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A B S T R A C T   

On-site H2O2 electrosynthesis via two-electron oxygen reduction reaction (ORR) is attracting great interest for 
water treatment. The use of carbon black-based gas-diffusion electrodes (GDEs) is especially appealing, but their 
activity, selectivity and long-term stability must be improved. Here, a facile GDEs modification strategy using 
trace polymethylhydrosiloxane (PMHS) allowed reaching a outstanding H2O2 production, outperforming the 
conventional polytetrafluoroethylene (PTFE)-GDE (1874.8 vs 1087.4 mg L− 1 at 360 min). The super-
hydrophobicity conferred by PMHS endowed the catalytic layer with high faradaic efficiencies (76.2%− 89.7%) 
during long-term operation for 60 h. The electrochemical tests confirmed the high activity and selectivity of the 
PMHS-modified GDE. Moreover, the efficient degradation of several micropollutants by the electro-Fenton 
process demonstrated the great potential of the new GDE. An in-depth understanding of the roles of PMHS 
functional groups is provided from DFT calculations: the − CH3 groups contribute to form a superhydrophobic 
interface, whereas Si-H and as-formed Si-O-C sites modulate the coordination environment of active carbon 
centers.   

1. Introduction 

Hydrogen peroxide (H2O2), an eco-friendly and versatile oxidant 
with only H2O and O2 as by-products, has been intensively employed for 
environmental remediation, as well as in medical disinfection or in-
dustrial bleaching and synthesis [1–3]. Nonetheless, critical risks asso-
ciated with transportation, storage and manipulation of H2O2 pose 
extraordinary technological and economic challenges that limit its 
application [4,5]. In addition, the anthraquinone process for industri-
alized production of H2O2 has serious limitations, such as high-energy 
consumption and substantial waste generation [6]. In this context, the 
in-situ electrosynthesis of H2O2 via the two-electron oxygen reduction 
(2e− ORR) opens up a new avenue to the H2O2 market [7,8]. 

The electro-Fenton process (EF), one of the most popular advanced 
technologies for wastewater treatment, combines the merits of both 
Fenton’s reaction and 2e− ORR [9,10]. Its successful implementation at 
large scale highly relies on the cathodic H2O2 yield. For this, molecular 
oxygen must be efficiently reduced to H2O2 via the so-called 2e−

pathway (Reaction (1)), which occurs upon co-existence of a triple phase 

(i.e., O2 gas and hydrated proton at the catalytic surface site) during the 
electron supply. Therefore, the gas-liquid-solid balance at the 
three-phase boundary is of paramount importance for efficient H2O2 
production [8,11]. Carbonaceous materials are usually preferred as the 
electrocatalyst in EF due to their favorable activity and H2O2 selectivity, 
low cost, and moderate durability at low-medium current [12–14]. 

In recent years, most efforts to improve the cathodic H2O2 yield have 
focused on the enhancement of O2 mass transport, electron transfer, and 
H2O2 selectivity [15,16]. For this purpose, the gas-diffusion electrode 
(GDE) architecture is widely employed [12,17,18]. The utilization of a 
GDE as the cathode minimizes the barrier to O2 permeation through the 
cavities to the catalytic sites, overcoming the low solubility (8 mg L− 1) 
and poor diffusion rate of O2 that are inherent to immersed cathodes [3]. 
However, even with GDEs, the production of H2O2 cannot reach its 
maximum during long-term operation [19], which is partly caused by 
flooding due to insufficient hydrophobicity, leading to the inactivation 
of the catalytic layer [19–21]. On the other hand, due to the competing 
scaling relationship between the 2e− ORR (Reaction (1)) to form H2O2 
and the 4e− ORR (Reaction (2)) to generate H2O, the strategies aimed at 
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improving the former frequently enhance the 4e− pathway as well [22, 
23].  

O2(g) + 2 H+ + 2 e− → H2O2                                                           (1)  

O2(g) + 4 H+ + 4 e− → 2 H2O                                                          (2) 

The construction of stable superhydrophobic three-phase boundaries 
in GDEs has been proven a successful approach to increase the O2 uti-
lization efficiency and decrease the cathode flooding. In 2015, Yu and 
co-workers employed polytetrafluoroethylene (PTFE) as hydrophobiz-
ing material to fabricate a water-proof GDE, obtaining a 10.7-fold in-
crease in H2O2 concentration at 60 min under an optimal PTFE/carbon 
black (CB) mass ratio of 5 [24]. In such cathode, the hydrophobic sites 
confine the O2 bubbles, thereby feeding the hydrophilic sites where the 
2e− ORR occurs in the presence of hydrated protons. Significant efforts 
have been further made to regulate the hydrophilicity/hydrophobicity 
ratio. Zhang et al. claimed that a CB-to-PTFE ratio of 5:3 yielded the 
highest H2O2 production efficiency [25], whereas He et al. reported that 
the yield of H2O2 varied insignificantly when the mass ratio of graphite 
to PTFE was decreased [26]. However, although the introduction of 
PTFE seems to be a facile and effective way to enhance the O2 supply and 
avoid excessive water transport into the pores, it may block the catalytic 
sites. 

