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Abstract
Using cheap graphite powder as catalyst and polytetra�uoroethylene (PTFE) as binder, graphite/PTFE
composite coating cathodes were fabricated for e�cient electrochemical synthesis of hydrogen peroxide
(H2O2) in a no-diaphragm electrolysis system. A series of experiments were conducted to examine the
in�uence of different factors, such as cathode thickness, cathode area, solution pH, and current density
on H2O2 electrogeneration. Adjusting the thickness and area of the cathode was demonstrated to be
effective in optimizing the electrocatalytic properties in oxygen reduction reaction (ORR). Among the
cathodes investigated, the cathode with the thickness of 0.75 mm and area of 16 cm2 achieved the
highest H2O2 accumulation and current e�ciency (CE). The H2O2 accumulation reached 207.5 mg·L–1

and CE reached 34.1% in 180 min when the current density is 5 mA·cm−2 and the initial pH is 3.0. The
present work successfully develops a simple approach to enhance the H2O2 electrogeneration, as well as
the corresponding CE, through optimization of cathode geometric parameters and operation conditions.

1 Introduction
H2O2is a valuable chemical and has a diverse range of practical applications,including pulp and textile
bleaching (Hage et al. 2006), chemical synthesis(Zhang et al. 2020), wastewater and ballast water
treatment(Kim et al. 2020; Liu et al. 2018),exhaust air treatment(Yang et al. 2018),semiconductor cleaning
(Seh et al. 2017), as well as medical and cosmetic uses (Melchionna et al. 2019). The global H2O2market
demand exceeded 3.85 million tons in 2015 and is projected to surpass 6.0 million tons by 2024 due to
its wide and promising applications (Kim et al. 2018).

At present, the industrial synthesis of H2O2predominantlyrelies on the highenergy-consuming and waste-
producing anthraquinone process, which involves continuous hydrogenation and oxidation of
anthraquinone molecules in the presence of expensive palladium catalysts (Xia et al. 2019).
Anthraquinone process is suitable for large-scale production of H2O2, and the concentration of H2O2 is
usually about 30%. Furthermore, the easy decomposition and instability of high-concentration H2O2lead
togreat safety risks for transportation,handlingand storage (Li et al. 2020). As a simple, easily operable
and eco-friendly process,electrochemical synthesis of H2O2 by ORRstands out as a potential alternative
route to anthraquinone process, which could permit in situ generation to minimize transportation and
storage costs (AlJaberi et al. 2019; Wang et al. 2021).

ORR has two pathways: the two-electron (2 e–) pathway where H2O2 is generated through partial

reduction of O2(Eq.1 and 2), and the four-electron (4e–) pathway where oxygen (O2) is completely reduced

to water instead (Eq.3 and 4). Thus, to produce H2O2effectively, it is necessary to promote the2 e–

pathway andsuppressthe 4 e– pathway.

2 e– pathway:
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(alkaline media)

(acid media)

4 e– pathway:

(alkaline media)

(acid media)

Various noble metals and their alloys have been suggested as prospective catalysts for H2O2 production

(Jiang et al. 2018).For example, Pt-Hgwere highly active and selective for 2 e– ORR, on which the H2O2

selectivity was already 96% at a potential in the range 0.2−0.4 V versus RHE (Siahrostami et al.
2013).Unfortunately, the high cost and sophisticated fabrication process of noble metal-based
electrocatalysts will be major bottlenecks in their industrial and household applications. Thus, metal-free
carbon-based materials are regarded as promising substitutes due to their global abundance, low price
and apparent ORR activity (Moreira et al. 2019; Pham-Truong et al. 2018). Currently, various
carbonaceous materialshave been successfully developed as catalyticmaterials for selective
H2O2synthesis, including graphite (Da Pozzo et al. 2005), graphite felt (Wang et al. 2015; Zhao et al.
2020), reticulated glassy carbon foam (Zhou et al. 2018), carbon felt (Pérez et al. 2018; Ma et al. 2019),
and activated carbon �ber (Wang et al. 2005). In a recent study(Xia et al. 2015), polyacrylonitrile-based
carbon �ber brush (PAN-CF) was employed to promote the 2 e- ORR. The H2O2 concentration reached

