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Abstract 

The electrocatalytic degradation method with PbO2/rGO electrode (anode) was chosen to treat Safranine-O waste 

because it was cheap and environmentally friendly. This research aimed to study the electrocatalytic efficiency of 

PbO2/rGO working electrode in Safranine-O removal. In this research, rGO and PbO2/rGO electrodes were synthesized 

and applied to Safranine-O removal through electrochemical degradation. The characterization results of the 

morphology of rGO are in the form of a layered structure and have the atomic composition of C (82.87%) and O (17.13%). 

The characterization results of PbO2/rGO are uniform particles with gaps/pores that appear relatively large. The rGO 

particles in the form of sheets (layers) seem to be distributed on the surface of PbO2.  PbO2/rGO electrode has the atomic 

composition of C (87.24%), O (9.03), and Pb (3.73). The application of PbO2/rGO anode to the electrochemical 

degradation of Safranine-O showed good performance. It was able to perform dye removal (DE%), as well as a decrease 

in BOD and COD values up to >95% within 10 minutes at a concentration of 20 ppm. Application on real waste also 

showed the ability of dye removal, COD, and BOD reduction up to >95%. Coating or modifying the PbO2 anode with 

rGO can reduce the dissolution of Pb2+ ions in the solution during the electrochemical degradation. This study concluded 

that the PbO2/rGO electrode has improved the efficiency in Safranine-O degradation. 
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1. Introduction 

Safranine-O (also known as Acid Red 2) is a 

dye used in industry and gram staining of bacteria 

in laboratories [1–12]. This dye has high stability, 

so it is difficult to degrade in aquatic ecosystems 

[11]. Safranine-O is used to distinguish between 

gram-positive and gram-negative 

microorganisms, resulting in effluents with a high 

concentration of Safranine-O dye [13–14]. These 

compounds are hazardous and carcinogenic and 

cause strong negative environmental impacts 
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   Email: mudasir@ugm.ac.id (M. Mudasir) 

[3,15]. Proper treatment efficiency is required so 

that Safranine-O waste can be handled optimally. 

Some methods of treating dye waste include 

coagulation/flotation methods [16,17], biological 

process [18], ozonization [19], electrochemical 

oxidation / electrodegradation [20,21], and 

adsorption [22]. The adsorption method is still 

considered an incomplete treatment method 

because the compounds adsorbed by the adsorbent 

material will remain in the system and can one 

day be released back into the environment, so the 

potential for pollution still occur. Waste 

processing methods that convert dye waste into 

safe and environmentally friendly end products 

https://journal.bcrec.id/index.php/bcrec
https://creativecommons.org/licenses/by-sa/4.0
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include electrodegradation (electrochemical 

oxidation) [20,21,23]. Electrodegradation can be 

carried out under mild operating conditions, at 

ambient temperature and pressure, and has the 

potential to produce CO2 and H2O as end products 

[24]. Electrochemical oxidation is also a cost-

effective method, which is characterized by strong 

oxidative species with high performance [20]. The 

electrochemical oxidation process does not require 

the addition of hazardous chemicals and produces 

virtually no secondary pollutants at the end of the 

treatment [25,26].  

Some researchers have used degradation 

techniques through electrochemical oxidation 

(electrodegradation) to reduce the concentration 

of dye waste [25,26]. The results show that the 

electrochemical oxidation / electrodegradation 

efficiency is highly dependent on the properties of 

the electrode materials and operational conditions 

[27]. Some of the electrodes used for dye oxidation 

are expensive, such as boron-doped diamond 

(BDD), IrO2, RuO, and Pt [23,28]. Some scientists 

focus more on the PbO2 electrode as an anode 

because of its low price, high electronic 

conductivity, relatively stable in corrosive media, 

and relatively high oxygen evolution reaction 

potential [29-31]. PbO2 can produce hydroxyl 

radicals, which are adsorbed on the PbO2 anode in 

positive polarization in the water oxidation 

region: PbO2 + H2O ⇌ PbO2(OH•) + H+ + e–   

Hydroxyl radicals (OH•) can degrade almost 

all organic pollutants due to their high oxidation 

ability and non-selectiveness to organic 

micropollutants [32]. The large surface area of the 

porous PbO2 electrode facilitates the oxidation 

reaction, thereby increasing the efficiency of the 

electrodegradation of dye waste. The 

electrodegradation reaction using a PbO2 

electrode with NaCl electrolyte is an oxidation 

reaction involving the oxidizer •OH and Cl2 and 

ClO– produced from the oxidation process of 

chloride ions in solution [15]. 

PbO2 electrodes (anodes) have been reported 

to be able to dye degradation [21,33-35]. However, 

at currents that tend to be high, the Pb metal in 

the PbO2 electrode can dissolve as Pb2+, so this is 

a weakness of this electrode because it can cause 

surface changes and reduce electrode performance 

in the electrodegradation, as well as produce new 

pollutants (Pb2+) and cause new problems [35-39]. 

In addition, the electrodegradation capability of 

the PbO2 electrode still shows relatively low 

efficiency because it takes a relatively long time to 

completely degrade the dye [34,35,40-42]. This 

means it is still necessary to improve the 

performance of the PbO2 electrode in 

electrodegradation by increasing the conductivity 

and stability of the electrode. One method that can 

be applied to overcome this problem is to modify 

the PbO2 electrode with an appropriate modifier 

[33]. 

Researchers have proven that graphene is a 

good modifier for coating PbO2 anodes [21,43]. 

Graphene with oxygen functional groups into 

graphene oxide (GO) and reduced graphene oxide 

(rGO) shows high electrocatalytic performance for 

dye degradation [21,43,44]. GO contains more 

functional groups than rGO. The main functional 

groups in GO and rGO are epoxide and hydroxyl 

on the basal plane and carbonyl, quinone, 

carboxylic acid, phenol, and lactone groups on the 

edges. More functional groups in GO cause 

chemical reactivity that damages the properties of 

graphene, thereby reducing conductivity, causing 

structural defects, and reducing thermal and 

mechanical stability [45]. Therefore, choosing 

graphene materials with fewer functional groups, 

such as rGO, is essential.  