The development of selective electrocatalysts to ensure both, the 
systematic control of the 2e− ORR route and the improvement of their 
catalytic activity, is another effective strategy to synthesize H2O2. The 
2e− ORR associative pathway proceeds through two main steps, namely 
O2 activation (Reaction (3)) and further reduction of the *OOH inter-
mediate (Reaction (4)). In contrast, the competitive 4e− ORR pathway 
involves three reaction intermediates (*OOH, *O, and *OH) [27]. 
Therefore, H2O2 can be selectively formed if one can ensure that *OOH 
is the only intermediate [28], and it is neither too strongly nor too 
weakly bound to the catalyst surface, aiming at preventing the O–O 
bond dissociation, as has been determined via density functional theory 
(DFT) calculations [29]. So far, a wide range of electrocatalysts has been 
designed to fabricate GDEs with enhanced 2e− ORR activity/selectivity, 
including modified carbon materials, non-noble metal-nitrogen moi-
eties, molecular complexes, and single-atom catalysts [3,8,18]. These 
electrocatalysts may play one or several roles [30–33]. Nonetheless, 
these catalyst layers usually own weak bonds and low tolerance to acidic 
conditions. As a result, they can be gradually dissolved, especially dur-
ing long electrolytic trials, causing severe electrode deactivation.  

* + O2(g) + H+ + e− → *OOH                                                         (3)  

*OOH + H+ + e− → * + H2O2                                                        (4) 

Recently, silicon derivatives have been proposed as surface modifiers 
to improve water proof and O2 transport for H2O2 production [20]. 
Among these compounds, polysiloxanes have demonstrated their utility 
in fabricating O2-selective membranes for Li-air batteries with low water 
transport [34]. In particular, polymethylthydrosiloxane (PHMS, 
− (CH3(H)Si− O)− ), a non-toxic and easy-to-handle hydride source, has 
been widely employed as hydrophobic modifier as well as catalytic 
center in chemical synthesis and membrane separation, since it can be 
chemically attached to the surface of substrates while retaining the 
functional groups for further catalytic reactions [35,36]. PMHS contains 
a large number of − CH3 and − Si-H groups. The former own low surface 
energy, becoming optimum to construct highly hydrophobic interfaces 
[37–39]. For instance, Liu et al. prepared a filter paper/PMHS hybrid 
with a surface water contact angle ranging from 9.0◦ to 131.8◦ by 
regulating the PMHS dosage [40]. On the other hand, the − Si-H groups 
may serve as chemical links to react with the unsaturated C˭C or HO-C 
bonds of substrates, resulting in the formation of Si-O-C moieties. 
Wójcik-Bania et al. reported the in-situ reduction of Pt4+ from PtCl4 
solution to Pt0 by the Si-H moieties of the siloxane backbone of PHMS 
under an inert atmosphere [41]. Moreover, it has been proven that 

Si-doped graphene material is a promising 4e− ORR catalyst due to the 
presence of abundant Si-O sites, which favors the adsorption and 
dissociation of O2 [42,43]. 

Only very recently, the potential combination of polysiloxanes and 
hydrophobic perfluorinated polymers has been suggested as a promising 
strategy for the fabrication of gas-diffusion layers, although it has been 
not explored in the context of the 2e− ORR [44]. Inspiringly, the present 
study focuses on the utilization of trace PMHS to modify PTFE-GDEs, for 
the first time, aiming at synchronously enhancing the O2 permeability 
and H2O2 selectivity for ORR. The − CH3 groups of PHMS are expected to 
confer stable superhydrophobicity to the catalytic interface, whereas the 
Si-H bonds, as well as the as-formed Si-O-C moieties, might serve as new 
active sites to enhance the 2e− ORR. 

2. Materials and methods 

2.1. Chemicals 

2,4 Dichlorophenol (2,4-DCP) and naproxen (NPX) were purchased 
from Aladdin Biological Technology Co., Ltd. (Shanghai, China). 
Analytical grade Na2SO4, H2SO4 (95% solution), NaOH pellets, and 
FeSO4⋅7 H2O were supplied by Chengdu Kelong Chemical Co., Ltd. 
(Chengdu, China). Bisphenol A (BPA), ciprofloxacin (CIP), amoxicillin 
(AMX), diclofenac sodium (DCF), Rhodamine B (RhB), Methyl Orange 
(MO), poly(dimethylsiloxane)etherimide (PDMS-NH2), 1,3-bis- 
(dichloromethyl)− 1,1,3,3-tetramethyldisiloxane (PDMS-Cl) and poly-
methylhydrosiloxane (PDMS-H or PMHS) were acquired from Macklin 
Technology Co., Ltd. (Shanghai, China). Nafion (5 wt% suspension in 
lower aliphatic alcohol) was purchased from Sigma-Aldrich (Shanghai, 
China). PTFE emulsion (60 wt%) was purchased from Hesen Co., Ltd. 
(Henan, China). 1,10-Phenanthroline monohydrate, L(+)-ascorbic acid 
and TiOSO4 were used for colorimetric analyses. Solvents and other 
reagents were supplied by Merck and Chengdu Kelong Chemical Co., 
Ltd. (Chengdu, China). Unless otherwise specified, all chemicals were of 
analytical grade and used as received, and all solutions were prepared 
with deionized water (resistivity higher than 18.2 MΩ⋅cm, Millipore 
Milli-Q system). 

2.2. Cathode preparation 

The gas-diffusion electrode consisted of a mixture of carbon black 
and PTFE, with or without PMHS modification, acting as catalytic and 
gas-diffusion layers that served to coat a carbon cloth substrate (Fig. 1a). 
To prepare the GDE, commercial cloth with a geometric area of 9 cm2 

was ultrasonically cleaned in deionized water and ethanol, each for 30 
min, and then dried at 80 ◦C for 12 h. Then, 200 mg carbon black, 0.685 
mL PTFE (60 wt% emulsion) and a certain amount of PMHS were uni-
formly dispersed in 10 mL ethanol using an ultrasonic bath for 30 min, 
followed by heating at 80 ◦C until the mixture turned into a paste. The 
ointment was coated onto the pretreated carbon cloth substrate, fol-
lowed by pressing at 5 MPa. The resulting electrode was dried and 
calcined at 350 ◦C for 120 min to obtain the PTFE/PMHS-GDE. For 
comparison, the same manufacturing procedure was carried out in the 
absence of PMHS, giving rise to the conventional PTFE-GDE. 