90.4 mg·L–1in 60 min, which may be attributed to catalytic selectivity of the nitrogen-doped structure in
PAN-CF. Additionally, Zarei et al. (2009) found that theH2O2concentration obtained using carbon
nanotube-PTFE electrode was almost 30 times as high as that of graphite felt electrode. The porous
surface of the nanotube-PTFE electrode plays a key role in increasingoxygen transfer rates, thereby
achieving enhanced mass transfer and high-e�ciency H2O2production.

To further improve the catalytic activity and selectivity of carbon-basedcatalystsfor 2e- ORR, many
modi�cation methods have been utilizedto optimize their porous structures,surface functional groupsand
surface area (Park et al. 2014; Thostenson et al. 2017; Shiraishi et al. 2015). For instance,Zhou et al.
(2013) claimed that the modi�ed graphite felt electrode displayed higher electrocatalytic activity for 2 e–

ORR. The H2O2 concentration reached 247.2 mg·L–1, which was 2.6 times that of the unmodi�ed
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electrode.Liu et al. (2015) found that the hierarchically porous carbon (HPC) maintained high H2O2

selectivity (80.9–95.0%) under acidic conditions, which was comparable to those of noble metal-based
ORR electrocatalysts. They also demonstrated that the goodcatalytic activity and selectivity of HPC
toward H2O2 were related to the high extent of sp3-C bonds and defects formed during hydrothermal
treatment and carbonization process under H2.

Besides catalyst microstructures, electrode macro design parameters play critical roles in mass transfer
and energy e�ciency in different types of electrochemical systems(Oliaii et al. 2018). Nevertheless, little
is known on the in�uence of cathode thickness and area on H2O2 electrosynthesis e�ciency via ORR. In
the present study, a series of cathodes were prepared by a simple coating method with stainless steel
mesh as matrix, graphite powder as catalyst and polytetra�uoroethylene as binder, and the effects of
electrode thickness, area and electrochemical process parameters on H2O2 yield and CE were
systematically studied.

2 Experimental

2.1 Chemicals
PTFE (60%) was purchased from Zhanyang Polymer Materials Co. Ltd., (Dongguan, China), potassium
titanium oxalate (K2TiO(C2O4)·2H2O) was obtained from Mclean Biochemical Technology Co. Ltd. All
other chemicals, such as ethanol (EtOH), Na2SO4, H2SO4, NaOH were all supplied by Sinopharm Co. Ltd.,
China. All the used chemicals were of analytical grade and did not need further puri�cation.

2.2 Fabrication of Graphite/PTFE composite coating
cathode
A 16-mesh 304 stainless-steel wire mesh was used as a current collector. The mesh was cut into strips of
the same size and subjected to alkaline washing, acid pickling and water washing in sequence for
removing surface impurities. For the preparation of composite coating, required amounts of graphite
powder and anhydrous ethanol were mixed with ultrasonic stirring for 10 min, then PTFE emulsion with a
mass ratio of graphite to PTFE of 3:1 was added to the mixture. After another 25 min of ultrasonic
treatment, the highly dispersed mixture was stirred at about 70 ℃ to get a wet paste. An appropriate
amount of graphite/PTFE wet paste was uniformly coated on both sides of the pretreated stainless steel
mesh to form cathodes with varying thickness (0.75, 1.10, and 1.50 mm) and surface area (8, 12, and 16
cm2). Then the cathodes were dried at 80 ℃ for 20 min, and eventually annealed at 350 ℃ for 60 min.