Currently, although rGO or other graphene is 

known to have good conductivity and 

electrocatalytic ability, in general, researchers 

use rGO or graphene more as a modifier and not 

as an anode directly or as a main electrode 

(substrate) [46–49]. Its effectiveness and 

efficiency are still considered less when compared 

to rGO as a modifier because it requires more rGO 

material to form the main electrode (substrate), 

while rGO or graphene materials are relatively 

expensive [49].  The high price of rGO is caused by 

the synthesis method, which is relatively difficult 

and has few results [50]. In addition, using rGO as 

a main electrode or substrate electrode (not a 

modifier) requires difficult additional treatment 

because initially, in powder form, it changes into 

a plate or rod. Using rGO as a modifier, especially 

on electrodes with a low price, such as PbO2, 

increases the conductivity and the oxidizer in the 

form of hydroxyl radicals of the rGO functional 

group. In the end, the effectiveness and efficiency 

of electrode use becomes higher. In addition, rGO 

can coat PbO2 and reduce or eliminate Pb 

dissolution so that the weaknesses of the PbO2 

electrode can be overcome. 

The method often used for rGO synthesis is 

the GO reduction method, which uses either a 

chemical reductant (e.g. hydrazine and sodium 

bicarbonate) or natural materials (plant extracts) 

[51-53]. The Hummer method synthesizes GO as 

a rGO precursor using hazardous materials such 

as sulfuric acid and potassium permanganate [53–

55]. Another alternative in rGO synthesis is the 

reduction method using a carbon source [56–60]. 

Previous research has not used the hydrothermal 

method to synthesize rGO from the charcoal 

activated material. In this study, rGO is 

synthesized using a more environmentally 

friendly hydrothermal method, distilled water as 

a solvent, with relatively fast hydrothermal time 

(12 hours) and without hazardous chemicals. By 

hydrothermal reduction treatment, charcoal 

activated molecules with almost no aliphatic 
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chains are expected to maintain or increase the 

sp2 carbon content after changing into rGO. 

The modification of the PbO2 anode with an 

rGO modifier into PbO2/rGO in this study was 

done using the electrophoretic deposition (EPD) 

method. Several studies have explored the EPD 

method for graphene coating on metal electrode 

plates, for example, coating SS electrodes with 

graphene functionalized hydroxyl (G-OH) to form 

SS/G-OH and coating SS electrodes with rGO to 

form SS/rGO [61,62]. However, no study has 

explored the coating of PbO2 electrodes with rGO 

material, especially rGO synthesized using the 

hydrothermal method with charcoal activated 

precursors. The rGO synthesis method, the EPD 

method for PbO2 coating to form PbO2/rGO, and 

its application to the electrodegradation of 

Safranine-O dye are novelties in this study. To 

understand this, this study aims to determine the 

characteristics of rGO and PbO2/rGO synthesized 

and their applications to the electrodegradation of 

Safranine-O dye. The characterization of rGO and 

PbO2/rGO was studied using UV-Vis 

spectrophotometers, FTIR spectrophotometers, X-

ray Diffraction (XRD), Raman spectroscopy, 

Scanning Electron Microscope-Energy Dispersive 

X-ray Fluorescence (SEM-EDX), and 

Transmission Electron Microscope (TEM). To 

determine the electrocatalytic ability of rGO and 

modified electrodes (PbO2/rGO) were confirmed 

using cyclic voltammetry (Potensiostat) before 

being used to remove Safranine-O through 

electrodegradation using NaCl electrolyte. NaCl is 

a supporting electrolyte that can oxidize Cl– to Cl2 

[21]. The Cl2 improves the electrocatalytic 

performance of the PbO2/rGO electrode. The 

progress of the electrodegradation process was 

monitored by Uv-Vis Spectrophotometry. 

Chemical Oxygen Demand (COD) was analyzed 

using the Closed Reflux Colorimetry method, and 

Biological Oxygen Demand (BOD) of waste was 

analyzed using a DO meter. The level of Pb 

dissolved in the degradation solution was 

analyzed using Atomic Absorption 

Spectrophotometry (AAS). 

 

2. Methods 

2.1 Chemicals 

This study used sulfuric acid p.a (H2SO4>95-

97%), sodium chloride p.a (NaCl >99%), acetone 

p.a (C3H6O>99%), hydrochloric acid p.a 

(HCl>37%), lithium hydroxide p.a (LiOH ≥ 98%), 

sodium hydroxide p.a (NaOH ≥ 97%) from Merck 

Germany, and Safranine-O p.a purchased from 

Sigma Aldrich, U.S.A (C20H19ClN4 >80%). 

Stainless steel 316L plates from the local 

Indonesian product (TB. Bintang Logam). Lead 

plates (Pb≥99%) are obtained from the local 

Indonesian products (TB. Timbah Bangka 

Indonesia). Commercial charcoal activated 

obtained from Loba Chemie PVT.LTD, India. All 

chemical reagents used in this study were 

analytical grade and used without further 

purification. 

 

2.2 Instrumentation  

In this study, the absorption peak 

characteristic of rGO in the UV region, which is 

the  to * transition of C=C bonds of the 

hexagonal structure of rGO, was analyzed using 

50 mg/100mL rGO suspension at a wave number 

of 200–800 nm with a UV-Vis spectrophotometer 

(Thermo Scientific Genesys 180).  All functional 

groups of rGO and PbO2/rGO were characterized 

using Fourier Transform Infra-Red 

Spectrophotometry (FTIR, Thermo Scientific 

Nicolet iS10) using the KBr pellet technique at a 

wavelength of 4000–400 cm–1). The characteristics 

of the crystal structure of rGO and PbO2/rGO and 

the presence of diffraction lines and characteristic 

diffraction peaks were analyzed using X-ray 

diffraction (XRD, Simadzu model XRD-6000 with 

a Cu X-ray tube, Kα = 1.5406 Å, and scanning at 

2θ = 5–60˚).The characteristics of the carbon 

material (charcoal) and the level of carbon defects 

in rGO were analyzed using a Raman 

spectrometer (Horiba Scientific Raman 

spectrometer equipped with LabSpec 6 software). 