2.3. Performance evaluation and analytical methods 

The electrolytic trials were carried out under continuous stirring in a 
single-compartment glass cell containing 160 mL of solution equipped 
with an IrO2-based dimensionally stable anode (DSA) plate (3 cm2) from 
NMT Electrodes and one of the as-prepared GDEs as the cathode. The 
interelectrode gap was 1.0 cm, and the GDE was fed with air at 
1 L min− 1 for permanent H2O2 electrogeneration. The trials were car-
ried out galvanostatically by supplying a constant current from a high- 
stability DC voltage controller (IT6302 from ITECH, China). In EF tri-
als, a salt was employed as Fe2+ source that served as Fenton’s catalyst. 
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Samples were collected at different time intervals, being immediately 
mixed with NaOH to quench the reaction and then filtered with 0.2 µm 
PTFE syringe filters. The solution pH was determined using a PHS- 
3 C pH-meter. The accumulated H2O2 concentration was measured 
colorimetrically, by mixing the collected sample with an acidic Ti(IV) 
solution and then setting the UV/Vis spectrophotometer (UNIC, 
UV2365, China) at λ = 408 nm. The Faradaic efficiency (FE) for H2O2 
generation was calculated from Eq. (5) [30]. 

FE(in%) =
2CH2O2 FV
∫t

0

Idt

× 100 (5)  

where F is the Faraday constant (C mol− 1), C is the concentration of 
H2O2 (mol L− 1), V is the solution volume (L), I is the applied current (A), 
and t is the reaction time (s). 

The concentration of micropollutants was determined on a reversed- 
phase high-performance liquid chromatograph (HPLC, SCION6000, 
China) equipped with a Chromcore C18 (5 µm, 4.6 mm × 250 mm) 
column and a photodiode array SC6000 detector. The mobile phase was 
a mixture of CH3OH and 10 mM KH2PO4 solution at pH 4.0 (80:20 (v/ 
v)) that was eluted at 1.0 mL min− 1. 

2.4. Characterization and electrochemical tests 

The morphology and elemental composition of the GDEs were 
analyzed by SEM-EDX, which was conducted on a ZEISS Gemini 300 
SEM microscope coupled to a Smartedx detector operated in backscat-
tering electron mode at an acceleration voltage of 15 kV. The chemical 
composition and state were determined by XPS on a Thermo Scientific K- 
alpha system with Al Kα radiation at a high voltage of 12 kV, calibrated 
internally using the C 1 s (Eb = 284.80 eV). The hydrophobicity of the 
GDEs was investigated by measuring the water contact angle on an 
interface tension meter (SDC-100S). 

Cyclic voltammetry (CV), linear sweep voltammetry (LSV) and 
electrochemical impedance spectroscopy (EIS) were conducted on an 
electrochemical workstation (CHI 760E, Chenhua, Shanghai), equipped 
with a three-electrode cell that comprised a working electrode (glassy 
carbon, 3-mm disk), Ag/AgCl (saturated KCl) as reference electrode, and 

a Pt sheet as counter electrode. The catalyst ink (CB-PTFE/PMHS) was 
prepared by dispersing carbon black (10 mg) in a solvent mixture con-
sisting of 800 μL of H2O + 200 μL of isopropanol + 50 μL of Nafion 
(5 wt% suspension) + 50 μL of PTFE (60 wt% suspension), and a certain 
amount of PMHS, followed by 30 min sonication. Subsequently, 10 μL of 
catalyst ink were drop-casted onto a glassy carbon electrode, resulting in 
a catalyst loading of ~1.4 mg cm− 2. For comparison, the CB-PTFE ink 
was prepared using the same procedure but in the absence of PMHS. LSV 
measurements were performed in O2-saturated 0.05 M Na2SO4 aqueous 
solution at room temperature at a scan rate of 10 mV s− 1 within the 
potential range from 0.6 to − 0.4 V vs RHE. EIS analysis was made in the 
frequency domain from 0.01 Hz to 100 kHz at an alternating current 
signal amplitude of 5 mV. Cyclic voltammograms were obtained in Fe 
(CN)6

4- + Fe(CN)6
3- (each at 0.01 M) aqueous solution with a scan rate of 

10 mV s− 1, within a range from − 0.2–1.4 V vs RHE, and the electro-
chemical surface area (ECSA) was calculated from the Randles-Sevcik 
Eq. (6) [11].  

Ip = 2.69 × 105 ACD1/2n3/2ν1/2                                                          (6) 

where Ip is the oxidation peak current (A), A is the area of the electrode 
(cm2), C is the concentration of the electroactive species (= 0.01 M of 
[Fe(CN)6]4- + [Fe(CN)6]3-), n is the number of electrons transferred 
contributing to the redox reaction (= 1 in this case), D is the diffusion 
coefficient, and ν is the scan rate (V s− 1). 

