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A B S T R A C T   

Electrochemical technology is frequently used to treat industrial dye wastewater. However, its degradation ef
ficiency is restricted by pH, and the low current efficiency and high energy consumption limit its broader 
application. Based on this, we constructed an innovative electro-driven catalytic system by integrating nano
technology with electric current. This system operates without pH constraints, has low energy consumption, and 
allows for the recycle and reuse of both electrodes and catalysts. Firstly, we synthesized palladium (Pd) cubes via 
a solvothermal method, and characterized their morphology, structural composition, and crystalline properties 
using transmission electron microscopy (TEM), energy dispersive X-ray spectroscopy (EDS), X-ray photoelectron 
spectroscopy (XPS), X-ray diffraction (XRD) and other methods. The prepared Pd cubes possessed dual catalytic 
properties of electro-driven catalysis and Fenton catalysis, achieving a synergistic degradation effect under an 
electric field. Subsequently, the study explored how catalysts dosage, H2O2 concentration, pH and Cl− concen
tration affect the catalytic rate. The optimized system was able to degrade 99.17 % of MB within 1 h and was 
effective against various organic pollutants. After five cycles of reuse, the recovered catalysts maintained over 90 
% degradation efficiency in decomposing MB. This process realizes efficient degradation with a low concen
tration of catalysts, offering a novel approach for nanotechnology in wastewater treatment under electro-driven 
conditions.   

1. Introduction 

As humanity entered the industrial era, the rapid development 
brought about a drastic deterioration of the natural environment. Water 
pollution from human activities, especially the significant discharge of 
dye wastewater from industries such as textiles, printing and dyeing, 
tanning, has emerged as a critical environmental concern. Most of this 
wastewater exhibits high chromaticity and is rich in organic pollutants. 
Even after treatment, it is still dissolved in solid form or suspended in 
aqueous solutions, which is typical difficult to degrade organic waste
water (Raja et al., 2024; Alharbi, 2024; Bukhari et al., 2024; Mutahir 
et al., 2024). Furthermore, these dyes often contain complex aromatic 

molecular structures, which makes them potentially highly toxic or 
teratogenic and difficult to biodegrade under normal conditions. If dis
charged directly into the ecosystem, it will not only severely pollute 
environments crucial for human survival, such as farmland and rivers, 
but will also pose a significant threat to human health (Liu and Wang, 
2024; Zhang et al., 2024; Dursun, 2023). For instance, methylene blue 
(MB), a cationic phenothiazine dye widely used in fields such as dyes, 
textiles, and chemical indicators, has been classified as 3 carcinogen by 
the World Health Organization (WHO) (Ning et al., 2023; Fan et al., 
2023; Yusuf et al., 2024). MB has severe adverse reactions on humans 
and animals, and is difficult to degrade completely. Therefore, it is 
crucial to develop methods that can effectively purify dye wastewater. 
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Currently, various methods for dye wastewater treatment including 
adsorption, flocculation, membrane separation, photocatalysis, Fenton 
catalysis, and electrochemical techniques have been exploited (Wang 
et al., 2024; Liu et al., 2024a; Tong et al., 2024; Lv et al., 2024; Liu et al., 
2024b). Among them, electrochemical oxidation and Electro-Fenton 
(EF) as two types of electrochemical techniques, feature relatively sim
ple equipment, small footprint, low operation and maintenance costs, 
effective prevention of secondary pollution, high controllability of re
actions, and suitability for industrial automation, making them “envi
ronmentally friendly” techniques (Kareem et al., 2024; Xu et al., 2024). 
As a novel water treatment process, EF has been proven effective in 
discoloration and degradation of azo dyes in water. However, this 
technology needs to be operated within a limited pH range (2.0–3.5) and 
generates a considerable quantity of iron-rich sludge during the catalytic 
process (Lu et al., 2024; Song et al., 2024). Electrochemical oxidation 
has low current efficiency and high energy consumption, suitable only 
for treating organic wastewater with low concentration, which limits its 
further application and promotion (Santos et al., 2024; Yang et al., 
2024). 