The surface morphological characteristics and 

elemental composition of rGO and PbO2/rGO were 

analyzed using a Scanning Electron Microscopy-

Dispersive X-ray spectrometer (SEM-EDX, JEOL 

JSM-6510).  The character of the particle shape 

and layer structure of rGO material were 

analyzed using a transmission electron 

microscope (TEM, JEOL JEM-1400).  

 

2.3 Synthesis of rGO 

In this research, rGO synthesis was carried 

out using a hydrothermal autoclave reactor with a 

PTFE chamber with a capacity of 100 mL 

purchased from China. Particles were sedimented 

using a centrifuge (Hettich EBA 200). Digital 

ultrasonics (GT Sonic 40 KHz, 100W) was used to 

reduce the agglomeration of rGO particles to 

obtain a better size distribution. rGO synthesis 

was done by making a charcoal activated solution 

by weighing 0.1 grams of charcoal activated and 

then dissolving it in 100 mL of aquabides. The 

charcoal activated solution was put into an 

autoclave for a hydrothermal process for 12 hours 

at 190 0C. After the hydrothermal method, 

ultrasonication was carried out for 1 hour, and the 

solution was centrifuged. The ultrasonicated 

product was washed, filtered, and then dried in an 

oven at 80 °C for 2 hours for characterization. 
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2.4 Synthesis of PbO2 Electrode 

The synthesis of the PbO2 anode was carried 

out by sanding a lead (Pb) electrode plate with 

dimensions of 5.0 cm  2.0 cm and thickness 2 mm, 

cleaned using detergent, and then ultrasonicated 

(with ultrasonic cleaner, GT Sonic 40 kHz, 100 W) 

sequentially using 30% NaOH for 30 min, 3.75% 

HCl and acetone for 10 min. Next, electrolysis of 

Pb metal was performed. In the electrolysis 

process, Pb acts as an anode and stainless steel as 

a cathode. Industrial DC power supply (Sanfix SP-

305E) was used as a source of electric current in 

PbO2 electrode synthesis. Electrolysis was carried 

out using 100 mL H2SO4 10% electrolyte and a 

current strength of 1 A for 30 minutes.  

 

2.5 Synthesis of PbO2/rGO Electrode  

The PbO2/rGO anode was synthesized by 

depositing rGO on the surface of the PbO2 

electrode. Industrial DC power supply (Sanfix SP-

305E) was used as a source of electric current. 

Electrophoretic deposition (EPD) of rGO was 

carried out by immersing the PbO2 as the anode 

and the stainless steel plate as the cathode in a 2 

g/L rGO dispersion. The process was supplied 

with a current density of 10 mA/cm2 for 10 

minutes. Cyclic voltammetry (CV) of the 

PbO2/rGO working electrode was recorded using 

Corrtest Potentiostat. Platinum (Pt) electrode as 

cathode and Ag/AgCl electrode as reference 

electrode. The CV was measured in the supporting 

electrolyte of 0.1 M NaCl. 

 

2.5 Electrocatalytic Performance Test of rGO 

Material and PbO2/rGO Electrode 

Potentiostat (Corrtest Potentiostat) was used 

to analyze the electrocatalytic ability of rGO 

compared to bare electrode (Glassy carbon 

electrode, GCE) and to compare the 

electrocatalytic ability of both PbO2 and PbO2/rGO 

electrodes by observing the change in peak 

current as a function of potential using cyclic 

voltammetry (CV) technique. Electrocatalytic 

measurements of rGO material were carried out 

with a glassy carbon working electrode (GCE) 

modified by rGO. This measurement uses an 

Ag/AgCl electrode as a standard electrode and a 

Pt electrode as a cathode. The electrolyte used in 

this electrocatalytic measurement is 0.10 M NaCl. 

The scan rate used was 50mV/s in the potential 

range of -0.6 to 0.8 V.  Electrocatalytic 

measurement of PbO2/rGO anode was conducted 

with PbO2/rGO electrode as working electrode, 

and Ag/AgCl electrode as a standard electrode, 

and Pt electrode as a cathode. The electrolyte used 

in this electrocatalytic measurement was 0.10 M 

NaCl. The scan rate was 50 mV/s in the potential 

range of -1.2 to 0.8 V.  

 

 

2.6 Electrocatalytic Degradation of  Safranine-O 

Electrocatalytic degradation of Safranine-O 

was carried out using a batch-type electrolysis cell 

and a DC power supply. Industrial DC power 

supply (Sanfix SP-305E) was used as a source of 

electric current. PbO2/rGO acted as the working 

electrode (anode) with a stainless-steel cathode. 

The electrolyte was 100 mL NaCl 0,1 M. Dye 

waste was 100 mL Safranine-O 20 ppm. The 

current density was 50 mA/cm2. The initial pH 

solution was 7.0. Safranine-O removal in 

simulated and real waste was measured by UV-

Vis spectrophotometry. Decreased absorbance 

(DA (%)) and Degradation efficiency (DE (%)) were 

calculated by using the following Equation (1) and 

Equation (2) [63]:  

 

𝐷𝐴(%) =
𝐴0−𝐴𝑡

𝐴0
× 100%          (1) 

 

Ao and At are the initial absorbance and 

absorbance at the sampling time of t, respectively. 

 

 𝐷𝐸(%) =
𝐶0−𝐶𝑡

𝐶0
× 100%           (2) 

 

Co and Ct are the initial concentrations and 

concentrations at the sampling time of t, 

respectively.  

