state after the electrochemical 

regeneration, and this result matched well with the observations from the XPS 
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analyses. In short, based on the XPS and XANES, effectiveness of electrochemical 

regeneration method on restoring the oxdation state of nickel oxide was clearly 

verified. 

 Figure 12 shows the cyclic voltammetry of the nickel oxide electrode with various 

4-CP concentrations to examine the possiblity of direct oxidation by the 

electrochemical nickel oxide system. From Figure 12, it is confirmed that there was 

no direct oxidation of 4-CP in the system. The current decreased as the 4-CP 

concentration increased as shown in Figure 12. This result is contrary to the previous 

results where direct oxidation occurs. It was reported that, if direct oxidation occured, 

the increase in concentration of organic compounds raised the current of the system, 

since it increased the rate of oxidation (Rodrigo et al., 2001). On the other hand, in 

the electrochemical nickel oxide system, the current decreased as the concentration 

of 4-CP increased, implying there was no direct oxidation in the electrochemical 

system. The current decrease is presumably because chlorophenols, such as 4-CP, 

tends to form adhesive polymer layers, which act as resistance, on the surface of the 

electrode as higher concentration is used (Panizza and Cerisola, 2009; Rodrigo et al., 

2001). 
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Figure 10. 4-CP degradation by the nickel oxide electrode with current (w/ 

current), without current (w/o current), and without current but electrochemically 

regenerated before each cycle (w/o current (elec. reg.)) ([4-CP]0 = 250 mg/L, [PB]0 

= 0.1 M with NaOH (pH=8.0), i = 4 mA/cm2 (w/ current), E = 1.9-2.6 V vs. 

Ag/AgCl (w/ current)). 
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Figure 11. (a) Change of Ni 2p3/2 XPS spectra and (b) Ni K-edge XANES spectra 

of the nickel oxide electrodes: pristine electrode (before use); electrode used in the 

degradation of 4-CP (after use); electrochemically regenerated electrode after used 

(elec. reg.). (c) Enlarged absorption edges of the XANES spectra shown in (b) with 

a dotted line showing the 1/2 position of normalized absorption. The XPS spectrum 

of before use is identical to the spectrum in Figure 8. XANES spectra of Ni, NiO, 

and Ni2O3 were additionally displayed for comparison. 
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Figure 12. Cyclic voltammograms of the nickel oxide electrode with different 4-

CP concentrations ([4-CP]0 = 0-1000 mg/L, [PB]0 = 0.1 M with NaOH (pH=8.0), 

scan rate = 50 mV/s, potential range = 0-3 V vs. Ag/AgCl). 
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4.2.2 Comparison with other conventional systems 

 The electrochemical activation system using the nickel oxide electrode was 

compared to air injection systems using powder and pellet form of nickel oxide 

catalyst, reported in previous studies (Christoskova and Stoyanova, 2001; St. 

Christoskova and Georgieva, 2000; Stoyanova et al., 2003). 

 Figure 13 shows change of (a) 4-CP concentration and (b) COD during consecutive 

five degradation cycles by the nickel oxide electrode, using the electrochemical 

system and nickel oxide powder and pellet, using air injection system. As shown in 

Figure 13, the electrode (electrochemical system) showed better performance than 

the pellet and comparable performance with the powder using the air injection 

system. In the first cycle in Figure 13 (a) and (b), the high degradation rate of 4-CP 

was shown in the order of the powder, electrode, and pellet. In the case of the pellet, 

it was inactivated after the second cycle and hardly removed 4-CP after that. The 

powder showed the best degradation performance, because the powder had much 

higher surface area than the electrode and pellet, and was dispersed in the whole 

solution. However, the 4-CP degradation rate of the powder was sharply reduced 

after first cycles, and then, became similar to that of the electrode after third cycle in 

the change of 4-CP concentration (Figure 13 (a)). In the case of the COD, the powder 

and electrode showed similar performance after second cycle (Figure 13 (b)). 

