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24 Test S1. Chemicals and Materials

25 The copper foam was sourced from Kunshan Jiayixing Electronic Technology Co., LTD. γAl2O3 

26 was obtained from Shanghai Yaoyi Alloy Material Co., LTD. Sodium Hydroxide (NaOH, 100%), 

27 and ammonium Persulfate (NH4)2S2O8, 99%) were provided by Tianjin Tianli reagent Co., LTD. 

28 Nickel nitrate hexahydrate (Ni(NO3)2⋅6H2O,  98%) was supplied by Chemical Reagent Co, LTD.  

29 Ferrous Sulphate (FeSO4⋅7H2O, ≥ 99%) was acquired from Tianjin BASF Chemical Co., LTD. 

30 Additionally, hydrochloric acid (HCl, 33%), acetone, and anhydrous ethanol (EtOH, ≥ 99.8%), 

31 were obtained from Macklin Reagent Co., LTD. Rhodamine B (RhB) 95% was supplied by 

32 MIKA-Aiochemika Reagent Co., LTD, with acid yellow (AY) 36 and methyl blue (MB) provided 

33 by Sigma-Aldrich Co., LTD. N, N-dimethylformamide (HCON(CH3)2, 99.5%) from Tianyang 

34 Tianli Chemical Reagent Co., Ltd, Sodium carbonate (Na2CO3), sodium chloride (NaCl, ≥ 99.5%), 

35 Tianjin Tianli Chemical Reagent Co., Ltd, sodium bicarbonate (NaHCO3), Sodium nitrate 

36 (NaNO3), Tianjin Yongda Chemical Reagent Co., Ltd, chloroform (CF, ≥ 99.0%), L-Histidine (L-

37 H), and tert-butanol (TBA) were purchased from Sinopharm Chemical Reagent Co., Ltd. 

38 (Shanghai, China).  Deionized water, used in all experiments, was obtained from a Milli-Q 

39 academic system. All the chemicals were analytical grade without further purification.

40 Table S1 Several chemical names and abbreviations 

Chemical Nam Abbreviation
γAl2O3 Alamina γAl2O3
Fe iron F
Ni Nickel N
Cu Copper C
O Oxygen O
LDH Double-layer hydrogen L
γAl2O3xFeNiCu-LDH@CuO Material γAl2O3xFNCL@CuO

41

42



43 Test S2. Methods and calculations of the performance removal rate analysis 

44 The removal rate of RhB, MB, and AY, noted as XRhB, XMB, and XAY, was defined according 

45 to Eq. (S1-S3) respectively.

46                                                                         (S1)
𝑥𝑅ℎ𝐵=

[𝑅ℎ𝐵]0−[𝑅ℎ𝐵]𝑡

[𝑅ℎ𝐵]0
∗ 100%

47                                                                             (S2)
𝑥𝑀𝐵=

[𝑀𝐵]0−[𝑀𝐵]𝑡

[𝑀𝐵]0
∗ 100%

48                                                                                   (S3)
𝑥𝑌𝐴=

[𝑌𝐴]0−[𝐴𝑌]𝑡
[𝐴𝑌]0

∗ 100%

49 In the context of dye wastewater treatment, XRhB, XMB, and XAY denote the removal efficiency of 

50 RhB, MB, and AY, respectively. The variables [RhB]0, [MB]0, and [AY]0 represent the initial 

51 concentrations of RhB, MB, and AY in the coking wastewater, whereas [RhB]t, [MB]t, and [AY]t 

52 refer to the residual concentrations of RhB, MB, and AY, respectively, following the 3D particle 

53 electrode treatment. Subsequently, the residual concentration of Rhodamine B, methyl blue, and 

54 yellow acid in the solution was determined using a TU-1901 UV-vis spectrophotometer at a 

55 wavelength of 550 nm, 650 nm, and 435 nm through colorimetric analysis. The values of UV550, 