In response to the aforementioned issue, previous researchers have 
proposed a novel concept of electrocatalytic technology by combining 
nanotechnology with electric current (Chen et al., 2021). Under an 
electric field, platinum nanoparticles (Pt NPs) adsorb chloride ions (Cl− ) 
and water molecules, leading to the occurrence of the Faraday cage ef
fect on the surface of Pt NPs, creating hole doping conditions, followed 
by dissociation reaction of water molecules, which generates hydroxyl 
radicals (.OH) assisted by Cl− . Previous studies have already demon
strated that metals such as Pt, Pd, and Ir exhibit electrocatalytic prop
erties. However, current electrocatalytic research predominantly 
utilizes Pt NPs, with limited exploration into the application of Pd in 
electro-Fenton catalysis. 

Concurrently, studies have indicated that Pd possesses peroxidase- 
like (POD) activity, and can undergo a catalytic activity similar to 
Fenton reaction with hydrogen peroxide (H2O2), resulting in the gen
eration of •OH (Li et al., 2024; Xu et al., 2024; Kong et al., 2023; Qi et al., 
2023). The superior electro-driven and Fenton catalytic performance of 
Pd cubes allows for the synergistically enhanced degradation of organic 
pollutants. This combined catalytic system features low energy con
sumption, easy control, and low cost. For example, using the piezo
electric material BiOCl, Wu et al. designed a synergistic piezo- 
photocatalytic system (Wu et al., 2024a; Wu et al., 2024b; Yu et al., 
2024; Wu et al., 2023a; Wu et al., 2023b; Wu et al., 2023c; Wu et al., 
2022a; Wu et al., 2022b; Wu et al., 2020; Li et al., 2024; Liu et al., 2023a; 

Liu et al., 2023b). The piezoelectric potential generated during the 
piezoelectric catalytic process addressed the issue of recombination of 
photogenerated carriers, thereby increasing the photocatalytic activity 
of BaOCl. Therefore, this efficient dye wastewater purification system 
designed by utilizing multiple catalytic properties of the catalysts, holds 
significant potential for application in dye degradation and wastewater 
treatment. 

Inspired by this, we have synthesized single-atom Pd nanocubes 
using a simple one-step method, endowing them with multiple catalytic 
mechanisms and highly efficient dye contaminant degradation capa
bilities (Scheme 1). By applying low-voltage direct current (DC) in a 
double salt bridge system, Pd nanocubes can efficiently generate •OH 
under the electric field, and as Fenton-like catalysts, can induce the 
generation of •OH. This realizes the combination of electrocatalysis and 
Fenton catalysis to achieve efficient dye degradation. Furthermore, 
increasing the concentration of Cl− in the electrolyte not only enhances 
the current intensity, but also improves the electro-driven catalytic 
performance, thereby increasing the production capacity of •OH. Ac
cording to current understanding of the electrochemical techniques, this 
study offers a novel approach to enhancing the efficiency of electro
catalytic wastewater treatment and expands the further application of 
electrochemical wastewater treatment technologies. 

2. Materials and methods 

2.1. Materials 

Sodium tetrachloropalladate (Na2PdCl4, 98 %), poly
vinylpyrrolidone (PVP, MW≈55,000), potassium chloride (KCl, 99.8 %), 
sodium chloride (NaCl, ≥99.5 %), 3,3′,5,5′-tetramethylbenzidine (TMB), 
methylene blue (MB, ≥98.5 %), and hydrogen peroxide (H2O2, 30 %) 
were supplied by Aladdin (Shanghai, China). L-ascorbic acid (AA, 99.99 
%) and potassium bromide (KBr, 99 %) were supplied by Macklin 
Biochemical Technology (Shanghai, China). 