The 2e− ORR activity and selectivity were evaluated by RRDE (5-mm 
glassy carbon disk, Pt ring) tests in 0.10 M O2-saturated Na2SO4 elec-
trolyte. In RRDE experiments, the ring potential (Ering) was set to 1.54 V 
vs RHE. The H2O2 selectivity (in %) and electron transfer number (n) of 
the catalysts were determined based on the current of both disk (ID) and 
ring (IR) electrodes (Eqs. (7) and (8), respectively) [30]. 

H2O2(%) = 200
IR

NID + IR
(7)  

n = 4
ID

ID + IR/N
(8)  

where N, representing the empirical collection efficiency, was calculated 
by measuring the ratio between the ring limiting current and the disk 

Fig. 1. (a) Schematic illustration of PTFE/PMHS-GDE fabrication. (b) Contact angle of conventional PTFE-GDE and novel PTFE/PMHS-GDE. SEM images of (c) cross- 
section and (d) surface of PTFE/PMHS-GDE, with the corresponding surface EDS elemental mapping. 
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limiting current obtained from LSV tests in an N2-saturated 10 mM K3Fe 
(CN)6 + 1 M KCl solution, resulting in a value of N = 0.276. 

2.5. Computational details 

Structural modeling and DFT calculation were carried out using the 
Vienna ab initio simulation package (VASP), considering the generalized 
gradient approximation (GGA) and the Perdew-Burke-Ernzerhof (PBE) 
functional. To describe ionic cores, the projector augmented wave 
(PAW) pseudo-potentials were employed. A plane-wave basis set, with a 
kinetic-energy cut-off of 400 eV, was used to expand the wave function 
of valence electrons. Van der Waals interactions were described by 
means of the DFT-D3 empirical correction method. The geometry opti-
mization was terminated once the force convergence was smaller than 
0.05 eV Å− 1. Monkhorst-Pack k-points of 1 × 1 × 1 were applied for all 
calculations. 

3. Results and discussion 

3.1. Characterization of PTFE/PMHS-GDE 

Upon addition of a trace amount of PMHS, the hydroxyl groups on 
the CB surface react with the Si-H bonds to form Si-O-C moieties, thus 
ensuring a strong chemical bonding of PMHS chains to the electrode 
surface. This gives rise to a superhydrophobic interface that retains 
abundant Si-H and Si-O-C sites [35,40]. As a result of the introduction of 
low surface energy − CH3 groups of PMHS, the water contact angle of the 
electrode significantly increased from 104.5º to 148.3º, which could 
greatly favor the O2 permeation during the 2e− ORR (Fig. 1b). The 
cross-section SEM image of the PTFE/PMHS-GDE in Fig. 1c allows dis-
tinguishing a dense skin (top layer) with a thickness of about 547.1 µm, 
which can be attributed to the PTFE- and PMHS-rich catalytic layer 

immobilized on the carbon cloth. In addition, the SEM image of the 
surface in Fig. 1d shows a relatively smooth catalytic interface with 
several wrinkles, and the corresponding EDS-mapping reveals the uni-
form distribution of C, F, O and Si in the as-prepared GDE, suggesting the 
homogeneous dispersion of both polymers throughout the CB layer. 

XPS analysis was performed to determine the chemical composition 
at the surface of GDEs with and without PMHS. Fig. 2a shows three 
peaks assigned to C 1s, O 1s and F 1s in the spectrum of PMHS-free GDE. 
The presence of O 1s is attributed to diverse oxygen functional groups, 
such as C-OH and C˭O, formed on the surface of CB during the air 
thermal treatment, in addition to the intrinsic oxygen functionalities 
[45,46]. After the introduction of PMHS, new signals attributed to Si 2p 
and Si 2s emerged at 103.4 eV and 154.4 eV, respectively, whereas the 
peak intensity of O 1s dramatically increased. These results confirm the 
successful incorporation of PMHS onto the catalytic interface of the 
GDE. Note also that the peak intensity of O 1s is much higher than that of 
Si, which can be explained by the increased oxidation states of Si in the 
immobilized PMHS chains [40]. More specifically, the high-resolution C 
1s spectrum of the PTFE/PMHS-GDE (Fig. 2b) has been deconvoluted 
into five peaks centered at 283.9, 284.8, 285.7, 286.7 and 292.4 eV, 
assigned to C-Si, C-C, C-O, C˭O and C-F bonds, respectively. The former 
bond can be related to the − Si− CH3 of PMHS [47]. The deconvolution of 
the O 1s spectrum yields three peaks: C˭O, C-O, and Si-O at 535.07, 
534.03 and 533.29 eV, respectively (Fig. 2c) [48]. As mentioned above, 
the oxidation of CB gave rise to some oxygen functional groups, such as 
C˭O and C-O, which can favor the adsorption of O2 molecules during 
ORR. Moreover, the characteristic Si 2p signal was deconvoluted into 
three peaks at 102.7, 103.5 and 104.4 eV, attributed to Si-H (18.34%), 
Si-C (54.05%) and Si-O (27.57%) bonds, respectively (Fig. 2d) [49]. The 
formation of Si-O bonds demonstrates the conversion of partial Si-H 
bonds to Si-O-C moieties during the synthesis, corroborating the tight 
chemical attachment of PMHS in the catalytic layer. 