2.3 Electrogeneration of H2O2

The H2O2 electrogeneration experiments were performed at room temperature in an undivided plexiglass
reactor containing 250 mL of 0.05 M Na2SO4 electrolyte, controlled by a direct current regulated power
supply under constant current mode. The fabricated composite coating electrodes and Ti/RuO2-IrO2
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(5×10 cm2) acted as cathode and anode, respectively. The cathode and anode were vertically placed in
parallel in the middle of the electrolytic reactor, 2 cm from each other. The initial pH ranging from 3.0–
11.0 was adjusted using 0.1 M H2SO4 or 0.1 M NaOH before electrolysis. Oxygen (O2) was bubbled into

the solution near the cathode at a �ow rate of 0.4 L·min–1. At certain time intervals, the sample of 1.0 mL
was taken out to determine the concentration of H2O2 quantitatively.

2.4 Characterization and analytical methods
The scanning electron microscopy (SEM) morphologies of graphite/PTFE coating cathodes were
characterized on a Hitachi SU8010 microscope operated at 5.0 kV. Measurements of contact angles
between distilled water and the fabricated electrodes were carried out by a contact angle meter (JC2000X,
China).

H2O2 concentration was measured on a UV-visible spectrophotometer (UV–3300, MAPADA) with a
potassium titanium (IV) oxalate method (Sellers et al. 1980).

2.5 Electrochemical Measurements
The cyclic voltammetry (CV) curves of the graphite/PTFE coating cathodes with different thicknesses
were investigated by a CHI660E electrochemical station at a scan rate of 100 mV·s–1. Electrochemical
impedance spectroscopy (EIS) analyses were observed at frequencies from 10 kHz to 0.01 Hz with an
amplitude of 5 mV. Graphite/PTFE coating cathode, platinum plate, and saturated calomel electrode
(SCE) were used as working electrode, counter electrode and reference electrode, respectively. O2-
saturated 0.05 M Na2SO4 solution (pH 3.0) was prepared as the electrolyte.

2.6 Calculation of the Current E�ciency and Energy
Consumption
The experimental current e�ciency (CE) for H2O2 production was calculated from Eq. 5.

CE=
nFCV
∫t

0Idt
× 100\% (5)

Where n is the number of electrons transferred from oxygen to H2O2, (n=2), F is the Faraday constant

(96486 C·mol–1), C is the concentration of H2O2 (mol·L–1), V is the volume of electrolyte (L), I is the
applied current (A), and t is the electrolysis time (s).

The experimental energy consumption (EC, kWh∙kg-1) of generating 1 kg H2O2 was calculated according
to Eq. 6.

EC=
UIt

3600CMV  (6)

Where U is the electrolytic reactor voltage (V), M is the molar mass of H2O2 (34.01 g·mol–1).
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3 Results And Discussion

3.1 Cyclic Voltammetry (CV)
To determine the effect of cathode thickness on oxygen reduction reactivity, cyclic voltammetry
experiments were carried out in 0.05 M Na2SO4 aqueous solution at pH 3.0. As seen in Fig. 1, no apparent
reduction current peak was found in the CV curves of 1.50 mm cathode, while two reduction peaks
occurred both in the CV curves of 0.75 mm and 1.10 mm cathode, which were inferred to correspond to
the 2 e– and 4 e– ORRs (El-Deab et al. 2006; Gokdogan et al. 2006). The �rst reduction peak of the 0.75
mm cathode was identi�ed at 0.351 V versus SCE, which was 11 mV more positive than that of 1.10 mm
cathode. Meanwhile, a thin cathode exhibited a higher current response than a thick one. The obvious
current peak indicated that more oxygen underwent a electrochemical transition from O2 to H2O2, which
was probably attributed to the improvement of O2 and H2O2 mass transfer in a thinner graphite/PTFE
composite cathode.

3.2 Electrochemical impedance spectroscopy (EIS)
The Nyquist plot in Fig. 2 shows the EIS results of cathodes with different thicknesses. As revealed in Fig.
2, the 0.75 mm cathode possessed the smallest arc radius compared with other cathodes, signifying
lower charge transfer resistance and enhanced interfacial charge transfer e�ciency. A thick cathode
formed by excessive graphite/PTFE paste could block the transmission channels of the ions and O2 (Ren
et al. 2016), resulting in a large electron-transfer resistance and low electrochemical e�ciency.