2.2. Synthesis of Pd cubes 

Pd cubes were synthesized via a solvothermal method based on a 
previous study (Zhang et al., 2015; Chang et al., 2021). Firstly, PVP 
(105 mg), AA (60 mg), and KBr (600 mg) were dispersed in water (8 mL) 
and stirred magnetically under a water bath at 80 ◦C for 10 min. Sub
sequently, Na2PdCl4 (57 mg) was dissolved in water (3 mL) and added 
into the preheated solution, and then ultrasonication for 5 min. Finally, 

Scheme 1. Schematic mechanism of Pd cubes realizing electro-driven catalysis for synergistic Fenton catalytic degradation of MB dyes.  
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the mixed solution was transferred to a high pressure reactor and heated 
at 80 ◦C for 3 h. After cooling the solution to room temperature, the final 
product was collected by centrifugation at 11,000 rpm, washed twice 
with water and ethanol, dried in a vacuum freeze dryer, resulting in the 
formation of Pd nanocubes. 

2.3. Characterization of Pd cubes 

The morphology and elemental distribution of Pd nanocubes were 
characterized using field emission transmission electron microscopy 
(TEM, FEI Tecnai G2 F30, America, 300KV) and energy dispersive X-ray 
spectroscopy (EDS, FEI Tecnai G2 F30, America, 300KV). X-ray 
diffraction (XRD, Bruker D8-Advance, Germany, Cu Ka radiation l =
1.5406 Å) and X-ray photoelectron spectroscopy (XPS, Thermo escalab 
250XI, America, C1s = 284.8 eV) were used to record the crystallo
graphic information and surface chemical composition of Pd cubes. The 
UV–visible absorption spectrum of MB at room temperature was 
analyzed using a UV–visible spectrophotometer (NanoDrop One, 
Thermo Scientific, America). Electron paramagnetic resonance (EPR) 
spectroscopy were obtained using a Bruker EMXnano benchtop EPR 
spectrometer (Germany). 

2.4. Fenton catalytic activity studies 

To visualize and monitor the Fenton reaction activity of Pd cubes, 
TMB was chosen as a capture probe for.OH(Duan et al., 2024; Zhu et al., 
2024; Zhu et al., 2024; Lin et al., 2024; Yang et al., 2024). Pd cubes (125 
μg mL− 1) were placed in hydrochloric acid buffer solution (pH = 5) 
containing TMB (2 mM) and H2O2 (5 %). Within the specified reaction 
time, the absorption value and color change of oxTMB at 652 nm were 
measured and recorded by UV–visible spectrophotometer to determine 
the Fenton catalytic performance of Pd cubes for the generation of.OH. 

2.5. Catalytic degradation experimrnts 

Evaluate the electrocatalytic performance of Pd cubes by measuring 
the changes in MB absorbance during the catalytic decomposition of the 
dye. The electro-driven catalytic degradation process of MB is depicted 
in Figs. S4 and S5. 1 mL of PBS containing MB dye (100 μg mL− 1) was 
placed in a 24-well plate, fitted with Pt wire electrodes arranged sym
metrically. Each well was connected via a salt bridge (Saturated KCl), 
and the two electrodes linked to the positive and negative terminals of a 
DC regulated power supply. By adding NaCl and H2O2 to the electrolyte 
cell, the impact of Cl− concentration and the Fenton catalytic activity of 
Pd cubes on the degradation of MB were examined. 

The absorbance of different concentrations of MB at 664 nm was 

measured to establish a calibration curve relating MB concentration to 
absorbance. In the catalytic experiments, 5 μL of the reaction solution 
was pipetted at specific time intervals, and the absorbance of the 
mixture was measured using a UV–visible spectrophotometer to monitor 
the degradation of MB. Each catalytic degradation experiment was 
repeated at least three times to minimize random errors. The catalytic 
degradation efficiency of MB was calculated according to Eq. (1). 

MB Removal efficiency (%) =
(C0 − Ct)

C0
× 100% (1) 

In this formula, C0 and Ct represent the initial concentration (μg 
mL− 1) of MB and the residual concentration after t min of degradation, 
respectively. 

3. Results and discussion 

3.1. Preparation and characterization of Pd cubes 

In this study, Na2PdCl4 was employed as the precursor of Pd ions, 
and PVP and AA were serving as both surfactants and reducing agents to 
regulate the size and shape of Pd NPs. The solvothermal method was 
utilized to dissolve the Pd salts and surfactants, followed by the Pd ions 

Fig. 1. Formation and characterization of Pd cubes. (A, B) TEM images. (C) HRTEM image. (D) SAED image. (E) EDS mapping image.  