Fig. 2. (a) XPS full spectra of conventional PTFE/GDE and novel PTFE/PMHS-GDE. High-resolution XPS spectra of (b) C 1s, (c) Si 2p, and (d) O 1s of PTFE/ 
PMHS-GDE. 
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3.2. Electrocatalytic ORR activity of PTFE/PMHS-GDE 

First, the cyclic voltammograms for the [Fe(CN)6]3-/[Fe(CN)6]4- 

redox system were recorded to evaluate the electrochemically active 
surface area (ECSA) of the synthesized materials. As illustrated in  
Fig. 3a, the CB-PTFE electrocatalyst had slightly greater oxidation and 
reduction peak current densities (see also Table S1), which led to a 
slightly higher area than the CB-PTFE/PMHS (8.3 vs 7.5 cm2). The ECSA 
represents the area that is accessible to the electrolyte and hence, it can 
be concluded that the great increase of hydrophobicity (Fig. 1b) caused 
by PHMS leads to a smaller contact between the catalytic layer and 
electrolyte [16]. Nonetheless, the formation of the superhydrophobic 
three-phase boundary turned out to be beneficial for the ORR thanks to 
the enhanced O2 permeability, as will be demonstrated below. 

Further analysis of the electron/ion transport behavior of the GDEs 
was conducted by electrochemical impedance spectroscopy (EIS). The 
Nyquist plots shown in Fig. 3b were fitted to an equivalent circuit model, 
yielding the values of mass transport resistance (Rmt) and charge transfer 
resistance (Rct). Surprisingly, the introduction of a trace amount of 
PMHS into the CB-PTFE gave rise to extremely low Rmt and Rct values. 

The abundant − CH3 groups in PHMS created a hydrophobic interface 
without significant destruction of the porous structures, which is 
excellent for promoting the O2 transport. Moreover, the Si-H and Si-O-C 
bonds arising from PHMS incorporation may accelerate the electron 
transfer on the catalytic interface, leading to the reduction of Rct. 
Consequently, the CB-PTFE/PMHS particles displayed much lower Rmt 
and Rct values (23.6 and 3.8 kΩ) than the CB-PTFE (47.5 and 7.6 kΩ), 
demonstrating the enhancement of both mass and electron transports 
(Table S1). Fig. 3c displays the linear sweep voltammograms of five 
catalysts with different PMHS content for ORR in 0.05 M Na2SO4 
aqueous solution. The catalyst with a PHMS/PTFE mass ratio of 0.038 
exhibited excellent ORR performance, reaching the most positive onset 
potential (0.56 V vs RHE) and the highest cathodic current density 
(− 0.42 mA cm− 2 at − 0.4 V vs RHE). Meanwhile, the catalysts with 
PMHS/PTFE ratios of 0, 0.019, 0.075 and 0.125 achieved more negative 
onset potentials of 0.36, 0.48, 0.47, 0.45 V vs RHE and lower current 
densities of − 0.20, − 0.30, − 0.36, − 0.28 mA cm− 2, respectively. As 
reported, the current response would be suppressed as the amount of 
hydrophobic binder is increased, since it can partially block active sites 
of CB for ORR [24]. In contrast, the introduction of an appropriate 

Fig. 3. Electrochemical tests of different catalysts. (a) Cyclic voltammograms obtained in 0.01 M [Fe(CN)6]3- + 0.01 M [Fe(CN)6]4- solution at pH 5.2; (b) Nyquist 
plots; (c) linear sweep voltammograms in 0.05 M Na2SO4 solution, and (d) corresponding Tafel plot; (e) RRDE tests in O2-saturated 0.1 M Na2SO4 at pH 6.1 at a scan 
rate of 10 mV s− 1 (Ering = 1.54 V vs RHE), and (f) the corresponding H2O2 selectivity and electron transfer number (n). and (g) chronoamperometric responses for CB- 
PTFE and CB-PTFE/PMHS. 
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amount of PMHS is proven positive. This behaviour agrees with the 
enhanced mass and charge transfer determined from EIS analysis, 
attributable to the new Si-H and Si-O-C functional groups that favor the 
2e− ORR. At an excessively high PMHS content, the ORR is gradually 
inhibited due to the reduction of exposed active sites. From these vol-
tammograms, the corresponding Tafel plots for the different catalysts 
are illustrated in Fig. 3d. A lower Tafel slope suggests a faster electrode 
reaction at constant operation conditions. As can be observed, the results 
are consistent with the previous LSV tests, since the smallest Tafel slope 
of 93.6 mV dec− 1 was achieved with the PMHS/PTFE ratio of 0.038, 
implying the best electrochemical performance. Therefore, it can be 
concluded that the ORR activity of conventional CB/PTFE cathodes can 
be substantially improved upon simple modification with an appropriate 
amount of PMHS. 

The ORR performance of CB-PTFE and CB-PTFE/PMHS electro-
catalysts was further evaluated in O2-saturated 0.1 M Na2SO4 electrolyte 
using an RRDE at a rotation rate of 1600 rpm. Fig. 3e displays the po-
larization curves of the two materials, including the O2 reduction cur-
rents detected on the disk (solid lines) and the H2O2 oxidation currents 
measured on the ring (dashed lines). At the disk, much higher current 
and more positive reduction potential were obtained using the CB- 
PTFE/PMHS, confirming the enhanced ORR kinetics, in good agree-
ment with the results of Tafel plots. In addition to the higher ORR ac-
tivity, the electron transfer number calculated from the RRDE results for 
CB-PTFE/PMHS was around 2.4 (Fig. 3f), which was close to the theo-
retical value (n = 2) required for H2O2 formation. The electron transfer 
number increased to around 3.1 for CB-PTFE. The corresponding H2O2 
selectivity for the CB-PTFE/PMHS was around 80%, being superior to 
that of CB/PTFE (less than 45% on average). In addition, even after 
subjecting the electrode to about 3 h of continuous chronoamperometric 
measurement at − 0.1 V, the current density at CB-PTFE/PMHS 
remained above 80.0%, being much higher than that at CB-PTFE 

(45.8%) (Fig. 3g). This significant difference underscores the robust 
catalytic ability of CB-PTFE/PMHS. Therefore, the activity, selectivity, 
and stability towards the 2e− ORR were significantly improved by the 
introduction of a low amount of PMHS, as a result of the better O2 mass 
transport and electron transfer. 