The lead levels in the post-electrodegradation 

solution were analyzed using an atomic 

absorption spectrophotometer (AAS, Shimadzu 

6650 F). Chemical oxygen demand (COD) was 

analyzed by Standard Method as described in the 

20th Edition - Examination of Water & Waste 

Water, Methods 5220-D-Closed Reflux 

Colorimetric Methods by spectrophotometer at a 

wavelength of 620 nm [64]. Biological oxygen 

demand (COD) was analyzed using a DO meter by 

standard methods for the examination of water 

and wastewater 21th edition L.S Clesceri, A.E 

Greenberg, A.D Eaton, APHA, AWWA, and 

WPCF, Washington DC (2005) [65. 

The kinetic study of the data was evaluated 

by applying pseudo-first-order and pseudo-

second-order kinetics equations (Equation (3)) 

[66]: 

𝑙𝑛 (
𝐶𝑡

𝐶0
⁄ ) = −𝐾𝑡           (3) 

1

𝐶𝑡
=

1

𝐶0
+ 𝐾𝑡                    (4) 

 

3. Results and Discussion 

3.1 Synthesis of rGO 

The synthesis of rGO in this study used the 

hydrothermal method. The synthesis mechanism 

of rGO proposed in this study is illustrated in 

Figure 1. In the hydrothermal process, the first 

mechanism proposed for the formation of rGO is 

that during the heating process, charcoal 

activated undergoes a wet pyrolysis process to 
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form a series of small molecular hydrolysis 

products such as aromatic compounds, 

polysaccharides, aldehydes, ketones, and furan 

derivatives. Secondly, under the hydrothermal 

condition of 190 0C for 12 h, the pyrolysis products 

self-assembly into nanosheet structures through 

intermolecular hydrogen bonding at the beginning 

of the reaction, and then a hexagonal graphite 

matrix with multiple functional groups is formed 

due to intermolecular dehydration between 

carboxyl groups and hydroxyl groups. 

Furthermore, the graphite nanosheet undergoes 

exfoliation and reduction under hydrothermal 

conditions to form rGO. This research is in line 

with previous research [67–69]. Ultrasonication in 

this study reduces the agglomeration of rGO 

particles to obtain a better size distribution, while 

centrifugation separates the precipitated particles 

[70]. 

Previous researchers obtained similar 

results, stating that hydrothermal works by 

decomposing biomass through a series of liquid-

phase reactions (e.g., dehydration, Diels-Alder, 

fragmentation, retro-aldol, and condensation). 

The study's XPS, FTIR, and NMR results showed 

that hydrothermal caused condensation of 

aromatic structures, as evidenced by increased 

carbon in XPS data and aromatic region in NMR 

(⁓130 ppm). Some of the carboxylic acids were lost 

on the surface of the carbon structure and 

replaced by alcohols and ethers [68,69]. 

 

 

3.2 Characterizations of rGO 

Figure 2 shows the Uv-Vis Spectra of rGO. A 

single peak was observed at 266 nm. This peak is 

the result of  to * excitation of the C=C bond in 

the hexagonal structure of rGO [71–73]. Figure 3 

shows the characteristic FTIR spectra of rGO 

produced through the hydrothermal process 

[74,75]. The peak at 3425 cm–1 is an O–H 

stretching vibration. The spectra show a small 

peak at 2915 cm–1, which is a Csp-H stretching 

vibration. The peak at 1565 cm–1 is a C=C 

stretching vibration. C–O is seen at 1136 cm–1 

peak. All FTIR peaks agree with previous 

research [76–78]. The hydrothermal process 

causes a reduction in oxygen-containing 

Figure 1. Proposed synthesis mechanism of rGO 

Figure 2. Uv-Vis spectra of (a) charcoal activated, 

(b) rGO  
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functional groups. This is characterized by a 

decrease in the peaks related to the –OH groups 

at 3425 cm–1 and C–O groups at 1136 cm–1. The 

XRD pattern of rGO in Figure 3 shows a 

broadening of the diffraction peak at 24.590. This 

corresponds to the (002) plane of the graphene 

crystal. Figure 4 shows that the XRD pattern 

obtained corresponds to previous studies 

[72,78,79]. In this study, the shift in the peak 

broadening of rGO occurred because, in the 

reduction process, oxygen groups were removed 

and bound to charcoal activated so that it could 

change the distance between layers and cause a 

peak shift [80]. 

In Figure 5, the Raman spectra results show 

two peaks at Raman shifts of 1335.77 and 1595.67 

cm–1. The appearance of the peak at 1335.77 cm–1 

indicates the D band (defect), which is produced 

from out-of-plane vibrations that may be caused 

by wrinkled structures and defects. The G band 

(graphite) appears at 1595.67 cm–1 due to the in-

plane vibrations of carbon atoms with sp2 

hybridization [81]. The degree of disorder is 

determined by the ratio of the D/G peak intensity 

(ID/IG). Charcoal activated has an ID value of 151 

and an IG of 150 counts, while rGO has an ID value 

of 224 and an IG value of 201 counts. The ID/IG 

ratios of charcoal activated and rGO are 1.006 and 

1.114. The broadening of the D and G bands in 

rGO occurs due to higher interference with an 

increase in the relative intensity of the D band 

compared to the G band [80]. The D band's higher 

intensity in rGO than charcoal activated is due to 

removing oxygen functional groups from activated 

carbon after reduction. The broad and short peak 

at ~2700 cm–1 is attributed to the splitting of 2D 

peaks, implying increased vibrational modes [81]. 

When charcoal activated is reduced to rGO, 

the ID/IG value should decrease due to eliminating 

some oxygen-containing functional groups during 

the reduction process. This results in a decrease 

in defects caused by oxygen or oxygen-containing 

functional groups. In contrast, the results of this 

study show that the ID/IG value has increased. 

Therefore, the ID/IG ratio value may not only be 

based on eliminating some oxygen functional 

groups, but other effects may also occur. The 

functionalization of sp3 groups and defects in the 

carbon structure in rGO causes a D peak. The 

removal of functional groups on the surface of 

charcoal activated by the reduction process results 

in vacancies and rearrangement of the carbon 

structure so that the originally sp3 carbon atoms 

do not become sp2 in rGO and the carbon 

structure becomes five-ring (pentagonal) or seven-

ring (heptagonal) [77].  