Fig. 2. Representation of Pd cubes. (A) Particle size distribution curve of Pd 
cubes. (B) XRD pattern. (C, D) XPS analysis. 
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were rapidly nucleated and formed into Pd cubes under high tempera
ture and high pressure conditions. Scanning electron microscopy (SEM) 
and transmission electron microscopy (TEM) images (Fig. 1A, B, Fig. S1) 
revealed uniformly sized cubic structures of Pd NPs, and its average 
particle size was 17.8 nm (Fig. 2A). High-resolution transmission elec
tron microscopy (HRTEM) and selected area electron diffraction (SAED) 
results demonstrated the highly single crystal structure of Pd cubes, and 
the lattice stripe spacing measured 0.198 nm, aligning with the (200) 
crystal plane of Pd cubes (Fig. 1C, D). Energy dispersive X-ray spec
troscopy (EDS) spectra detected Pd and O signals uniformly distributed 
on the surface of Pd cubes, as expected (Fig. 1E). 

X-ray diffraction (XRD) tests comprehensively examined the crys
talline nature of Pd cubes. As shown in Fig. 2B, five typical diffraction 
peaks appeared at 40.154◦, 46.684◦, 68.105◦, 82.177◦, and 86.582◦, 
aligning with the (111), (200), (220), (311), and (222) crystal planes 
of Pd (PDF#05-0681). X-ray photoelectron spectroscopy (XPS) analysis 
confirmed the elemental composition, chemical states and electronic 
structure of Pd cubes. As depicted in Fig. 2C, Pd cubes contained Pd and 
C elements, consistent with EDS results. The XPS results exhibited 334.5 

eV and 339.8 eV two primary peaks, attributed to the Pd 3d5/2 and Pd 
3d7/2 orbitals (Fig. 2D), which is consistent with previous findings 
(Ming et al., 2020; Fang et al., 2018). The peak fitting of the Pd 3d or
bitals has revealed the presence of multivalent Pd, facilitating the 
cycling of Pd0/Pd+ to Pd2+ and enabling the generation of.OH via 
Fenton catalytic reaction. These all provide essential conditions for the 
oxidative degradation of MB. 

3.2. Catalytic degradation performance analysis 

The degradation efficiency of Pd cubes as electro-driven catalysis/ 
Fenton catalysts for organic pollutants was evaluated using MB as the 
representative. Initially, the Fenton-like catalytic activity of Pd cubes 
was assessed using a TMB chromogenic probe. TMB can be converted to 
the oxidized state of TMB (oxTMB) by.OH, exhibiting a distinctive ab
sorption peak at 652 nm. Upon addition of Pd cubes to a TMB and H2O2 
solution (pH = 5), the solution turned deep blue, and the absorption 
value at 652 nm increased (Fig. 3A, Fig. S2), indicating that Pd cubes can 
induce.OH generation by reacting with H2O2 as a Fenton-like reagent. 

Fig. 3. Degradation efficiency of MB by Pd cubes. (A) UV–vis absorption spectrum of TMB under different conditions (Concentration of Pd cubes: 125 μg mL− 1, H2O2: 
1.25 %, TMB: 200 mM). (B) Effect of different concentrations of Pd cubes as Fenton catalysts on MB degradation efficiency (Concentration of H2O2: 1.25 %, MB: 100 
mg/L). (C) Degradation efficiency of MB under different control groups (Concentration of Pd cubes: 125 μg mL− 1, MB: 100 mg/L, Cl− : 0.6 M). (D) Efficiency of 
electro-driven catalytic degradation of MB at different concentrations of Pd cubes (Concentration of MB: 100 mg/L, Cl− : 0.6 M). (E) Degradation efficiency of MB at 
different concentrations of Cl− (Concentration of Pd cubes: 1000 μg mL− 1, MB: 100 mg/L). (F) Degradation efficiency of MB under different catalytic systems 
(Concentration of Pd cubes: 1000 μg mL− 1, H2O2: 1.25 %, MB: 100 mg/L, Cl− : 0.6 M). 
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We plotted the standard concentration-absorbance curve of MB in the 
scope of 0–100 mg/L (Fig. S3) and calculated the degradation efficiency 
of MB based on the equation of this curve (A(absorbance) =