Considering the powder is not applicable to actual WWT process due to its 

difficulties of separation, the electrochemical system using the electrode showed 

relatively good performance.  
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Figure 13. 4-CP degradation by the nickel oxide electrode using electrochemical 

activation (electrode; the graph is identical to that of w/ current in Fig. 4), the 

nickel oxide powder using air-bubbling (powder), and the nickel oxide pellet using 

air-bubbling (pellet): (a) Concentration of 4-CP; (b) COD of 4-CP ([4-CP]0 = 250 

mg/L, [COD]0 = 400 mg/L, [PB]0 = 0.1 M with NaOH (pH=8.0), i = 4 mA/cm2
 

(electrode), E = 1.9-2.6 V vs. Ag/AgCl (electrode), air-bubbled (powder and 

pellet), amount of nickel oxide = 60 mg). 
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4.3 Application to phenolic wastewater 

 Figure 14 shows the removal of COD from actual phenolic wastewater by the 

electrochemical nickel oxide system. From Figure 14, applicability of the 

electrochemical system to actual wastewater treatment was confirmed. As shown in 

Figure 14, the electrochemical system removed up to 98% COD of phenolic 

wastewater in 400 minutes. This means most of the organic compounds in the 

wastewater were decomposed to CO2, which is so-called complete oxidation. The 

performance of the electrochemical system seems remarkable, given that complete 

oxidation was achieved under ambient temperature and pressure, unlike other 

catalytic oxidation systems, which needs high temperature and pressure. The 

performance of the system has great potential to be improved by optimizing 

manufacturing conditions (surface area, catalyst amount, etc.) and operating 

conditions (pH, temperature, stirring speed, etc.). 
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Figure 14. Romoval of COD from the phenolic wastewater by the nickel oxide 

electrode with the electrochemical activation system ([COD]0 = 160 mg/L, [PB]0 = 

0.1 M with NaOH (pH=8.0), i = 4 mA/cm2, E = 2-3 V vs. Ag/AgCl). 
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Chapter 5. Conclusion 

 In this study, the electrochemical activation system was employed to the nickel 

oxide catalyst, and oxidation activity of the catalyst was regenerated by the 

electrochemical system during wastewater treatment. A nickel oxide electrode with 

high oxidation states was fabricated and the oxidation activity of the electrode was 

maintained during five consecutive degradation cycles by the electrochemical 

activation system. The oxidation mechanism of the electrochemical system was 

determined to be the indirect oxidation mechanism using high oxidation states of 

nickel oxide, which are electrochemically regenerable. The electrochemical 

activation system showed better or comparable degradation performance than 

conventional air injection systems using nickel oxide powder or pellets. For practical 

use of the electrochemical system, actual phenolic wastewater was treated and the 

system successfully removed COD of wastewater up to 98%. Through this study, it 

is confirmed that electrochemical activation is possible for nickel oxide catalysts in 

wastewater treatment, and the nickel oxide system is expected to become more 

economical and simple system by the electrochemical activation. 
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폐수처리를 위한 니켈 산화물 촉매의 

전기화학적 활성화에 대한 연구 

김석 

서울대학교 화학생물공학부 

에너지환경 화학융합기술 전공 

 

 니켈 산화물 촉매는 강한 산화력을 가지고 있어 유기물 폐수 처리에 

사용되어 왔고, 촉매의 산화 활성을 유지하는 방법으로 공기 또는 

염소가 이용되어 왔다. 하지만, 이러한 활성화 방법은 효율이 낮거나 

염소 이온 같은 잔류물이 발생되는 문제점이 있다. 본 연구에서는 

폐수처리에 사용되는 니켈 산화물 촉매에 전기화학적 활성화 시스템을 

도입하여 그 가능성을 검토하였다. 촉매의 전기화학적 사용을 위해, 산화 

니켈 전극을 소성 방식을 통해 제조하였다. 정전류 조건에서 유기물 

용액을 반복적으로 처리하는 동안, 전기화학 에너지에 의해 니켈 산화물 

촉매의 활성이 유지되었다. 전기화학 니켈 산화물 촉매 시스템은 활성 

유지 면에서 니켈 산화물 파우더 또는 상용 니켈 산화물 펠렛을 

사용하는 기존의 공기 주입 시스템보다 비견 할만 하거나 더 좋은 

성능을 보였다. 전기화학 시스템의 산화 작용 메커니즘은 
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전기화학적으로 재생 가능한 높은 산화 상태를 가진 니켈 산화물의 간접 

산화 메커니즘을 따르는 것으로 판단된다. 또한, 실제 페놀 함유 폐수에 

적용되어 98 %의 COD 를 성공적으로 제거하였다. 

 

주요어: 전기화학적 활성화, 니켈 산화물 촉매, 폐수 처리, 전기화학적 

폐수 처리 

학번: 2015-22817 
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