56 UV650, and UV435 were determined using the following equations: S(4-6):

57                                                                                      (S4)
𝑅ℎ𝐵:𝑈𝑉570 =

𝐴
𝑏
∗ 𝐶

58                                                                                       (S5)
𝑀𝐵:𝑈𝑉600 =

𝐴
𝑏
∗ 𝐶

59                                                                                          (S6)
𝑌𝐴:𝑈𝑉435 =

𝐴
𝑏
∗ 𝐶



60 In this equation, Ct (mg/L) denotes the RhB, MB, or AY concentration of the dye wastewater at a 

61 given time, t. C0 (mg L-1) represents the initial concentration of RhB, MB, or AY in the dye 

62 wastewater. The parameter k is the pseudo-first-order rate constant, expressed in minutes per min 

63 Eq. (S7):

64                                                                                         (S7)ln 𝐶𝑡=−𝑘𝑡+ ln 𝐶0

65 where Ct (mg/L) is the RhB, MB, or AY concentration of the dye wastewater at time t; C0 (mg L-

66 1) is the RhB, MB, or AY concentration of the dye wastewater at the initial time; and k is the 

67 pseudo-first-order rate constant (min-1).

68

69 Test S3. CV and EIS electrocatalysts test sample preparation

70 The electrode materials are evaluated for their electrochemical properties using the CHI760E 

71 electrochemical working station. In the course of each electrochemical evaluation, encompassing 

72 both cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS), the electrolyte, 

73 counter electrode, and reference electrode were consistently established as 5 M KOH aqueous 

74 solution, Pt wire, and Hg/HgO electrode, respectively. The substance contained within the 

75 electrode system has a loading mass of approximately 7 mg. The utilized electrolyte was 5 M 

76 KOH.

77 The three-electrode system is utilized in the test. The reference electrode employed is Hg/HgO, 

78 and the counter electrode is platinum.

79 The EIS test was conducted within the frequency range of 100 kHz to 0.1 Hz, with an amplitude 

80 ranging from 10 to 40 mV.

81

82 Test S4. EIS electroanalytical methods 



83 According to Uygun et al.1, the electron-injection system (EIS) circuit and the redox reaction 

84 occur at the surface of the working electrodes in a conventional electrochemical cell, otherwise 

85 known as a three-electrode system. Rct is an abbreviation for "charge transfer resistance," Rs is 

86 an abbreviation for "electrolyte resistance," and Cdt is an abbreviation for "capacitance double 

87 layer."

88

89 Fig. S1. The scheme is described as straightforward of the EIS circuit and the redox reaction that 

90 occurs at the surface of working electrodes in a traditional electrochemical cell.

91

92 Equation S8 quantifies the correlation between the applied frequency (f) and the radial frequency 

93 (ω).

94                                                                                                                                (S8)𝑤= 2 ⋅ 𝜋 ⋅ 𝑓

95 In a linear system, the signal undergoes a phase shift ( Φ) and exhibits a variation in amplitude 

96 relative to I0 (Equation S9).

97                                                                                (S9)𝐼𝑡= 𝐼0sin (𝑤𝑡+Φ)

98 Therefore, as indicated by Equation S10, the impedance of the entire system can be calculated.

99  Substituting z for E and I, we obtain the following equation:

100                                           (S10)
𝑧=

𝐸
𝐼
= 𝑧𝑂exp ⅈΦ= 𝑧0(cosΦ+ ⅈsinΦ)

101 The variables Z, E, I, ω, and Φ represent impedance, potential, current, frequency, and phase 

102 shifts, respectively, between E and I. 

103



104

105 Test S5. Quenching information

106 The quenching experiment is analogous to the oxidation experiment of RhB, with the salient 

107 difference being the simultaneous addition of quenching, an anion molecule, and an organic 

108 compound. This method has been employed by Jinxiang et al.2. Quenching experiments were 

109 performed with the addition of NO3
-, Cl-, HCO3

-/CO3
-, and TBA, which were employed as 

110 scavengers for nitrate radicals (NO3
-), chlorine radical (Cl-), carbonate radical (CO3

2-), and organic 

111 TBA, respectively. The quenching experiment was conducted at room temperature in 250-mL 

112 clear glass beakers, with the stirring rate maintained at a constant level. Subsequently, 150 mg/L 

113 of γAl2O3xFNCL20@CuO-400 catalysts were added to a solution containing 20 mg/ L RhB, and 

114 the mixture was stirred. The pH value of the solutions was then adjusted to 8.0. The initiation of 

115 the reaction was facilitated by the incorporation of 0.25, 0.50, 1, and 2 mM quenchers, along with 

116 12 V, within a 3D system. Samples were collected and quenched after reacting for a specific time. 