Figures 6a and 6b show the SEM-EDX results 

of the charcoal activated and the synthesized rGO. 

SEM results show that charcoal activated has a 

morphology in the form of a structure containing 

pores/gaps, small particles that are almost 

uniform without any layers formed, while rGO has 

a morphology in the form of a layered structure in 

the form of overlapping sheets resulting in gaps or 

Figure 3. FTIR spectra of (a) charcoal activated, 

(b) rGO 

Figure 4. XRD patterns of (a) charcoal activated, 

(b) rGO 

Figure 5. Raman spectra of (a) charcoal 

activated, (b) rGO 
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distances between layers, and particle 

agglomeration occurs. The agglomeration can be 

caused by removing oxygen-containing groups 

through the reduction process, thereby reducing 

the electrostatic repulsion between the graphene 

layers, which can cause the particles to approach 

each other and form agglomerations [82]. The 

EDX results show that charcoal activated has an 

atomic composition of C (78.60%) and O (41.40%), 

while rGO has a composition of C (82.87%) and O 

(17.13%). These data indicate that charcoal 

activated experiences a decrease in the number of 

oxygen atoms and an increase in the number of 

carbon after being reduced to produce rGO [83]. 

Figures 7a and 7b show TEM results of the 

charcoal activated and the synthesized rGO. TEM 

results show that the morphology of rGO has an 

irregular shape and does not have a layered 

structure, while rGO has a typical sheet shape 

and a layered structure with a regular shape, 

especially rGO produced in multilayer form. The 

irregular shape is a characteristic of charcoal 

activated, while rGO has a typical sheet shape 

[51,84]. This layered structure of rGO indicates 

that the rGO formed is a multilayer rGO. SEM 

results support these TEM results, which show a 

layered structure in rGO. 

Figure 6. SEM-EDX results on materials, a) charcoal activated, b) rGO 

Figure 7. TEM results on materials a) charcoal activated, b) rGO 
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EPD Substrat Graphene 

(modifier type) 

Voltage/current 

density 

Time 

(minutes) 

Ref. 

SS rGO 6-8 Volt 10 [61] 

SS foil Graphene 30 Volt 2 [90] 

TiO2 nanotube rGO 4 Volt 30 [91] 

Carbon fiber 

cloth 

Sulphonated-RGO 20 V 30 [92] 

Copper GO 5 Volt 10 [93] 

Carbon fibers rGO 15 Volt - [94] 

SS GO 10 Volt 8 [88] 

SS G-OH 30 V 3 [62] 

Pb/PbO2 rGO 10 mA/cm2 10 [68] 

PbO2 rGO 10 mA/cm2 10 This work 

3.3. Synthesis of PbO2/rGO Electrode 

The synthesis of the PbO2/rGO electrode was 

carried out by synthesizing the PbO2 anode first. 

Synthesis of PbO2 anode is done by an anodic 

electrodeposition method using a Pb anode, 

stainless steel cathode, and H2SO4 electrolyte. The 

reaction mechanism that occurs is shown in 

Equations (5–6) [85,86]. 

 

Reaction at the anode (Oxidation): 

Pb → Pb2+ + 2e–     (5) 

Pb2+ + 2H2O → PbO2 + 4H+ + 2e–   (6) 

 

PbO2 anodes are formed due to the oxidation of Pb 

to Pb2+, and then Pb2+ produces Pb4+, which then 

forms a PbO2 anode. The electrocatalytic 

properties of the PbO2 anode are caused by the 

successful electrodeposition of O2, which will then 

produce hydroxyl radicals (see Equation (7)). 

Hydroxyl radicals (–OH) have strong oxidizing 

properties [87]. When an electrical voltage is 

applied, the PbO2 anode allows the direct 

oxidation of Safranin-O dissolved in the 

electrolyte solution to produce simpler products, 

such as carbon dioxide, water, and other simple 

compounds (intermediate compounds) [87].  

 

PbO2 + H2O  →  PbO2(•OH)  +  H+  + e–  (7) 

 

The PbO2 anode is then used as an anode for 

electrophoretic deposition of rGO to form 

PbO2/rGO. The reaction mechanism that occurs is 

shown in Equation (8) [68].  

 

PbO2 + rGO  → PbO2/rGO     (8) 

 

Figure 8 shows that initially, the PbO2 

electrode was dark brown, then after being coated 

with rGO, the electrode surface turned black due 

to the attachment of rGO. The mechanism of rGO 

attachment to the PbO2 electrode is that when 

rGO is dissolved in water, the functional groups of 

rGO undergo dissociation in water and produce a 

negative charge. With voltage, the negative 

charge of rGO moves towards the positively 

charged electrode (anode) and then sticks tightly 

to the anode surface. This opinion is supported by 

previous studies that stated something similar 

[61,88,89]. 

Table 1 shows the data of successful electrode 

synthesis using various substrates and graphene 

using the EPD method [61,62,68,88,90-94]. The 

results showed that multiple studies used 

different voltages, current densities, times, and 

types of graphene (rGO, GO, graphene, sulfonated 

rGO, and G-OH). In this study, the 

voltage/current density applied was not too high 

(10 mA/cm2) and not too long (10 minutes), so it 

was possible that rGO would not undergo 

oxidation to become GO during EPD. Oxidation of 

rGO to GO requires high voltage/current density 

and a relatively long time to increase the 

possibility of rGO oxidation to GO. Several studies 

in Table 1 do not explain the oxidation of rGO to 

GO when EPD is applied, so further studies are 

still needed to confirm this. 