3.3 In�uence of cathode thickness on H2O2 production and
CE
Through constant current electrolysis, in�uence of cathode thickness on the H2O2 electrosynthesis was
investigated. As presented in Fig. 3a, the H2O2 concentrations using the cathodes with different

thicknesses of 0.75, 1.10, and 1.50 mm were 207.5, 172.3, and 143.7 mg·L–1, respectively. The
corresponding CE values were calculated to be 34.1%, 28.3%, and 23.6% (Fig. 3b). These results
demonstrated that the cathode thickness had a signi�cant in�uence on the production of H2O2 and CE.
The decrease of H2O2 production and CE was likely attributed to the increase of oxygen diffusion
distance and electron-transfer resistance as the cathode thickness increased.

3.4 In�uence of cathode area on H2O2 production and CE
In�uence of cathode area on H2O2 electrogeneration was investigated using three fabricated
graphite/PTFE coating cathodes. The surface areas of the coating cathodes were selected as 8, 12, and
16 cm2 with the same cathode thickness of 0.75 mm. It can be seen from Fig. 4a and 4b that increasing
the cathode geometric area was a convenient way to enhance H2O2 production and CE. After 180 minutes

of reaction, the H2O2 generation using the cathode of 16 cm2 was 72.1% and 222.2% higher than that of
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the 12 cm2 and 8 cm2 cathodes, respectively, and the CE of the 16 cm2 cathode was always higher than
the other two cathodes. This enhancement was strongly correlated to the increase of effective surface
areas of the graphite/PTFE coating cathode. Large surface can expand the three-phase contact area of
O2, cathode and electrolyte, thus more O2 was absorbed at the cathode surface and electrochemically

reduced to H2O2 via the 2 e– pathway.

3.5 In�uence of initial pH on H2O2 production and CE
As shown in Fig. 5a and 5b, the H2O2 accumulation and CE under acidic condition (pH 3.0) were both
apparently higher than that in neutral and alkaline conditions. The H2O2 yield and CE decreased with the

rising pH, whereby the H2O2 concentration and CE reached the lowest values 41.7 mg·L–1 and 6.8%,

respectively, at electrolyte pH 11.0. This trend can be interpreted from Eq. (3) that H+ was one of the
reactants for the electrosynthesis of H2O2, and therefore, the relatively high acidity may play a bene�cial

effect on the enhancement of the reaction. In the pH range of 7.0–11.0, the H+ concentration was
insu�cient for the 2 e– ORR, what is worse, H2O2 principally exists as HO2

– in strong alkaline solutions
that can effectively catalyze the decomposition of H2O2 (Eq. 7 and 8) (Qiang et al. 2002). Thus, it is
understandable that the H2O2 production and CE were the lowest in the electrolyte of pH 11.0.

3.6 In�uence of current density on H2O2 production and CE
Figure 6a shows that the cumulative H2O2 concentration at 180 min enhanced gradually from 207.5 to

559.1 mg·L–1 with the increase of applied current density from 5 to 30 mA·cm–2, showing that the
graphite/PTFE coating cathodes exhibited high activity in the investigated current density range. A higher
current density could supply more electrons, speeding up the 2 e– reduction of O2 to H2O2. Meanwhile, 4

e– reduction with H2O generation (Eq. 4), H+ reduction reaction with H2 generation (Eq. 9) and other side

reactions were more likely to occur simultaneously, which were in competition with the 2 e– ORR.
Therefore, the gradual decrease in CE from 34.1–15.3% (Fig. 6b) and severe increase in corresponding EC
(Fig. 7) from 12.0 to 68.7 kWh·kg–1 at 180 min electrolysis with the increase of current density can be
well explicated.