117 Subsequently, the solution was filtered with a 0.22-micrometer membrane to remove the catalysts 

118 before analysis.

119

120

121

122

123

124



125

126 2. Removal efficiency of the RhB, MB, and AY using the different catalysts

127

128 Fig. S2. Performance removal of RhB, MB, and AY using γAl2O3 catalytic, initial condition: 20 

129 mg L-1 of RhB, MB, and YA, 12V, at lab temperature.

130

131 Fig. S3. performance of the different catalytic FeNiCu-LDH@CuO-0.1621, FNCL@CuO-

132 0.2733, and FNCL@CuO-0.3742 using a 3D electrode to remove RhB, MB, and AY, initial 

133 condition:  20 mg L-1 of RhB, 12V, at lab temperature.



134

135

136 Fig. S4. The removal performance of the different concentrations γAl2O3xFNCL@CuO, initial 

137 condition:  20 mg L-1 of RhB, 12 V, at lab temperature

138

139



140 Fig. S5. The calcination removal performance of RhB from wastewater using the 3D system, 

141 initial condition: 20 mg L-1 of RhB, 12 V, at lab temperature

142 Table S2 The performance removal of the catalysts in the 3D system.

Removal rate (%)
Materials system

RhB MB AY

Adsorption 8.08 8.95 7.78
Without  γAl2O3 10.53 12.82 10.62γAl2O3

3D 15.6 19.03 16.3
FNCL0.1621@CuO 3D 70.6 - -
FNCL0.2733@CuO 3D 84.27 - -
FNCL0.3742@CuO 3D 76.8 - -

γAl2O3xFNCL5@CuO 3D 55.55 - -
γAl2O3xFNCL8@CuO 3D 63.7 - -
γAl2O3xFNCL15@CuO 3D 85.85 - -
γAl2O3xFNCL20@CuO 3D 90.6 - -
γAl2O3xFNCL30@CuO 3D 50.96 - -

γAl2O3xFNCL20@CuO-300 3D 79.52 - -
γAl2O3xFNCL20@CuO-400 3D 96.69 - -
γAl2O3xFNCL20@CuO-500 3D 88.38 - -
γAl2O3xFNCL20@CuO-600 3D 85.30 - -

143

144 3. Characterization of the new particle electrode synthesized 

145 Table S3 Physical parameters of catalysts

Catalysts Al (At. 
%)

O (At. 
%)

Fe (At. 
%)

Ni (At. 
%)

Cu (At. 
%)

γAl2O3       56 64 N. Aa N. Aa N. Aa

FNCL20@CuO N. A 16.3 38.5 27.5 18.7

γAl2O3xFNCL@CuO-400 41.8 47.2 5.9 2.8 2.3
146 Note: a Not addicted

147 Table S4 Physical parameters and lattice parameters of catalysts

Catalysts Pore volume 
(cm3.g-1) SBET (m2.g-1) Average pore 

diameter (nm)
Lattice 

parameters 



(%)
γAl2O3 0.11 15 12.4 8.5

γAl2O3xFNCL@CuO-400 0.99 127 7.8 8.2
148

149
150 Fig. S6.  Scanning electron microscope (SEM) images at 100 nm of the a) γAl2O3: b) 

151 FNCL@CuO, c) γAl2O3xFNCL20@CuO.



152

153 Fig. S7.  Scanning electron microscope (SEM) images at 100 nm of the different calcination: a) 

154 γAl2O3xFNCL20@CuO-300, b) γAl2O3xFNCL20@CuO-400, c) γAl2O3xFNCL20@CuO-500.

155

156

157 Fig. S8. XRD of the FeNiCu-LDH@CuO particle electrode

158



159

160 Fig. S9. Characterization XPS (Fe 2p) of the particle electrode γAl2O3xFNCL20@CuO-400

161

162

163 4. Mechanism of the degradation of organic pollutants from wastewater

164 Table S5 A summary of the removal efficiency of the metal-Al2O3 electrode reported in the 

165 preview literature and obtained in this study.