3.3. Electrochemical H2O2 accumulation and durability tests 

A demonstration of the presumed superiority of as-prepared PTFE/ 
PMHS-GDE for H2O2 production was carried out in an undivided cell 
with an IrO2-based anode. Prior to this, the accumulation of H2O2 
concentration using conventional PTFE-GDEs with different PTFE/CB 
mass ratios was determined to optimize the PTFE loading (Fig. S1a). The 
optimal PTFE/CB ratio was found to be 1, since it yielded a remarkable 
H2O2 production of 1483.7 mg L− 1, whereas further rise the PTFE con-
tent proved to be detrimental. The water contact angle of the cathode 
surface gradually increased from 94.3◦ to 128.5◦ when the PTFE/CB 
ratio was risen from 1 to 5 (Fig. S2a), in agreement with the greater 
hydrophobicity of the GDE interface that is expected to enhance the O2 
permeability. However, the number of active sites decreased concomi-
tantly due to the agglomeration of PTFE during the sintering process 
[24,50]. On the other hand, despite the outstanding H2O2 synthesis 
performance of the GDEs with PTFE/CB ratios of 1 and 2, such low PTFE 
loadings resulted in the easy collapse of the catalytic layer, which was 
structurally unstable in the absence of a greater amount of binder that 
could sustain the CB particles. Therefore, a moderate PTFE/CB ratio of 3 
was selected to provide a sufficient number of stable pore channels for 
rapid O2 transport, without compromising the electron transfer, as 
proven by the good H2O2 accumulation of up to 1087.4 mg L− 1 at 
360 min. Based on this and the result discussed in Fig. 3c, the perfor-
mance of a PTFE/PMHS-GDE fabricated with the optimized PTFE 
loading and a PMHS/PTFE ratio of 0.038 was evaluated. As depicted in  

Fig. 4. (a) Comparison of H2O2 concentration profiles using conventional two GDEs with different PTFE loadings and a novel PTFE/PMHS-GDE, in 0.05 M Na2SO4 at 
pH 6.1 and 25.0 mA cm− 2. (b) H2O2 concentration profiles using siloxane-modified GDEs (see structures of the modifiers), under the same conditions described in 
plot (a). (c) Comparison of the H2O2 yield at different current densities with values reported in the literature for carbonaceous cathodes [4,12,25,26,51–57]. (d) 
Stability test performed with the PTFE-GDE (dashed curves) and the PTFE/PMHS-GDE (solid curves) in ten consecutive runs, each of 6 h duration in 0.05 M Na2SO4 
at pH 6.1 and 25 mA cm− 2. 
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Fig. 4a, the accumulated H2O2 concentration was excellent, attaining up 
to 1874.8 mg L− 1 after 360 min, being much higher than that attained 
with a conventional PTFE-GDE (1087.4 mg L− 1). In addition, another 
GDE was fabricated employing an equivalent amount of PTFE to sub-
stitute PMHS, but the result was similar to the latter GDE (Fig. 4a), 
which corroborates the indispensable role of PMHS in boosting H2O2 
production. 

Aiming to further highlight the relevance of the Si-H bonds, poly 
(dimethylsiloxane)etherimide (PDMS-NH2) and 1,3-bis-(dichlor-
omethyl)- 1,1,3,3-tetramethyldisiloxane (PDMS-Cl) with similar mo-
lecular structures but different functional groups (see Fig. 4b) were used 
to prepare modified GDEs, following the same fabrication procedure. As 
shown in Fig. 4b, the H2O2 concentrations accumulated with the PDMS- 
NH2-GDE and PDMS-Cl-GDE were 1145.9 and 1401.1 mg L− 1 at 
360 min, respectively, being slightly higher than that attained with the 
conventional PTFE-GDE but much lower than using the PTFE/PMHS- 
GDE. These results demonstrate the crucial role of the electron- 
withdrawing Si-H bonds in the enhancement of H2O2 generation. 

The effect of several experimental parameters, including relative 
PMHS content, solution pH, and current density on the H2O2 concen-
tration profiles was investigated. The final accumulation of H2O2 was 
substantially improved from 1345.0 to 1874.8 mg L− 1 with an appro-
priate increase in the PMHS/PTFE ratio from 0.019 to 0.038, whereas 
higher loadings of PMHS significantly hampered the H2O2 generation 
(Fig. S1b). This observation is consistent with the maximum water 
contact angle (148.3◦) measured at the PMHS/PTFE ratio of 0.038 
(Fig. S2b). A low-to-moderate PMHS loading allows the creation of a 
superhydrophobic interface that ensures an efficient O2 supply and the 
presence of new active sites, but an excess of PMHS significantly de-
creases the surface hydrophobicity, consequently hindering the O2 
transport. As reported, redundant PMHS can fill the surface concave 
regions, resulting in a decrease in surface roughness. Note that this kind 
of correlation between the contact angle and surface roughness has been 
described for a hydrophobic surface [40]. These findings fully agree 
with the results presented in Figs. 3c and 3d. The effect of solution pH, 
between 3.0 and 11.0, on the accumulated H2O2 concentration using the 
PTFE/PMHS-GDE was studied as well. As depicted in Fig. S1c, the H2O2 
accumulation was very high (1487.6–1874.8 mg L− 1) within a wide pH 
range from 3.0 to 9.0, whereas its values dramatically dropped off to 
794.4 mg L− 1 after 360 min at pH 11.0. This decrease can be attributed 
to the rapid decomposition of H2O2 via the disproportionation Reactions 
(9) and (10), and the lack of protons required for H2O2 electrosynthesis 
in such a strong alkaline environment [12].  

