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Highlights

 The Printex L6 carbon-based GDE led to the production of an accumulated H2O2 

concentration in the range of 4,000-5,000 mg/L;

 The Printex L6 carbon-based GDE proved capable of being applied in the 

industrial-scale production of H2O2 using a discontinuous process;

 Improve on H2O2 electrosynthesis efficiency of 7.4-36.0 times compared to 

conventional electrodes and 1.16-11.8 times compared to other GDE-based 

techniques;

 Printex L6 carbon-based GDE exhibited an H2O2 production efficiency of 3.4–3.9 

times higher than Vulcan XC-72R carbon-based GDE;

 the GDE showed excellent stability with a lifetime of 36 Ah or 7,5 days of 

uninterrupted operation

ABSTRACT

This work reports the development and application of a gas diffusion electrode based on 

Printex L6 carbon for the production of high concentrations of hydrogen peroxide (H2O2) 



using a flow-by electrochemical reactor in discontinuous operation mode. With the 

application of current densities ranging between 75 and 200 mA cm-2, the use of Printex 

L6 carbon-based GDE generated H2O2 concentrations in the range of 4,000-5,000 mg L-

1, despite the formation of scavengers. The proposed technique also promoted the 

production of ozone and persulfate species though at low concentrations. The application 

of the Printex L6 carbon-based GDE led to a roughly 3.4-3.9-fold increase in H2O2 

concentrations compared to Vulcan XC-72R carbon-based GDE which was used for 

comparison purposes (Vulcan XC-72R carbon is currently one of the most widely 

employed carbon materials in electrochemical processes). In addition, the Printex L6 

carbon-based GDE exhibited high stability with a lifetime of 36 Ah (7,5 days) of 

uninterrupted use at 200 mA cm-2. The improvements observed in the Printex L6 carbon-

based GDE can be attributed to the presence of higher amounts of carboxyl oxygenated 

functional groups in the material and its greater electrochemically active surface area 

compared to the Vulcan XC-72R-based GDE.

Keywords: Hydrogen peroxide; Oxygen reduction reaction; Gas diffusion electrode, 

amorphous carbon; Electrochemical production of hydrogen peroxide

1 Introduction

Currently, hydrogen peroxide (H2O2) is one of the most powerful and eco-friendly 

chemical oxidants that are widely employed in the world. Annually, nearly 4 million tons 



of H2O2 are consumed worldwide, and this value is estimated to rise to 6 million tons by 

2027 [1–4]. The high consumption of H2O2 can be explained in terms of its wide range of 

industrial applications; the oxidant is commonly applied in paper bleaching, wastewater 

treatment, and as cleaning agent, among other uses[2,5–7]. Recently, as part of the efforts 

to combat SARS-CoV-2 (COVID-19), H2O2 has also been employed as a reagent for the 

formulation of products used for decontaminating surfaces and for the disinfection of N95 

masks for reuse [6].

Currently, most of the industrial-scale global production of H2O2 is conducted by 

the anthraquinone oxidation process (AOP), which was first reported in 1939 by Rleidl 

and Pfleiderer[1,3,4,6]. This process has become widely popular because its application 

leads to the production of large amounts of H2O2. However, in spite of the high efficiency 

of the AOP in terms of H2O2 production, the technique involves an energy-intensive 

multi-step mechanism [1,3]; apart from that, the process has other non-negligible 

disadvantages which include the following: the need for H2O2 purification, storage and 

transport (as it is not easy to be produced in-situ), in addition to the massive amount of 

wastes generated in the process [1,3]. To tackle these underlying problems, several studies 

have proposed the use of highly efficient in-situ H2O2 production-based techniques. One 

of such techniques that has gained enormous traction among researchers in recent years 

involves H2O2 production from oxygen electroreduction reaction (ORR); this technique 

has become widely popular due to its high efficiency and operational safety[7–12]. Under 

the ORR technique, when acid medium is applied, O2 is reduced to H2O2 on the cathode 

surface of an electrochemical cell; the process involves the transfer of 2 electrons, as can 

be observed in Equation (1)[7,11–14].

(1)O2 + 2 H + + 2 e ― → H2O2                    (𝐸0 = 0.682 V 𝑣𝑠. SHE)



Carbon-based materials are known to exhibit excellent performance when applied 

as cathodes for the electrosynthesis of H2O2; this excellent performance can be attributed 

to the following outstanding properties of these materials: abundant availability, low cost, 

non-toxic behavior, excellent conductivity, and high surface area[4,7,11,15]. In fact, 

different kinds of carbon-based materials, including graphite, graphene, carbon 

nanotubes, reticulated vitreous carbon, and carbon black, have already been applied for 

H2O2 electrosynthesis, where they have either been employed alone or in combination 

with other materials [8,16–18]. The main shortcomings of the electrochemical processes 

are related to mass transport which stems from the extremely low solubility of oxygen 

(the raw material in the electrochemical process) [19]; this mass transport constraint 

causes low H2O2 production efficiency in electrochemical processes. 