In the EPD of graphene (rGO) on metal 

(substrate electrode, for example, PbO2), it is 

generally impossible to say that this process is 

entirely free from redox reactions. However, 

under some conditions, especially when only 

graphene (rGO) particles are transferred using 

low voltages, redox reactions may insignificantly 

occur [61]. This is because the current flow tends 

to be smaller at low voltages, so the possibility of 

redox reactions is lower. Under these conditions, 

transferring graphene (rGO) particles to the metal 

surface is more dominant than the redox 

reactions. Redox reactions may still occur, but the 

effects may be minimal. 

The thickness and quality of this layer are 

controlled by adjusting the deposition time and 

electric field strength [88,95]. The best deposition 

time should be selected considering that too long 

a time can cause excessive consumption of 

material resources and increase the coating 

Table 1. Overview of the substrate/graphene prepared by EPD 
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thickness. Too thick a coating can affect the 

conductivity properties and activity of the 

electrode. Too long an EPD time can cause 

aggregation of rGO particles, which can reduce 

the quality of the coating and disrupt its even 

distribution. Conversely, a time that is too short 

may not be enough to obtain an optimal coating 

[88].  

The CV voltammogram results in Figure 9 

show that time affects the EPD or attachment of 

rGO on the PbO2 electrode. At an EPD time of 0 

minutes, the PbO2 electrode shows a peak 

oxidation current of 0.437 V and 0.007 A. Then, 

the increase in peak oxidation current continues 

to occur until it reaches the optimum point. The 

optimum point occurs after reaching an EPD time 

of 10 minutes with a peak oxidation current of 

0.371 V and 0.014 A. The increase in the oxidation 

current peak indicates that there has been an 

increase in the number of rGO layers deposited on 

the PbO2 electrode, thereby increasing the 

electrochemical capacity, which is caused by 

increasing the active surface area or the number 

of active sites available for the reaction [89]. The 

peak oxidation current decreased after passing 

the optimum point (at 12.5 minutes). The decrease 

in the peak oxidation current indicates that the 

rGO layer begins to accumulate or aggregate. This 

can cause pore closure or reduction in effective 

surface area, thereby reducing the availability of 

active sites for reaction and decreasing 

electrochemical capacity. These results are in 

accordance with previous studies [68,89]. 

 

3.4. Characterizations of PbO2/rGO Electrode 

Characterization of PbO2/rGO electrode was 

carried out by analyzing it using XRD and SEM-

EDX. Figure 10 shows that the XRD pattern 

confirmed the presence of PbO2 and all diffraction 

peaks could be indexed into the standard 

spectrum of β-PbO2 according to JCPDF (PDF File 

No. 752420). The result of XRD in Figure 10 shows 

that the crystal structure of PbO2 in an acid 

solution is pure β-PbO2 [87]. Only a few impurity 

peaks are visible. Sharp peak intensity validates 

high crystallinity [96]. The electrophoretic 

deposition of rGO on the PbO2 anode leaves a 

characteristic peak for rGO and PbO2 in the 

PbO2/rGO material, where the XRD pattern still 

shows a typical peak belonging to rGO at 2θ 

around 250. 

Figure 8. Synthesis mechanism of PbO2/rGO electrode 

Figure 9. Cyclic voltammogram of PbO2/rGO 

anode in 0.1 M NaCl based on deposition time 

variation  
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Figures 11a and 11b show the SEM-EDX 

results of PbO2 and PbO2/rGO. The morphology of 

PbO2 is in the form of tightly packed particles, 

causing the gaps/pores to appear smaller, while 

PbO2/rGO has uniform particles with gaps/pores 

that appear relatively larger. The rGO particles in 

the form of sheets (layers) seem to be distributed 

on the surface of PbO2. This proves that rGO has 

successfully coated the surface of PbO2. This 

porous morphology is important for transferring 

pollutants in the degradation process. The SEM-

EDX results show that in the PbO2 electrode, no 

carbon element was detected, while the PbO2/rGO 

material revealed the presence of carbon 

elements. The carbon element of the PbO2/rGO 

electrode has an atomic percentage of 87.24%. The 

atomic composition of the PbO2/rGO material is C 

(87.24%), Pb (29.33%), and O (9.03%). This result 

follows previous research [68]. 

 

3.5 Electrocatalytic Performance Test of rGO 

Material  

Cyclic voltammograms of the rGO material 

were measured to determine its electrocatalytic 

ability when used as an electrode modifier. Figure 

12 shows that the Glassy Carbon (GCE) electrode 

without rGO modification showed an oxidation 

current peak centered at a voltage of 0.58 V and a 

current of 406.37 mA, while the rGO-modified 

GCE electrode showed an oxidation current peak 

centered at a voltage of 0.36 V and a current of 

492.307 mA. This proves that modifying the 

electrode surface with electroactive species 

increases the electron transfer rate and produces 

a larger current than the electrode without 

modification. This data further reinforces that 

Figure 11. SEM-EDX results on the material, a) PbO2, b) PbO2/rGO 

Figure 10. Material diffractograms, a) PbO2, b) 

rGO, c) PbO2/rGO 
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rGO exhibits good electrocatalytic capabilities 

when used as an electrode modifier. 

The PbO2/rGO electrode (anode) was 

measured to understand the redox process of the 

modified electrode. Figure 13 shows the resulting 

CV voltammogram. rGO was deposited on the 

PbO2 anode by electrophoretic deposition reaction. 

The PbO2 anode without rGO modification (EPD 

time 0 minutes) shows an oxidation current peak 

centred on a voltage of 0.437 V and a current of 

0.007 A. The PbO2/rGO modified electrode (EPD 

time 10 minutes) shows an oxidation current peak 

centred on a voltage of 0.371 V and a current of 

0.014 A. When compared to the PbO2 electrode, 

the PbO2/rGO anode shows a decrease in voltage 

accompanied by an increase in the oxidation 

current peak, indicating that the redox process on 

the PbO2/rGO anode can occur more easily than 

the PbO2 electrode and rGO on the PbO2/rGO 

electrode can act as an electrocatalyst in the NaCl 

electrolysis reaction. Oxidation of Cl- to Cl2 and 

reduction of Cl2 to Cl- occur during oxidation and 

reduction scanning. This process occurs more 

easily on PbO2/rGO electrodes than on PbO2 [68]. 