H2O2 + OH− → H2O + HO2
− (9)  

H2O2 + HO2
− → H2O + O2 + OH− (10) 

Current density also has a significant influence on H2O2 production. 
Fig. 4c shows the H2O2 yields using the PTFE/PMHS-GDE at different 
current densities up to 100 mA cm− 2, as compared to results reported in 
the literature for H2O2 accumulation with GDEs. It can be observed that 
the new PTFE/PMHS-GDE exhibits the best 2e− ORR performance 
among all the GDEs, and the H2O2 productivities were progressively 
enhanced as the applied current was increased. Worth noticing, the 
H2O2 accumulation was only slightly improved or even inhibited with 
other GDEs at high current density, which has been usually explained 
from competitive parasitic reactions, such as the 4e− ORR, hydrogen 
evolution reaction and cathodic H2O2 decomposition [12]. Conse-
quently, most of the reported 2e− ORR systems based on GDEs exhibited 
a dramatic decay of Faradaic efficiency at elevated current density, 
making them unsuitable for industrial application [58]. In contrast, the 
PTFE/PMHS-GDE displayed only a slight decrease in efficiency, from 
100% to 82.2%, as the current density increased from 25 to 
100 mA cm− 2, demonstrating the high activity and selectivity of the 
PTFE/PMHS-GDE towards the H2O2 electrosynthesis even at demanding 
conditions (Fig. S3). This finding is very inspiring and favorable for the 

industrial scale-up of electrochemical devices, since they frequently 
require cathodes that can work at high current density. 

To inspect the long-term durability of the PTFE/PMHS-GDE, ten 
consecutive H2O2 production trials (each cycle prolonged for 6 h) were 
conducted at 25 mA cm− 2. As depicted in Fig. 4d, the accumulated H2O2 
concentration was kept at high levels ranging between 1874.8 and 
1449.3 mg L− 1, accounting for a 22.7% decrease as maximum after the 
10 runs. Accordingly, this was accompanied by very high faradaic effi-
ciencies ranging from 89.7% to 76.2%. The decay in performance is 
attributed to the imbalance between gas and liquid supply to the active 
sites of the GDE as the electrolysis is prolonged. This causes the gradual 
flooding of the pores by electrolyte penetration, inactivating some of the 
catalytic sites upon lack of sufficient O2 permeation [20]. Despite the 
observed decline in performance over prolonged exposure, the 
long-term running performance was superior to that of the PTFE-GDE, 
which suffered from more severe reductions in both H2O2 accumula-
tion (36.5% decrease) and faradaic efficiency (from 89.1% to 36.1%). 
Additionally, the contact angle of the PMHS-modified cathode under-
went only a slight decrease from 148.3º to 125.5º after the consecutive 
runs, still surpassing that of PTFE-GDE. The preserved super-
hydrophobic surface ensured efficient O2 diffusion (Fig. S4). Overall, 
these results confirm the promising long-term stability of the 
PTFE/PMHS-GDE, exhibiting great potential for larger-scale H2O2 
electrosynthesis. 

3.4. EF treatment of micropollutants with the PTFE/PMHS-GDE 

Once demonstrated that the PTFE/PMHS-GDE is able to boost the 
H2O2 production and perform very well for a long period, its feasibility 
to conduct the EF treatment of eight target organic micropollutants 
widely detected in water streams was evaluated. Prior to this, the effect 
of Fe2+ dosage and current density on the EF performance was evaluated 
for 60 min using a solution containing 20.0 mg L− 1 2,4-dichlorophenol 
(2,4-DCP). As can be seen in Fig. 5a, the decay of 2,4-DCP was 
enhanced at gradually higher Fe2+ dosage, and its total disappearance 
could be achieved in only 50 min employing 0.2 and 0.3 mM Fe2+. As 
shown in the inset, the pseudo-first-order rate constant increased (from 
0.028 to 0.095 min− 1) as the Fe2+ dosage rose from 0.1 to 0.3 mM. Since 
abundant H2O2 can be produced in this EF system, the increase in Fe2+

dosage favors the Fenton’s reaction, eventually yielding a higher 
amount of hydroxyl radical (•OH) that accelerate the 2,4-DCP degra-
dation. Similarly, the increase in current density also showed a positive 
influence, as deduced from Fig. 5b. A significant enhancement in the 
degradation rate constant, from 0.037 to 0.117 min− 1 was achieved 
when increasing the current density from 12.5 to 37.5 mA cm− 2. 
Conversely, at 50.0 mA cm− 2, the improvement was minor, due to the 
fact that an excessively high H2O2 concentration partly scavenges the 
•OH [59]. The degradation of other micropollutants was then carried out 
with 0.20 mM Fe2+ at 25 mA cm− 2. Fig. 5c shows that around 90% 
removal of each micropollutant (except 2,4-DCP and DCF) can be ob-
tained in only 20 min using the PTFE/PMHS-GDE. Its performance was 
superior to that of EF with a conventional PTFE-GDE in all the cases, in 
good agreement with the previous characterization of the GDEs. The low 
degradation efficiencies for 2,4-DCP and diclofenac sodium (DCF) so-
lutions are explained by their specific molecular structures, which may 
be more resistant to •OH attack [60]. Moreover, the residual H2O2 
concentrations after the treatment with PTFE/PMHS-GDE were much 
higher. Overall, these results demonstrate the great potential of the 
PTFE/PMHS-GDE as the cathode in EF system for wastewater treatment. 