Table 1 presents some recent studies reported in the literature related to the 

electrochemical production of hydrogen peroxide, the technique applied and the 

production energy efficiency obtained (this is largely influenced by the technique 

adopted) – which ranges between 9 and 135 g per kWh. The concentrations of H2O2 

obtained during electrolysis in discontinuous mode are limited by the electrochemical 

decomposition of the oxidant, which directly depends on the concentration of hydrogen 

peroxide accumulated in the electrolyte; in other words, there is always a value at which 

the production and decomposition rates balances and this value corresponds to the 

maximum concentration of hydrogen peroxide that can be obtained under the operating 

conditions. In addition, depending on the electrochemical cell configuration, scavengers, 

such as peroxosulfates or ozone, can be produced, and in this case, the production of 

hydrogen peroxide over time does not become stabilized but rather declines when high 

current charges are applied.

Table 1. Production of H2O2 in ORR via 2-electron pathway in the literature.



Cathode composition Operating condition

[H2O2] 

accumulation

mg L-1 (mmol)

H2O2 production 

energy efficiency

g kWh-1

[ref]

Flat electrode

Graphite felt (GF)
0.05 M Na2SO4, pH 7, 

50 mA cm-2, 60 min
108 --- [16]

Carbon black/PTFE/GF
0.05 M Na2SO4, pH 7, 

50 mA cm-2, 60 min
473 (0.001) --- [18]

Graphene/carbon 

black/PTFE/GF

0.05 M Na2SO4, pH 7, 

0.9 V, 120 min
525 (1.5) 97.2 [17]

Carbon black/PTFE
0.05 M Na2SO4, pH 3, 

5 mA cm-2, 480 min
300 (23.8) 101.3 [8]

Carbon black/PTFE
0.05 M Na2SO4, pH 3, 

5 mA cm-2, 480 min
400 (31.8) 135.0 [20]

Gas diffusion electrode

Graphene/PTFE GDE
0.05 M K2SO4, pH 3, 

29 mA cm-2, 180 min
495 (5.8) 15.2 [21]

Carbon black/PTFE 

GDE

0.1 M K2SO4, pH 2.5, 

50 mA cm-2, 90 min
755 (5.5) 23.3 [22]

Sudan Red-Carbon 

black/PTFE GDE

0.1 M K2SO4/ H2SO, 

100 mA cm-2, 90 min
1025 (7.5) 9.5 [23]

Co-Carbon black/PTFE 

GDE

0.1 M K2SO4/ H2SO4, 

-0.9 V, 90 min
331 (2.4) 12.5 [9]

Co-Carbon black/PTFE 

GDE

1 M KOH, -1.1 V, 300 

min
6,424 (75.6) 28.0 [24]

 Over the past few years, significant progress has been made in the development 

of highly efficient electrochemical techniques which have been capable of generating 

large concentrations of hydrogen peroxide. Yu et al. (2014; 2015) obtained accumulated 

H2O2 concentrations ranging from 108 to 473 mg L-1 based on the application of graphite 

felt (GF) and carbon black/PTFE-GF, respectively, in 60 min of electrolysis[16,18]. Other 

studies employed pressurization and flow-through electrodes to help circumvent the 



problems related to low solubility of O2 in the electrochemical process; these techniques 

led to the electrosynthesis of higher H2O2 concentrations with greater current efficiencies 

[8,20]. It should be noted that the conventional way to address the problem related to low 

solubility of O2 is via the use of gas diffusion electrode (GDE)[9,10,22–26]. Owing to the 

highly porous 3D structure of GDE, the use of this electrode has been found to lead to 

relatively higher efficiency compared to flat electrodes [10,24,25]. Furthermore, the use 

of GDE helps overcome the constraints related to low solubility of O2 and allows a high 

amount of O2 molecules to reach the ORR active sites located on the electrode 

surface[9,24,25].

Previous studies reported in the literature which involved the use of GDE 

composed of graphene [21], carbon black [22,26], and modified carbon black [9] obtained 

accumulated H2O2 concentrations ranging from 495 to 755 mg L-1 in less than 90 min of 

electrolysis. Interestingly, the application of Printex L6 carbon-based technique for the 

generation of hydrogen peroxide led to the production of substantially higher H2O2 

concentrations where accumulated H2O2 concentrations as high as 6424 mg L-1 were 

obtained in 300 min of electrolysis under extremely alkaline medium [24]; remarkably 

though, the use of high-carbon loading under this extremely alkaline medium caused a 

drastic reduction in the lifetime of the carbon-based electrodes (nearly 3 times worse than 

in acidic media[27,28]. Taking the above considerations into account, we sought to tackle 

the problems related to short lifetime of the electrode and high carbon loading in the 

catalyst by evaluating the use of Printex L6 carbon under different conditions. Thus, the 

present study reports the development and application of a novel GDE composed of 

Printex L6 carbon film supported on carbon cloth for the production of H2O2 through 

ORR via 2-electron pathway in an acidic medium using a flow-by electrochemical 

reactor. For a thorough analysis of the efficiency of the Printex L6 carbon-based GDE in 



the electrogeneration of H2O2, the cathode material was compared with Vulcan XC-72R 

carbon - a typical standard material which has been employed in several works reported 

in the literature and regarded as one of the most efficient carbonaceous materials used in 

electrochemical processes.