3.7 Cathode durability
Durability study of the graphite/PTFE coating cathode was investigated under the working conditions of
current density 5 mA·cm–2, in an oxygen-saturated pH 3 solution. The H2O2 production was measured
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and electrolyte was replaced with fresh one every 180 min. As presented in Fig. 8, the H2O2 production

decreased gradually from 207.5 to 150.1 mg·L–1, while the CE showed a decreasing tendency as well,
going down from 34.0–24.3% after 5 recycles. The reason was attributed to the degradation of
graphite/PTFE coating cathode performance with time. When the cathode was immersed in the
electrolyte and catalyzed for a long time, excess water and cations would enter the electrode, that could
block the pores of the cathode, thus reducing oxygen accessibility to the active site (Bidault et al.2009). In
addition, the corrosion damage caused by the oxidation of graphite/PTFE would coating also reduce the
H2O2 production performance of the cathode performance. The SEM images (Fig. 9a and 9b) distinctly
con�rmed the changes in the cathode surface morphology before and after the durability test. After 5
cycles, some graphite �akes peeled off from the cathode surface, causing cracks and a decrease in
surface hydrophobicity. Contact angle measurement results (Fig. 9b and 9c) con�rmed that the contact
angle between cathode and solution diminished from 130.0° to 127.5° after 5 recycles. To achieve better
restoration and regeneration performance, attention can be focused on various functionalization
methods such as loading hydrophobic organic groups and coating exterior hydrophobic �lms on the
electrode surface.

4 Conclusions
The thickness and surface area of graphite/PTFE coating cathodes were critical in electrogeneration of
H2O2. Thin cathode design could reduce the interfacial charge transfer resistance, facilitate O2 diffusion

and transmission, and thus was conducive to the activity and selectivity of H2O2 production via 2 e– ORR.
At the same time, a large cathode area exposed more ORR sites, increased the contact area between
cathode and O2, thus enhancing H2O2 electrogeneration. The cathode with an active area of 16 cm2 and
a thickness of 0.75 mm achieved the highest H2O2 accumulation and CE among the investigated
electrodes. The initial electrolyte pH appreciably impacted the H2O2 production in the range of 3.0–11.0.
The graphite/PTFE coating cathode possessed the highest H2O2 generation rate and CE at pH 3.0, that

was due to higher 2 e– ORR activity under acidic conditions. Under alkaline conditions, the H2O2

production decreased signi�cantly, probably because the generated HO2
– promoted the decomposition of

H2O2. Additionally, increasing current density from 5 to 30 mA·cm–2 prominently promoted H2O2

electrogeneration from 207.5 to 559.1 mg·L–1, accompanying an opposite tendency in CE from 34.1–
15.3% at 180 min. After the graphite/PTFE coating cathode was reused, the coating would be damaged
and hydrophobicity would be reduced, resulting in the gradual decline of H2O2 production performance.
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Figure 1

The cyclic voltammetry of cathodes with different thicknesses
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Figure 2

Nyquist plots of the cathodes with different thicknesses

Figure 3
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In�uence of cathode thickness on H2O2 production (a) and CE (b). Conditions: pH 3.0, current density 5

mA·cm–2, 0.05 mol·L−1 Na2SO4, Qoxygen = 0.4 L·min−1

Figure 4

In�uence of cathode area on H2O2production (a) and CE (b). Conditions: pH 3.0, current density 5

mA·cm–2, 0.05 mol·L−1 Na2SO4,Qoxygen = 0.4 L·min−1

Figure 5

In�uence of pH on H2O2 production (a) and CE (b). Conditions: current density 5 mA·cm–2, 0.05 mol·L−1

Na2SO4, Qoxygen = 0.4 L·min−1

Figure 6

In�uence of current density on H2O2 production (a) and CE (b). Conditions: pH 3.0, 0.05 mol·L−1 Na2SO4,

Qoxygen = 0.4 L·min−1

Figure 7

In�uence of current density on energy consumption

Figure 8

Recycle experiments for electrogeneration of H2O2 using graphite/PTFE coating cathode.

Conditions: pH 3.0, current density 5 mA·cm–2, 0.05 mol·L−1 Na2SO4, Qoxygen = 0.4 L·min−1
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Figure 9

SEM images(a, b)and surface contact angle results (c, d)of the cathodes before and after the durability
test
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