0.04522C(concentration) + 0.77507, R2 = 0.99322). We studied the impact 
of Pd cubes concentration on the degradation rate (Fig. 3B), and 
discovered that increasing the concentration of the Fenton catalysts 
from 125 μg mL− 1 to 1000 μg mL− 1 significantly enhanced the degra
dation efficiency of MB, but the degradation effect was still insignificant 
as it could only be degraded by 47.21 % within 2 h. 

Electro-driven catalytic degradation is an efficient method that 

combines electrochemistry with nanotechnology, possesses unique ad
vantages compared to traditional electrochemical oxidation methods. 
To elucidate the electro-driven catalytic performance of Pd cubes, we 
constructed a double salt bridge system (Figs. S4 and S5) and controlled 
the catalytic reaction process through the switch of a DC regulated 
power supply. Compared to other sample groups, Pd cubes exhibited the 
most intense catalytic degradation of MB under the electric field 
(Fig. 3C). To further investigate the optimum reaction conditions for 
degrading MB, we examined the influence of Pd cubes concentration on 
the catalytic reaction. As Pd cubes concentration increased, the 

Fig. 4. UV–vis absorption spectrum of MB in four catalytic degradation systems at different moments. (A-D) UV–vis absorption spectrum at 0, 20, 40, and 60 min.  

Fig. 5. The effect of reaction conditions on the degradation efficiency of MB by Pd cubes (Concentration of Pd cubes: 1000 μg mL− 1, MB: 100 mg/L, Cl− : 0.6 M). (A) 
pH value (Concentration of H2O2: 1.25 %). (B) H2O2 concentration (pH = 5). (C) Degradation of dye contaminant (Concentration of H2O2: 2.5 %, pH = 5). (D) Reuse 
of Pd cubes for dye degradation (Concentration of H2O2: 2.5 %, pH = 5). 
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degradation rate of MB accelerated, requiring only 2 h to approach 
complete degradation (Fig. 3D, Fig. S6). 

By exploring the mechanism of electric current-triggered.OH pro
duction by Pd cubes, we discovered that the presence of Cl− in the 
electrolytic cell is crucial for electro-driven catalytic degradation 
(Fig. 6C). Under the same DC, in the absence of Cl− , MB degradation 
triggered by Pd cubes was significantly slower, whereas with increasing 
Cl− concentration, the degradation rate of MB markedly accelerated 
(Fig. 3E). This may be attributed to Cl− favorably adsorbing on the face- 
centered cubic (Fcc) sites on the (111) surface of Pd cubes and acting as 
the primary driving force under the surface current of Pd cubes to pro
mote the dissociation of water molecules, thereby generating highly 
oxidative.OH, which is consistent with previous research results. 

Under the electric field, we added H2O2 to the reaction vessel and 
found that its addition significantly accelerated the catalytic degrada
tion efficiency of MB. This is because H2O2 can undergo Fenton catalytic 
reaction with Pd cubes in the electrolytic cell, which promoted the 
accumulation of.OH in the electro-driven catalytic system, thereby 
achieving synergistic degradation effect of Fenton catalysis and electro- 
driven catalysis. The degradation rates of MB (Fig. 3F) and the UV–vi
sible absorption spectrum (Fig. 4A–D) in each reaction system within 60 
min were recorded, and observations revealed that the degradation rate 
within the first 30 min was notably higher in the Fenton catalysis system 
compared to the electro-driven catalysis system. As H2O2 was gradually 
consumed, the degradation capacity peaked, in contrast, the degrada
tion rate of MB in the electro-driven catalysis system remained relatively 
stable and surpassed that of the Fenton catalysis system at 60 min. The 
combined degradation capability of Pd cubes enabled the MB to be 
degraded by 73.41 % in 60 min, rendering the dye nearly colorless, 
which was significantly higher than the degradation rates observed in 
other sample groups (Fig. S7). 