2 Experimental

2.1 Electrode preparation

The catalytic mass was prepared by mixing Printex L6 carbon – PL6C (Evonik) 

or Vulcan XC72R carbon (Cabot) with 20% of PTFE (w/w) in ultrapure water and stirring 

the mixture constantly for 1 h. 10 g of the wet mass was evenly spread over the carbon 

cloth (126 cm2), which was then heated at 120 °C for 15 min (to remove the excess of 

water). Subsequently, the electrode was hot-pressed at 5 tons under 290 ºC for 2 h. The 

electrode was cut in the shape of a circle with geometric surface area of 20 cm2.

2.2 Electrochemical Study 

Electrochemical studies were carried out in a flow-by electrochemical reactor 

using a dimensionally stable anode (DSA®-Cl2) as anode and a gas diffusion electrode 

as cathode (geometric area of both electrodes: 20 cm2). The undivided electrochemical 

cell contains an 8 mm separator between the electrodes. O2 flow of 50.0 mL min-1 was 

applied in the cathode compartment. Ag/AgCl 3.0 M. was employed as pseudo-reference 

electrode. The pump was operated at a flow rate of 50.0 L h-1 and the experiments were 

conducted using 0.1 mol L-1 Na2SO4 (pH 2.5 adjusted with H2SO4 - the pH was controlled 

during the experiments, even though no changes were observed) as electrolyte solution. 

The total volume of electrolyte used was 1.0 L at a controlled temperature of 15.0 ºC, and 

this was maintained during the operation using a cooling system.

The experiment involving the electrogeneration of hydrogen peroxide was 

conducted in an Autolab PGSTAT302N potentiostat coupled to a high current unit 



(BOOSTER BSTR-10A) using constant current densities of 75, 150 and 200 mA cm-2. 

The H2O2 electrogenerated was quantified by UV-Vis spectrometry using the titanium 

(IV) oxysulfate method. Aliquots of 0.5 mL were collected during the electrolysis and 

were added to a solution containing 5 mL of TiOSO4. The quantification of H2O2 was 

carried out by measuring the absorbance at a wavelength of 408 nm using Agilent 300 

Cary series UV-Vis spectrophotometer.

Cyclic voltammetry studies were performed under wide potential window (1.0 to 

-0.8 V) and cathodic potential window (0.0 to -0.8 V) at different scan rates (2.5; 5.0; 10; 

25; 50; 75 and 100 mVs-1) in order to determine the specific electrochemical area of the 

electrodes (ECSA). The durability of the electrodes was evaluated using a single 

compartment cell in O2–saturated 0.1 mol L-1 Na2SO4 (pH 2.5 adjusted with H2SO4). The 

lifetime of the electrode was evaluated using Arbin Instruments (model FBTS – 20V) at 

the current density of 200 mA cm-2.  Cyclic voltammetry analysis was performed in the 

potential window of 1.0 to -0.8 V and 0.0 to -0.8 V, at scan rate of 50 mV s-1 using an 

Autolab PGSTAT302N before and after the electrochemical durability tests.

2.3 Morphological and structural characterization

The Printex L6 and Vulcan XC72 carbon-based electrodes were morphologically 

characterized by scanning electron microscopy (SEM) using HRSEM-Gemini-500 

equipment. The surface area was determined by BET analysis using Micromeritics Asap 

2010 equipment, and XPS analysis was carried out using PHOIBOS 150 9MCD Power 

Analyzer (SPECS) with an X-ray power source (Mg non-monochromatic) operating at 

200 W and 12 kV.



3 Results and discussion

3.1 Electrosynthesis of H2O2 with PL6C-based GDE: general behavior

For the analysis of H2O2 production in ORR via 2e- based on the application of 

the Printex L6 carbon-based GDE in a flow-by electrochemical reactor, electrolysis tests 

were performed at the constant current density of 150 mA cm-2. Figure 1 shows the 

concentration of H2O2 electrogenerated over time. One will observe that there is a linear 

increase in the production of H2O2 during the first hour of electrolysis; this result points 

to pseudo-zero order kinetics, where the apparent kinetic constant value = 29.1 mg L-1 

min-1. The kinetic constant value obtained clearly pointed to the high efficiency of the 

technique in terms of H2O2 production, where a maximum H2O2 concentration of above 

3,900 mg L-1 was generated in 5 h. The amount of H2O2 concentration generated under 

the proposed technique was found to be higher than the values reported in other studies 

published in the literature (see Table 1); the application of the Printex L6 carbon-based 

GDE led to an improved efficiency (in terms of H2O2 electrogeneration) of 7.4-36.0 times 

compared to flat or conventional electrodes and approximately 1.16 to 11.8 times in 

relation to other GDE-based techniques.  