  

3.6 Electrocatalytic Degradation of  Safranine-O 

In this study, the dye we used was Safranine-

O. Safranine-O has an absorbance peak in the 

ultraviolet light region of 285 nm and visible light 

of 520 nm. Adding NaCl to the electrolyte solution 

in the electrocatalysis degradation process can 

increase the conductivity of the solution. This can 

increase the efficiency of the electrolysis process 

because higher conductivity facilitates electron 

transfer and produces more hydroxyl radicals. In 

addition, NaCl is a source of chloride ions that 

produce free chlorine and hypochlorite ions. In 

this study, the concentration of NaCl used was 0.1 

M. Excess electrolyte can cause the performance 

Figure 14. The process of removing the dye Safranine-O 20 ppm based on DA% and DE% using 0.1 M 

NaCl, current density 50 mA/cm2, and pH 7 with time variations on the electrodes 

Figure 12. Cyclic voltammogram response of (a) 

GCE and (b) rGO modified GCE in 0.1 M NaCl  

Figure 13. Cyclic voltammogram responses of (a) 

PbO2 and (b) PbO2/rGO in 0.1 M NaCl.  
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of the working electrode to decrease and be less 

stable, and NaCl can modulate the chemical 

species involved in the electrochemical reaction so 

that it can interfere with the degradation of 

specific dye compounds such as Safranine-O [72]. 

DA indicates a decrease in absorbance, and 

DE indicates degradation efficiency. Figures 14a 

and 14b show that DA is proportional to the DE. 

The longer the reaction time, the more dye 

compounds can be degraded, as evidenced by the 

increasing DA% and DE% data (Figures 14a and 

14b). Similar studies have confirmed that the 

electrocatalysis time of dye degradation affects 

the extent of dye removal [33].  

Figures 15a, 15b, and 15c show the results of 

the kinetics study of the data evaluated by 

applying the pseudo-first-order and pseudo-

second-order kinetic equations. Based on the R2 

value, it can be concluded that the 

electrodegradation kinetics of Safranine-O using 

PbO2 and PbO2/rGO electrodes follow pseudo-

first-order reaction kinetics. This is in accordance 

with previous studies showing that most dye 

electrodegradation follows pseudo-first-order 

reaction kinetics [97–99]. 

Figure 15d shows the decreasing absorbance 

process, indicating that Safranine-O is 

undergoing a degradation process. The decrease 

in the absorbance peak at 520 nm suggests that 

the auxochrome group has been degraded. 

Meanwhile, the decrease in absorbance in the 293 

nm region indicates that the benzene ring 

structure or aromatic ring has been damaged 

[21,100]. The Safranine-O electrodegradation 

reaction, requiring the oxidizing agent •OH and 

Cl2 and OCl-, is shown in Equations (9–10) [96]. 

The main degradation mechanism of organic 

compounds, including Safranine-O (C20H19N4.Cl)  

using PbO2 anode, is the formation of •OH, where 
•OH is a strong oxidizing agent. The PbO2 anode 

also allows reactions to occur: 

 

PbO2 + H2O   ⇌   PbO2(•OH)  +  H+  + e–   (9)  

PbO2(•OH) + C20H19N4.Cl →  PbO2  + CO2  + H2O 

+ intermediate compounds              (10)  

 

The electrodegradation reaction of Safranin-

O using a PbO2 electrode with a NaCl electrolyte, 

apart from involving an oxidizing agent in the 

form of •OH, also involves the oxidizing agents Cl2 

and ClO– which are produced from the oxidation 

process of chloride ions in solution [96]. The 

reaction for the formation of Cl2 and ClO– is shown 

in Equations (11-12). 

 

2Cl-  →  Cl2  + 2e–                          (11) 

Cl2  + H2O  →  HOCl  + H+  +  Cl–                (12)  

HClO  →  H+ + ClO–                          (13) 

 

Figure 15. (a) Kinetics of Safranine-O removal by electrodegradation, (b). Pseudo-first-order kinetics 

plots, (c) Pseudo-second-order kinetics plots, (d). Uv-Vis Spectral change of Safranine-O spectra at 

varied Spectral change of Safranine-O spectra at varied treatment times by electrocatalytic degradation 

using PbO2/rGO electrode, respectively.  
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When electrodegradation was carried out 

using PbO2 and PbO2/rGO anodes, it was seen 

that under the same operational conditions, the 

removal ability of Safranine-O on the PbO2 anode 

was lower than the PbO2/rGO electrode. This 

proves that adding rGO to the PbO2 anode to 

become PbO2/rGO can increase the 

electrocatalytic efficiency in Safranine-O 

degradation.  

The great electrocatalytic degradation ability 

of the PbO2/rGO anode is due to the 

electrocatalytic properties of the rGO layer, which 

can increase the conductivity of the anode and 

increase the formation of oxidants such as Cl2 and 
•OH. Using the NaCl electrolyte, the reaction in 

Equations 14–16 can occur in the electrocatalytic 

degradation of Safranine-O [21,101].  

 

rG-OH → rG-O• + H+ + e–           (14) 

rG-O• + OH- → rG-O– + •OH            (15) 

rG-O• + Cl– → rG-O– + Cl•            (16) 

Cl• + Cl– → Cl2 + e–             (17) 

 

The mechanism for the formation of hydroxyl 

radicals in electrodegradation is, firstly, the 

presence of a relatively high current density (50 

mA/cm2) that can oxidize rGO with hydroxyl 

groups (rG-OH) on the PbO2/rGO anode to become 

rG-O• radicals. Secondly, rG-O• radicals undergo 

further reactions with OH– ions from water 

ionization to form rG-O– ions and hydroxyl 

radicals. Furthermore, the mechanism for the 

formation of chlorine (Cl2) is that rG-O• radicals 

react with Cl– ions resulting from ionization of the 

NaCl electrolyte to form Cl• radicals. Cl• radicals 

react further with Cl– ions to form Cl2 [68]. 