3.5. Mechanistic insights 

To gain an in-depth understanding of the role of PMHS in the 
enhancement of the 2e− ORR, DFT calculations were performed. This 
allowed determining the Gibbs free energies of each elementary step of 
the ORR, as well as the charge distributions on the coordination 
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structures of sole graphene and PMHS@Graphene. As shown in Fig. 6a, 
the 2e− ORR pathway producing H2O2 competes with the 4e− reaction 
pathway. Specifically, the former consists of two steps, namely the 
generation and removal of the *OOH intermediate, while the cleavage of 
the O-O bond in *OOH to produce *O and *OH as intermediates gives 
rise to the 4e− route [28]. Therefore, the key to minimize the latter is to 
prevent the dissociation of the O-O bond in *OOH. As depicted in the 
free energy diagram calculated at 0 V vs RHE (Fig. 6b), the formation of 
*OOH via an endothermic O2 hydrogenation step is uphill, whereas 
other steps remain downhill for the materials under consideration, 
implying that it is the potential limiting step [61]. The Gibbs free energy 
difference of this step (ΔG*OOH) on PMHS@Graphene is much lower 
than that on sole graphene (0.02 vs 0.23 eV), demonstrating that the 
presence of PMHS favors the *OOH generation. On the other hand, the 
free energy change for the conversion of *OOH to *O (ΔG*O) on sole 
graphene is − 2.93 eV, much more negative than − 1.80 eV for the H2O2 
formation (ΔGH2O2), suggesting that the 2e− ORR on this material is 
suppressed. Regarding the PMHS@Graphene electrocatalyst, the ΔG*O 
becomes much more positive (− 1.86 eV) than that of graphene, while 
the ΔGH2O2 remains very similar (1.60 vs 1.80 eV), thereby corrobo-
rating that the presence of PMHS significantly inhibits the 4e− ORR 
pathway by preserving the *OOH intermediate from dissociation 
without sacrificing the 2e− ORR activity. Moreover, more insights into 
the role of the Si-H and Si-O-C groups in the enhancement of the 2e−

ORR were provided by investigating the *OOH adsorption free energy 
on three different sites. The *OOH adsorption largely determines the 
ORR and hence, the free energy for ideal 2e− ORR is 3.52 eV at the 

equilibrium potential of 0.70 V vs RHE [22]. As shown in Fig. 6c, the 
Si-H site has a free energy of 4.41 eV, being the closest to the ideal value, 
which means that the weakest adsorption of *OOH occurred on this site. 
The free energy on the Si-O-C site is also slightly more negative than that 
on the C site in PMHS@Graphene, suggesting its positive contribution to 
the 2e− ORR. On the other hand, the charge density analysis depicted in 
Fig. 6d reveals that the electrons tend to accumulate around the Si sites 
in PMHS, which modulated the local electric field of C sites in graphene, 
resulting in moderate charge transfer. These DFT results demonstrate 
that the Si-H and Si-O-C sites cannot only act as the active sites for the 
2e− ORR, but they also promote electron transfer during the reaction. 

4. Conclusions 

In summary, a highly hydrophobic PTFE/PMHS-GDE that can 
simultaneously enhance the O2 transport, H2O2 selectivity, and catalytic 
activity, has been rationally developed, thereby significantly improving 
the H2O2 yield as compared to other reported GDEs. The − CH3 groups in 
PMHS, with low surface energy, create a superhydrophobic three-phase 
interface that eliminates the O2 mass transport barrier for ORR, whereas 
the Si-H bonds and the as-formed Si-O-C sites modulate the coordination 
environment of carbon centers, achieving faster electron transfer and 
higher H2O2 selectivity. Consequently, the PTFE/PMHS-GDE yields the 
maximum H2O2 concentration of 1874.8 mg L− 1 after 360 min at 
25 mA cm− 2, being much higher than that of a conventional GDE. 
Moreover, the enhancement of EF system for wastewater treatment 
using the PTFE/PMHS-GDE was confirmed by the efficient degradation 

Fig. 5. Effect of (a) Fe2+ dosage and (b) applied current density on the decay of 2,4-dichlorophenol (2,4-DCP) during EF process using a PTFE/PMHS-GDE. In the 
insets, the corresponding pseudo-first-order kinetic analysis is illustrated. (c) Micropollutant removals and residual H2O2 concentrations achieved after 20 min of EF 
treatment using the conventional PTFE-GDE and the novel PTFE/PMHS-GDE. Conditions for trials in plot (c): [Micropollutant] = 20 mg L− 1; [Fe2+] = 0.20 mM; 
initial pH 3.0; current density = 25 mA cm− 2. Micropollutants: bisphenol A (BPA), naproxen (NPX), ciprofloxacin (CIP), amoxicillin (AMX), diclofenac sodium (DCF), 
Rhodamine B (RhB), Methyl Orange (MO) and 2,4-DCP. 
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of 8 micropollutants. This study is expected to exert a positive impact on 
EF systems that are designed by many scholars and, beyond this, the 
positive effects of the active sites in PMHS may serve to fabricate novel 
GDEs with better performance in other fields, such as electrochemical 
CO2 reduction. 
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