Figure 1. Amounts of electrogenerated H2O2, O3, and SO5
2- in mg L-1 based on the application of 

the Printex L6 carbon-based GDE in electrolysis at the current density of 150 mA cm-2 using 0.1 
mol L-1 Na2SO4, at pH 2.5, as supporting electrolyte.

Apart from the production of H2O2, the application of the PL6C/GDE-based 

electrochemical technique also led to the formation of ozone (O3) and persulfate (SO5
2-) 

species in lower concentrations, with maximum values of 4.0 mg L-1 O3 and 15.9 mg L-1 

SO5
2- generated in 480 min and 240 min of electrolysis, respectively. Ozone can be 

generated in electrochemical reactors from the electrolysis of water on the anode surface 

via 6-electron transfer mechanism, as can be observed in Equation (2). This process is 

known as electrochemical ozone production (EOP). In addition, peroxymonosulfate can 

also be generated on the anode, based on Equation (3)[5,29–33].

3H2O → O3 + 6H+ + 6e- (2)

H2O + SO4
2- → 2H+ + 2e- + SO5

2- (3)

Both O3 and SO5
2- are considered predator species of H2O2 - see Equations (4) and 

(5) [5,29–33]. Thus, as both predator species increase, the concentration of H2O2 tends to 



decrease; this was observed by the decrease in H2O2 production after 5 h of electrolysis. 

The maximum concentration of SO5
2- species was recorded in 240 min of electrolysis; 

after that, a decrease was observed in its concentration. This outcome shows that SO5
2- 

reacts with H2O2 (Equation 5) or with O3 (Equation 6).

H2O2 + O3 → 2O2 + H2O (4)

H2O2 + SO5
2- → 2O2 + H2SO4 (5)

O3 + SO5
2- → 2O2 + SO4

2- (6)

Based on these observations, it is clear that the decline observed in the 

concentration of hydrogen peroxide is attributed to the interaction of this oxidant with 

other oxidants electrogenerated simultaneously in the electrochemical process. It is 

important to bear in mind that in the absence of other predators, the concentration of 

hydrogen peroxide would not have decreased but stabilized at a value where the rates of 

production and decomposition of H2O2 would be in equilibrium on the anode[9,24,25]; 

this behavior has been described in the electrosynthesis of many other oxidants in 

discontinuous processes. The H2O2 decomposition reactions can be both: i) 

decomposition of H2O2 at the anode surface with formation of O2 and H2O, according to 

Equation 7; and ii) self-decomposition of H2O2 within the solution, Equation 8.

(7)H2O2→O2 + 2H + + 2e ―  

(8)2H2O2→O2 +2𝐻2O 

3.2 Printex L6 vs Vulcan XC72R 

To evaluate the efficiency of the PL6C-based GDE in H2O2 electrosynthesis, a 

comparative analysis was conducted using the proposed material (PL6C/GDE) and 

Vulcan XC-72R carbon-based GDE under the following constant current densities: 75, 

150, and 200 mA cm-2. Vulcan XC72-R carbon is one of the most widely employed 

amorphous carbon-based supporting materials for the preparation of catalysts; this 



material has been extensively applied not only for the catalysts used in hydrogen peroxide 

production but also for the preparation of catalysts used in fuel cells [11,34]. As pointed 

out by Assumpção[11], Vulcan XC-72R carbon is regarded as one of the best commercial 

electrocatalyst supporting materials because of its excellent properties, which include 

high surface area (250 m2 g-1)[11,34], good average particle size (50 nm), and excellent 

electrical conductivity (4.5 S cm-1)[34]. For comparison purposes, Printex L6 carbon 

(PL6C) is another type of commercial amorphous carbon which has properties that are 

quite similar to Vulcan XC-72R carbon; PL6C has a surface area of 265 m2 g-1, an average 

particle size of 35 nm [7,11,12], and electrical conductivity of 3.3 S cm-1 [34].

As can be seen in Figure 2A, compared to Vulcan XC-72R/GDE, the PL6C/GDE 

exhibited better performance in terms of H2O2 electrosynthesis in ORR via 2e-; the 

application of the PL6C/GDE under galvanostatic experimental operation yielded 

maximum H2O2 concentrations of 4616 mg L-1 (12h), 3913 mg L-1 (5h), and 5032 mg L-

1 (4h) at the current densities of 75, 150 and 200 mA cm-2, respectively, while Vulcan 

XC72R/GDE recorded maximum H2O2 concentrations of 2170 mg L-1 (8h), 799 mg L-1 

(4h), and 625 mg L-1 (1.5h), at the same respective current densities. 