Based on the results of the electrocatalytic 

reactions that have been described, there are four 

types of oxidants in the PbO2/rGO anode that play 

a role in the electrocatalysis of Safranine-O 

degradation, namely •OH, Cl2, and OCl–. These 

oxidants react with Safranine-O to produce the 

final products CO2 and H2O. 

 
•OH + C20H19N4.Cl →  OH–  + H2O + 

Intermediate compounds                          (18) 

 

Intermediate compounds +  •OH  → CO2 + H2O  

+ OH–             (19) 

 

Cl2  + C20H19N4.Cl →  Cl–  + H2O + Intermediate 

compounds                 (20) 

 

Intermediate compounds +  Cl2  → CO2 + H2O  + 

Cl–                       (21) 

 

OCl–  + C20H19N4.Cl → Cl–  + H2O  + 

Intermediate compounds                    (22) 

 

Intermediate compounds  +  OCl–  → Cl– + CO2 + 

H2O                            (23) 

This study has also been related to reducing 

COD and BOD in Safranine-O and real waste 

containing Safranine-O waste after the 

electrodegradation process. The operational 

conditions of electrodegradation are using 0.1 M 

NaCl electrolyte, 0.5 A current, pH 7, and an 

initial concentration of Safranine-O. The real 

waste referred to in this study is waste from 

research and bacterial gram staining practical 

activities in the microbiology laboratory with 

initial COD and BOD values of 5562.5 mg/L and 

1155 mg/L. The results can be seen in Table 2. 

The electrochemical degradation of 

Safranine-O in this study (Table 2) showed that 

the PbO2/rGO anode resulted in a greater increase 

in removal and decrease in BOD and COD values 

compared to electrochemical degradation using 

PbO2 without rGO modification. This proves that 

rGO has good electrocatalytic ability when used as 

a PbO2 anode modifier [30]. Compared with other 

research results, the Cationic Red X-GRL, Methyl 

Orange, and Methylene Blue dyes showed varying 

electrocatalytic degradation performance. These 

results indicate that the operational conditions of 

electrocatalytic degradation, such as current, pH, 

initial dye concentration, and electrolyte 

concentration and type, affect the performance of 

dye degradation [31,68].  

In this study, lead (Pb) levels were measured 

in the electrolysis products using AAS to assess 

the stability of rGO on the electrode surface and 

the ability of rGO to prevent Pb dissolution on the 

PbO2 anode. Pb dissolution data on the PbO2 and 

PbO2/rGO working electrodes after 

electrochemical degradation of Safranine-O are 

shown in Table 3. Measuring the Pb levels in the 

electrochemical degradation solution is 

important. This is because one of the weaknesses 

of the Pb electrode is the possibility of surface 

corrosion or the release of Pb2+ ions into the 

solution during the electrochemical degradation 

process at high current strengths, thus becoming 

new pollutants and causing new problems [36]. 

Table 3 shows that coating the PbO2 anode with 

rGO can reduce the dissolution of Pb2+ ions in the 

solution during the electrochemical degradation 

process. The rGO coating has been shown to 

increase the stability of the PbO2 anode, thereby 

reducing surface corrosion and Pb dissolution in 

the solution after the degradation process. 

 

4. Conclusion 

We applied the hydrothermal method on 

charcoal activated material to produce rGO. We 

used the EPD to synthesize the PbO2/rGO 

electrode. The product has an element 

composition of C (78.60%) and O (21.40%). 

Application of PbO2/rGO anode compared with 

PbO2 anode on electrochemical degradation of 

Safranine-O 20 ppm and real waste showed better 
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Dye Operational Condition  Electrodes 

(Anode) 

Removal of 

Dye (%) 

Reduction of 

BOD (%) 

Reduction of 

COD %) 

Ref. 

Safranine-O Current density 50 

mA/cm2, initial pH of 

solution 7, volume 100 

mL, electrolyte NaCl 0.1 

M, concentration 20 ppm 

PbO2 76  

(10 min) 

68  

(10 min) 

68  

(10 min) 

This study 

Safranine-O Current density 50 

mA/cm2, initial pH of 

solution 7, volume 100 

mL, electrolyte NaCl 0.1 

M, concentration 20 ppm 

PbO2/rGO 99  

(10 min) 

97 

(10 min) 

97  

(10 min) 

This study 

Real waste Current density 50 

mA/cm2, initial pH of 

solution 7, volume 100 

mL, electrolyte NaCl 0.1 

M  

PbO2/rGO 97  

(10 min) 

96 

(10 min) 

96  

(10 min) 

This study 

Cationic Red X-

GRL 

Current density 3 mA/cm2, 

initial pH of solution 5, 

Na2SO4 3 g/L, Volume 250 

mL, concentration 300 

mg/L 

PbO2/rGO/ 

ITO 

(ITO= 

Indium Tin 

Oxide)  

88.4 

(120 min) 

- 35.7  

(120 min) 

[31] 

Methyl Orange 

 

Current density 50 

mA/cm2, initial pH of 

solution 9, NaCl 0.1 M, 20 

ppm, Volume 100 mL, dye 

concentration 20 ppm 

Pb/PbO2/ 

rGO 

98 

(15 min) 

- - [68] 

Methylene Blue Current density 10 

mA/cm2, initial pH of 

solution 5.4, Na2SO4 78.8 

mg/L, concentration 60 

mg/L 

G/β-PbO2 

(G=graphite) 

96.4 

(50 min) 

- - [66] 

No Electrodes Time (minutes) %DE Pb level (ppm) 

1 PbO2 10 77 0.284 

2 PbO2/rGO 10 99 0.088 

performance. It could remove dyes and reduce 

BOD and COD values by >95% within 10 minutes. 

Coating or modifying the PbO2 anode with rGO 

was proven to increase the electrocatalytic ability 

of the electrode in solution during the 

electrochemical degradation process and reduce 

the dissolved Pb2+ ions. 
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