The limited applicable pH range has been a major bottleneck for both 

electrochemical and Fenton catalytic reactions. To overcome this, we 
explored how the initial pH affects MB degradation. Fig. 5A showed that 
approximately 70 % of MB can be quickly eliminated across the pH 
range of 3–11. This broad pH window removes the need for pH adjust
ment in conventional catalytic reactions, thereby lowering the cost 
consumption of the catalytic system⋅H2O2 concentration is a crucial 
factor influencing the Fenton catalytic reaction, so we examined the 
effect of varying H2O2 concentration on the degradation rate. Increasing 
H2O2 concentration from 1.25 % to 2.5 % results in the degradation of 
99.17 %, similar to the efficiency of the system with 5 % H2O2 (Fig. 5B). 
Thus, considering the cost of practical application, the optimal H2O2 
concentration in our Pd-based catalytic system is 2.5 %. 

Fig. 5C further assessed the degradation ability of Pd cubes on 
various organic pollutants. Remarkably, the optimized system achieved 
degradation rates of 99.17 % for MB, 85.39 % for rhodamine B (RhB), 
87.85 % for methyl orange (MO), and 92.28 % for methyl red (MR) 
within 60 min. These findings demonstrated the applicability of the 
electro-driven/Fenton catalytic system for removing organic pollutants 
degradation, thereby increasing its potential for practical application. 

The recyclability of the catalysts is essential for treating industrial 
dye wastewater. Therefore, we recovered the used Pd cubes and assessed 
their reusability through cyclic stability test. As shown in Fig. 5D, even 
after five cycles, the degradation efficiency remained above 90 %, 
demonstrating the excellent recyclability of Pd cubes. In addition, we 
compared the degradation efficiency of Pd cubes with previous related 
catalytic systems, further demonstrating its potential as an efficient 
catalyst for the degradation of organic pollutants (Table S1) (Zhang 
et al., 2023; Chen et al., 2024). The slight reduction in MB degradation 
efficiency may be due to the loss of catalytic sites caused by the leaching 
of Pd ions. After five cycles, the leaching rate of Pd ions remained low, 
and with the total release of about 0.09484 %. 

Fig. 6. Catalytic degradation mechanism of MB by Pd cubes. (A) EPR spetra. (B) DFT calculation. (C) Schematic representation of the combined degradation of Pd 
cubes. (D) TOC removal rate of MB aqueous solution. 
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3.3. Catalytic degradation mechanism investigations 

To explore the catalytic degradation mechanism, 5,5-Dimethyl-1- 
pyrroline N-oxide (DMPO) was employed as a trapping agent to 
monitor the catalytic reaction in the system. Electron paramagnetic 
resonance (EPR) spectroscopy results (Fig. 6A) revealed that the char
acteristic peaks of 1:2:2:1 appeared in the other three groups compared 
with the control group, indicating that Pd cubes served as an effective 
electro-driven catalysis/Fenton catalysts for inducing the generation 
of.OH. Furthermore, compared with the individual Fenton catalysis or 

electrocatalysis system, the combined catalytic degradation system 
exhibited the strongest.OH signals, confirming the dual catalytic capa
bility of Pd cubes. Using density functional theory (DFT) to estimate the 
energy of.OH, and the results turned out that the combined catalysis 
system exhibited the strongest energy signals of.OH, which was consis
tent with the EPR spectroscopy results (Fig. 6B). 