The apparent kinetic constant (kapp) value for each current density was also 

estimated. The Vulcan XC-72R/GDE recorded kapp values of 10.43, 8.57, and 9.49 mg 

L-1 min-1, while the PL6C/GDE recorded kapp values of 16.52, 29.08, and 41.04 mg L-1 

min-1 at current densities of 75, 150 and 200 mA cm-2, respectively, in the first 5 Ah 

(ampere hour) of operation. It is worth mentioning that at the current density of 75 mA 

cm-2, no significant decrease in H2O2 concentration was observed because the generation 

of persulfate and ozone predator species was effectively inhibited; this usually occurs at 

higher current densities as this condition leads to the production of low amount of 

hydroxyl radicals on the anode surface. It should be noted that the application of milder 



conditions is likely to prevent the formation of hydroxyl radicals on the surface of the 

anode[35]this, in turn, is expected to inhibit the formation of both predator species.

The effects of current density using carbon-based GDE have been reported in 

some works. In most, it is shown that the effect of increasing current density (j) increases 

the production of H2O2 until a maximum concentration is reached at an ideal current 

density. Moreira et al (2019) showed that with the increase of j the production of H2O2 

until the value of 100 mA cm-2, from this value of current density, the production of H2O2 

decreased by 200 mg L-1 [23]. In turn, the results of H2O2 production by applied current 

density reported by Lima et al showed that the ideal condition was 75 mA cm-2 producing 

an H2O2 concentration of 755 mg L-1 in 90 min of electrolysis [22]. This effect occurs 

because, with the increase in the current density, there is an increase in the parallel 

reactions, such as (i) ORR via 4-electrons, yielding H2O as a product (Equation 9); and 

(ii) hydrogen evolution reactions (Equation 10).

(9)O2 + 4 H + + 4 e ― → H2O

(10)2 H + + 2 e ― → H2

Thus, high current density values are not ideal to be used in 2-electron ORR 

studies with GDEs. In contrast, in our previous work [36], different current densities were 

evaluated (25 to 200 mA cm-2), and it was observed that as the current density increased, 

the electrochemical production of H2O2 also increased, which was not possible to observe 

an ideal current density. This effect was also observed by Zhang et al (2020), in which 

the increase in current density up to 240 mA cm-2 also only tended to increase the 

production of H2O2 [37].

As can be observed in Figure 2B, the cathode potential (Ecathode) and cell potential 

(Ecell) values recorded for Vulcan XC-72R carbon were very similar to those of Printex 

L6 carbon; this shows that both materials operate under similar electrochemical 



conditions. This observation is clearly in line with what is expected, since both materials 

present almost similar levels of electrical conductivity.

In terms of maximum efficiency of H2O2 production (the figure of merit found to 

be more reliable in real applications once it takes into account cell voltage when analyzing 

the efficiency of electrochemical processes in terms of the amount of H2O2 produced in 

g per kWh used), PL6C exhibited maximum production efficiency of 17.8 g kWh-1, which 

was 4-times higher than Vulcan XC-72R at both current densities of 150 and 200 mA 

cm-2 (higher current densities); this result evidently points to the greater efficiency of the 

PL6C material. At the current density of 75 mA cm-2, the PL6C/GDE exhibited an 

increase in H2O2 production efficiency of up to 29.5 g kWh-1; this value was 1.5-fold 

higher than the value recorded for Vulcan XC-72R/GDE. Table 1 shows the results of 

efficiency of H2O2 production obtained in other works reported in the literature, and it 

can be used to compare with the values obtained in the present work. As can be observed, 

the (H2O2) production efficiency values obtained for the PL6C/GDE were found to be 

close to the values recorded for other GDE-based techniques proposed in other studies. It 

is worth pointing out however that the production efficiency values obtained in our 

present study were found to be much lower than those reported by studies that employed 

flat electrodes and/or flow-through electrochemical cells; this can be primarily attributed 

to the electrochemical cell configuration which is allowed to operate at lower current 

densities while the ohmic resistance is minimized by the small distance separating the 

cathode from the anode, leading to lower cell potential values. In GDE-based flow-by 

systems, the distance between the electrodes cannot be too small as this leads to the 

formation of bubbles and air on the cathode surface. It should be noted that the use of 

flow-by cells does not lead to the formation of scavengers and allows the accumulation 

of higher concentrations of hydrogen peroxide during operation in discontinuous mode.