Catalyst Electrode Pollutant Condition Removal 
efficient

Reference

γAl2O3xFNCL@CuO A: Pte

C: Pt

RhBa

MBb

YAc

J: 12 V;
Catalyst: 150 
mg L-1;
Co: 20 mg L-1;
RhB pH: 8; MB 
and YA pH: 5;
Time: 40 min;
T: 25 ºC

98.82%,

99.99%,

98.97%.

This study

CuFe2O4/Al2O3

A: 
Ti/RuO2
C: stain- 
less-steel

p-nitrophenol 24 mA cm-2;
CFO/PEs 
dosage: 0.3 kg 
L-1;
Conditions: 

80.23%

3



[PNP] = 150 mg 
L-1;
pH: 4.95;
T: 30 min

Bi-Sn-Sb/γ-Al2O3

------
------

tetracycline I: 0.1 A;
Co: 100 mg L-1;
Particle 
dosage:15 g;
pH: 5.9;
time 180 min

86%

4

Co-Ce-Zr/γ-Al2O3

A: RuO2-
IrO2/Ti
C: RuO2-
IrO2/Ti

ciprofloxacin I: 0.2 A;
PEs: 15 g;
Co: 100 mg L-1;
pH: 6;
T: 40 min

52.6%

5

Ti-Sn-Sb/γ-Al2O3

….
…..

Oxytetracycline
total organic 
carbon

I: 0.5 mA.cm-2;
PEs: 20 g;
Co: 100 mg L-1;
pH: 6;
T: 120 min

92.0%
41%

4

166 Noted: a Rhodamine B; b Methyl blue;  c yellow acid; d Chemical organic demand;  e Platinum

167

168 Table S6 Degradation power of RhB

Name Number 
of 

bonds

Estimated 
dipole 

moment

Molecular 
Formula

Molecular 
weight 

m/z

Proposed structure

RhB/P1 36 3.128 C28H32ClN2O
3

443

P2 35 5.849 C26H33N2O3 413



P3 31 4.403 C24H25NO3 297

P4 29 5.580 C22H21NO3 327

P5 12 4.201 C8H10O4 167

P6 9 1.954 C6H12O3 132

P7 8 2.029 C6H10O2 114

P8 CO2 + H2O Mineralization

169

170

171

172

173



174 Fig. S10 2D and 3D comparison of the performance in the removal of RhB, MB, and AY with 

175 the catalyst γAl2O3xFNL20@CuO-400, initial condition: 150 mg L-1, [catalytic]0, 20 mg L-1 of 

176 [RhB]0=[MB]0=[YA]0, 12 V, at lab temperature.

177

178

179

180

181

182

183

184

185 Test S6 the difference in system performance

186 The variation system performance is illustrated in Figure S10, which is based on the comparative 

187 results of different systems, adsorption, 2D, and 3D. According to a previous study, the production 

188 of ·OH was investigated during the 2D and 3D electrolysis through the RhB degradation. As 

189 demonstrated in Section 3.4, Figure 4, a greater number of hydroxyl radicals were produced after 

190 40 minutes in the 3D electrolysis system compared to the 2D system. It has been demonstrated 

191 that each particle electrode has the capacity to operate as a micro-electrolytic cell under 

192 electrostatic induction, thereby generating an increased number of hydroxyl radicals through water 

193 electrolysis in 3D electrolysis6. Consequently, the incorporation of suitable particle electrodes 

194 within the 3D electrolysis system has been demonstrated to enhance the capacity of indirect 



195 oxidation through the generation of ·OH, thereby augmenting the removal efficiency of 

196 pollutants7.

197

198 Fig. S11. (a) Effect of HCO3
2- /CO3

2- and the kobs. (b) Durant RhB degradation using the 3D 

199 system. Conditions: [Catalyst]0 = 150 mg L-1, [RhB]0 = 20 mg L-1, pH = 8, and 12 V.

200

201 Fig. S12 Oxidation of p-CBA and NB in the 3D electrode reaction without and with the addition 

202 of TBA. Conditions: [Catalyst]0 = 150 mg L-1, U= 12V, [contaminants]0 = 20 μM, [pH]0 = 7, T = 

203 25 ºC applied [TBA]0 = 100 mM.
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