Building upon the aforementioned findings, we have revealed a 
possible catalytic degradation mechanism. As illustrated in Fig. 6C, 
under the action of the electric field, Cl− and water molecules were 
adsorbed on the (111) surface of Pd cubes, inducing the Faraday cage 

Fig. 7. The decomposition process of MB. (A, B) GC–MS and IC test results during the degradation of MB. (C) Degradation pathway of MB. (D, E) Cell viability and 
ATP activity after co-incubation with Pd cubes. 
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effect on the surface of Pd cubes, leading to a hole doping condition. 
Subsequently, the charge between the water molecules and Pd cubes 
began to transfer, and the charge gradually accumulated on Pd atoms 
near oxygen atoms. With the increase in hole doping concentration, the 
charge on hydrogen atoms decreased more pronounced. Simulta
neously, the length of the H-O bond increased, leading to the dissocia
tion of water molecules and the formation of.OH. Additionally, Pd cubes 
as the effective Fenton catalysts, can react with H2O2 to generate.OH, 
which enhances the catalytic capability of Pd cubes. Ultimately, the 
formed.OH attacked the MB molecules, and under the potent oxidation 
effect of.OH, MB molecules were gradually decomposed.Total Organic 
Carbon (TOC) is a crucial indicator for assessing organic pollution in 
water. Its determination has become a primary method for water quality 
monitoring and quality control worldwide, and was widely applied in 
areas such as drinking water and wastewater treatment. Hence, we 
measured the residual amount of organic pollutants in water (KataTOC) 
according to Eq. (2) to evaluate the degradation efficiency of the 
catalysts. 

KataTOC (100%) =
TOCt
TOC0

× 100% (2)  

where TOC0 represents the total amount of TOC in the water, and TOCt 
represents the carbon content of the remaining organic matter in the 
water after degradation for t (h). As shown in Fig. 6D, the total organic 
carbon removal rate reached 70.2 % after continuous degradation of 
low-concentration MB dye solution for 4 h. This process realizes efficient 
mineralization of organic pollutants in water and demonstrates prom
ising potential for industrial treatment of organic pollution. 

Subsequently, gas chromatography-mass spectrometry (GC–MS) and 
ion chromatography (IC) were utilized to analyze the intermediates and 
the final products formed during the degradation of MB. Fig. 7A and B 
revealed the presence of volatile organic small molecules such as 
toluene, phenol, styrene, 2,4,6-trimethylphenol, as well as ionic com
pounds such as Cl− , NO3

–, SO4
2− , and CO3

2– during the decomposition 
process of MB. Therefore, Fig. 7C proposed a possible degradation 
pathway for MB. Pd cubes exhibited their dual catalytic capability to 
generate.OH, and the highly oxidative.OH oxidized and broke the C=C 
bonds, opening the benzene ring, gradually and decomposing the 
organic macromolecules into small molecular compounds, ultimately 
mineralizing them into CO2 and H2O. 

An ideal wastewater treatment technology should possess charac
teristics such as high efficiency, energy efficient, good recyclability, and 
good biocompatibility. The nanocatalysts used in wastewater treatment 
should be safe, non-toxic, green, and should not cause secondary 
pollution to water. The cell toxicity of the catalysts was evaluated by 
MTT method, where NRK-52E cells were co-incubated with Pd cubes for 
24 h to evaluate their viability. The results showed that even at elevated 
concentration of Pd cubes (2 mg/L), cell viability and ATP activity 
remained above 95 %, indicating excellent biocompatibility of Pd cubes 
(Fig. 7D, E). Therefore, Pd cubes are harmless to microorganisms in 
water and will not disrupt the balance of ecosystem in the process of 
wastewater treatment, and have extensive application prospects in the 
field of wastewater treatment. 

4. Conclusion 

In conclusion, a straightforward and efficient technique has been 
devised to fabricate Pd nanocubes. Utilizing the synergistic effect of 
electro-driven and Fenton catalysis of Pd cubes, we achieved the 
decomposition of organic pollutants in wastewater. The impact of Pd 
cubes concentration, Cl− concentration, H2O2 concentration, and pH on 
degradation efficiency was systematically studied. The optimized Pd 
cubes + H2O2 + E system exhibited excellent performance, degrading 
99 % of MB within 60 min. Due to multiple catalytic properties and low 
metal leaching rate, Pd cubes demonstrated outstanding cycling 

performance, maintaining over 90 % MB degradation efficiency even 
after five cycles. This research offered valuable insights into designing 
and developing synergistic catalytic systems, and could inspire further 
research on efficient catalysts with multiple catalytic activities for dye 
degradation and environmental remediation. 
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