Figure 2. A) Amount of H2O2 electrogenerated in mg L-1 as a function of time and B) average 
cell and cathode potential for Printex L6 carbon and Vulcan XC-72R carbon in electrolysis 
conducted at the current densities of 75, 150, and 200 mA cm-2 using 0.1 mol L-1 Na2SO4, at pH 
2.5, as supporting electrolyte.

A relevant observation that deserves being mentioned is that even though the 

PL6C/GDE and Vulcan XC-72R/GDE initially exhibited similar electrochemical 

behavior, the results obtained from the application of the electrodes under the same 

experimental conditions showed that the former recorded nearly 3.4–3.9-fold increase in 

H2O2 electrogeneration compared to the latter. Thus, the type of amorphous carbon 



employed in the GDE is one of the key factors that exert an influential role on the 

electrogeneration of H2O2. According to reports in the literature[4,7], the high 

performance of amorphous carbon can be attributed to the following factors: i) degree of 

aromaticity; ii) oxygenated functional groups on the surface; iii) pore structure size; and 

iv) surface area.

The degree of aromaticity is largely dependent on the amount of sp2 and sp3 carbon 

in the structure of the amorphous carbon material. Higher sp2 carbon contents favor 

electrical conductivity because of the presence of unpaired electrons and π – π* 

transitions, while higher sp3 carbon contents cause defects and edges in the material 

structure and this may contribute toward enhancing the performance of ORR due to the 

generation of a larger number of active sites on the electrode surface [12,15,34,38]. The 

deconvoluted C1s spectra (Figure 3) of both amorphous carbon materials (PL6C and 

Vulcan XC-72R) show the presence of a more intense peak at 284.5 eV which 

corresponds to the C=C sp2 bond for Vulcan XC-72R carbon (53.1 % peak area for 

Printex L6 carbon and 50.8% for Vulcan XC-72R carbon). Considering that Vulcan XC-

72R carbon is characterized by the presence of π – π* transitions (at 291.2 eV); this was 

not observed for Printex L6 carbon. In fact, the similar value in the sp2/sp3 ratio between 

the two carbon materials (of 1.6) indicates that both materials have similar conductivity 

properties, and consequently operate on the same electronic behavior, which was 

observed in the values of Ecell and Ecathode, as can be seen in Figure 2B.

Both carbons materials had similar contents of oxygenated functional groups (14.7 

% for Printex L6 carbon and 14.5 % for Vulcan XC-72R carbon). The C1s and O1s 

spectra in Figure 3 show that both carbon materials exhibit the same types of oxygenated 

functional groups: carbonyl (C=O) and carboxyl (O–C=O) groups, at 287.5 and 289.3 eV, 

respectively. Remarkably, the carbonyl peak intensity recorded for Printex L6 carbon was 



found to be almost twice as high as that of Vulcan XC-72R carbon. Printex L6 carbon 

presented mostly the carboxyl functional group with a peak area of 14.5 %; while the 

Vulcan XC-72Rcarbon presented the carbonyl functional group with a peak area equal to 

10.8 %, as can be seen in Table 2.

As reported in the literature, the presence of oxygen-containing functional groups 

in the carbon surface, especially the carboxyl group (O–C=O), are found to enhance ORR 

efficiency; this is because the presence of the carboxyl group in the vicinity of the ORR 

active site on the carbon structure boosts the formation of OOH* reaction intermediate 

and the adsorption of O2 molecule, and this favors H2O2 electrosynthesis [7]. This effect 

is more pronounced for the carboxyl functional group than for the carbonyl functional 

group [6,39,40]. Therefore, the presence of higher contents of carboxyl functional groups 

in Printex L6 carbon (14.5 % of O–C=O-content in PL6C compared to 3.70% in Vulcan 

XC-72R carbon) shows that this carbon material has a suitable chemical structure that is 

more favorable for H2O2 electrosynthesis compared to Vulcan XC-72R carbon [11]. 



Figure 3. C1s(A) and O1s (B) spectra for Printex L6 carbon; C1s (C) and O1s (D) spectra for 
Vulcan XC-72R carbon.

Table 2. Relative peaks areas of each functional group and elements contents (%) in carbon (C1s) 
XPS spectra.

Area of C 1s peaks (%) Element content

Sample C=Csp2 C–Csp3 C=O O–C=O π–π* C (%) O (%)

Printex L6 53.1 32.2 0.2 14.5 ---- 85.3 14.7

Vulcan XC-72R 50.8 32.0 10.8 3.7 2.6 85.5 14.5

As previously mentioned, the last two parameters that may affect the performance 

of amorphous carbon materials when it comes to H2O2 production are particle size and 

surface area. Figure 4 shows the SEM images of Printex L6 carbon and Vulcan XC72 

carbon with 25,000x magnification. Both films can be found to be characterized by a 

highly porous morphology formed by agglomerated particles, with average particle size 

distribution of 44.6 nm and 81.64 nm for Printex L6 carbon (Figure 2C) and Vulcan XC72 

carbon (Figure 2D), respectively. The size distribution profile of the SEM images was 

obtained using the Image J software. 



Figure 4. SEM images of A) Printex L6 carbon and B) Vulcan XC72 carbon incorporated into 
the GDE with 25000x magnification. Particle size distribution for C) Printex L6 carbon and D) 
Vulcan XC72 carbon incorporated into the GDE.

When the carbon material is incorporated into the GDE, the particle size increases 

in both cases because the PTFE agglomerates the carbon particles into larger particles. 

Interestingly, Printex L6 and Vulcan XC-72R carbon in powder have very similar surface 

area by B.E.T. analysis (see Table 3); while the B.E.T. surface area decreases significantly 

when the carbon material is incorporated into the GDE, though the difference (in B.E.T 

surface) between the two carbon materials remains in the same order of magnitude, as 

shown in Table 3.



Table 3. Data obtained related to average particle size and BET surface area for Printex L6 
carbon and Vulcan XC-72R.

Average particle size

(nm)

B.E.T surface area*

(m2 g-1)Sample

in powder* on the GDE in powder* on the GDE

Printex L6 carbon 35 44.6 265 68.54 ± 0.17

Vulcan XC-72R carbon 50 81.6 250 52.81 ± 0.48

* data informed by the manufacturer.

Because the surface area and particle size distribution values obtained for the two 

amorphous carbon materials are very similar, the best way to verify the morphological 

effect is through the measurement of the electrochemically active surface area (ECSA). 

The ECSA for the two GDE-based catalysts was calculated using the electrical double 

layer capacitance of the catalytic surface (Cdl). To this end, cyclic voltammetry (CV) 

analysis was carried out under the following conditions: i) in a wide potential range 

ranging from +1.0 to -0.8 V (vs Ag/AgCl 3M) – see Figures 5A and B; and ii) in the 

cathodic potential range ranging from 0.0 to -0.8 V – see Figures 5C and D. 

As can be seen in the CV profiles shown in Figure 5, both carbon materials (PL6C 

and Vulcan XC-72R) exhibited high current values; these results are linked to the redox 

reaction of the oxygen-containing functional groups, including the carbonyl and carboxyl 

groups (as previously discussed using the XPS data). The current values obtained for the 

Printex L6 carbon-based GDE were approximately 1.72 times higher than the values 

obtained for Vulcan XC-72R carbon-based GDE; this was precisely due to the presence 

of relatively higher contents of oxygenated groups on the PL6C surface. Another relevant 

observation that deserves to be highlighted in Figures 5C and D is that the ORR onset 

potential starts earlier for the Printex L6 carbon-based GDE; this difference of about 150 

mV in ORR onset potential shows that Printex L6 carbon exhibits a higher ORR 



electrocatalytic activity than Vulcan XC-72R carbon - this can be found better illustrated 

in Figure 6.  

Figure 5. Cyclic voltammetry curves obtained under the potential ranging from +1.0 to -0.8 V 
for A) Printex L6 carbon and B) Vulcan XC72 carbon; and in the potential ranging from 0.0 to -
0.8 V (cathodic region) for C) Printex L6 carbon and D) Vulcan XC72 carbon. The analysis was 
conducted using O2-saturated 0.1 mol L-1 Na2SO4 (pH 2,5 adjusted with H2SO4) as electrolyte 
solution and different scan rates.



Figure 6. Cyclic voltammetry curves obtained under the potential ranging from 0.0 to -0.8 V 
(cathodic region) for Printex L6 carbon and Vulcan XC72 carbon. The analysis was performed 
using O2-saturated 0.1 mol L-1 Na2SO4 (pH 2,5 adjusted with H2SO4) as electrolyte solution at 
scan rate of 10 mV s-1.

The electrochemically active surface area (ECSA) of a material is directly 

proportional to the current value. The ECSA value was calculated by capacitive current 

in the non-Faradaic potential (at -0.30 V vsAg/AgCl) at different scan rates (from 2.5 to 

100 mV s-1) based on Equation (11) [33,34],where Cdl is the double layer capacitance and 

Cs is the capacitance of a flat surface of carbonaceous material (which corresponds to 

40.0 µF cm-2)[41].

(11)𝐸𝐶𝑆𝐴 =  
𝐶𝑑𝑙

𝐶𝑠

Based on the linear slope of Figure 7, which corresponds to the Cdl, we were able 

to estimate the ESCA of each material. Printex L6 carbon recorded Cdl value of 1.230 mF 

and ECSA value of 6.03 10-3 m2 g-1; while Vulcan XC-72R carbon recorded Cdl and 

ECSA values of 0.664 mF and 3.25 10-3 m2 g-1, respectively.

Figure 7. Average capacitive current at -0.30 V with different scan rates. O2-saturated 0.1 mol 
L-1 Na2SO4 (pH 2,5 adjusted with H2SO4) was used as electrolyte solution.



Since the ECSA value and the amount of electrogenerated H2O2 recorded for the 

Printex L6 carbon-based GDE was 1.85 and 2.13 times higher (at 75 mA cm-2) than the 

values obtained for the Vulcan XC-72R carbon/GDE, one can say that the efficiency of 

H2O2 generation is directly proportional to the electrochemically active surface area of 

the electrode. 

The high efficiency of the Printex L6 carbon-based GDE, which recorded a 

production capacity of 4,600 mg L-1 of H2O2 in ORR via 2e-, can be attributed to the 

synergism of its high electrochemical surface area and outstanding chemical composition 

(presence of defects and edges on the surface, as well as oxygen-containing functional 

groups), which contributed toward increasing and activating ORR active sites during 

electrolysis.

3.3 Lifetime of PL6C/GDE and Vulcan XC-72R carbon/GDE

Durability studies were carried out in order to evaluate the resistance of the 

electrode against the application of a high current density (200 mA cm-2) for a period of 

time until the Ecell increases exponentially; in other words, until the useful life of the 

electrode is reached. As can be seen in Figure 8, the Vulcan XC-72R carbon-based GDE 

kept its cell potential voltage constant in the potential range of 8-9 V for 25 Ah; this 

corresponds to approximately 5 days of uninterrupted operation. The PL6C/GDE 

exhibited a lifetime that was 1.8 times longer than that of the Vulcan XC-72R 

carbon/GDE, with maximum lifetime of 36 Ah or 7,5 days of uninterrupted operation. 

After the useful life of the electrode, it was observed that the electrolyte permeated 

through the electrode, and this caused flooding in the channels of the GDE.



Figure 8. A) Durability tests for Vulcan XC72R carbon (black line) and Printex L6 carbon (red 
line) electrodes at an applied constant current density of 200 mA cm-2. Cyclic voltammetry curves 
were obtained from B) +1.0 to -0.8 V and from C) 0.0 to -0.8 V (cathodic region) at scan rate of 
50 mVs-1. O2-saturated 0.1 mol L-1 Na2SO4 (pH 2,5 adjusted with H2SO4) was used as electrolyte 
solution.

Cyclic voltammetry analyses were performed in the potential ranges between +1.0 

and -0.8 V (wide range of the potential window) and between 0.0 and -0.8 V (cathode 

region) before and after the durability tests. Looking at Figures 8B and C, one will observe 

that both electrodes presented more resistive current profiles after the durability tests; this 

may imply that the carbon layer is being removed from the substrate. To prove the 

possible removal of the carbon layer from the substrate, SEM images of Printex L6 and 

Vulcan XC-72Rcarbon-based GDEs were obtained before and after the durability tests. 

Looking at the SEM images in Figure 9, one will notice that both electrodes exhibited 

cracked surfaces and the thickness of the crack gradually increased after use. The Vulcan 

XC-72R carbon-GDE exhibited a relatively more pronounced cracked surface, with 

complete removal of the Vulcan XC-72R carbon film on the carbon cloth substrate. With 

regard to Printex L6 carbon, one can still observe the presence of some regions with the 

carbon film on the cloth substrate.



Figure 9. SEM images of Printex L6 carbon/GDE and Vulcan XC-72R carbon /GDE before and 
after the durability tests with 40x magnification.

4 CONCLUSIONS

The present work reported the application of a novel highly efficient and robust 

Printex L6 carbon-based GDE to produce H2O2 at high concentrations using a flow-by 

electrochemical reactor. The following conclusions can be drawn from the results 

obtained in this study:

 The PL6C/GDE led to the production of an accumulated H2O2 

concentration of 3,913 mg L-1 (H2O2 rate of 29 mg L-1 min-1) at 150 mA 

cm-2 in 5 h of electrolysis - this result points to a production efficiency of 

17.8 g/kWh. The increase in the concentration of the predator species 

(ozone and persulfate) led to a decrease in H2O2 concentration after 5 h; 

however, this effect was not observed at lower current densities.

 PL6C/GDE yielded H2O2 concentration of 4,616 (in 12 h), 3,913 (in 5 h), 

and 5,032 mg L-1 (in 4 h) with production efficiencies of 29.5, 17.7 and 

17.8 g kWh-1 at current densities of 75, 150 and 200 mA cm-2, respectively.

 PL6C/GDE exhibited high H2O2 production efficiency which was 3.4–3.9 

times higher than Vulcan XC-72R/GDE; This improved effect can be 



attributed to its higher ECSA and the presence of higher contents of 

carboxyl functional groups in its composition. In addition, PL6C/GDE had 

a useful life of 36 Ah (7.5 days) of uninterrupted operation in acidic 

medium; this was 1.5 times longer than Vulcan XC-72R/GDE.
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