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Abstract: The electrochemical synthesis of hydrogen peroxide (H2O2) 

using the oxygen reduction reaction (ORR) requires highly catalytic 

active, selective, and stable electrode materials to realize a green and 

efficient process. The present publication shows a novel methodology 

for the continuous fabrication of stable and flexible tubular poly (3,4-

ethylenedioxythiophene) (PEDOT:PSS) and PEDOT:PSS/carbon 

nanotube (CNT) hollow fibers via a facile one-step wet-spinning 

approach. Additionally, electrochemical experiments reveal the 

catalytic activity of acid-treated PEDOT:PSS and its composites in the 

ORR forming hydrogen peroxide for the first time. Under optimized 

conditions, the composite electrodes with 40 wt.% CNT loading could 

achieve a high production rate of 0.01 mg/min/cm2 and a current 

efficiency of up to 54%. In addition to the high production rate, the 

composite hollow fiber has proven its long-term stability with 95% 

current retention after 20 h of hydrogen peroxide production.  

Introduction 

The electrochemical conversion of molecular oxygen in the 

oxygen reduction reaction (ORR) poses a green alternative 

towards the sustainable production of hydrogen peroxide[1,2]. 

Compared to the traditional anthraquinone process, the ORR is a 

one-step production process with fewer waste products, lower 

energy demand, and production costs[3]. 

Dissolved oxygen can be reduced in acidic aqueous solution on 

the cathode using two electrons (two-electron pathway) forming 

hydrogen peroxide (1). Two side reactions, namely the further 

reduction of hydrogen peroxide to water (2) or the direct reduction 

to water in the four-electron pathway (3), can hinder the efficient 

electrochemical synthesis of hydrogen peroxide. 

O! + 2H" + 2e# 	→ 	H!O!     (1) 

H!O! + 2H" + 2e# 	→ 	2	H!O    (2) 

O! + 4H" + 4e# 	→ 	 2	H!O     (3) 

 To favor the two-electron transfer reaction and increase the 

selectivity and production rate of hydrogen peroxide, the 

development of electrode materials with high catalytic activity and 

selectivity is paramount. Due to the high costs of noble metal 

catalysts for the ORR, massive efforts have been made to 

develop affordable metal-free catalysts with high performance, 
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good long-term stability, and robust mechanical properties, 

enabling their application beyond lab-scale experiments[1,2,4,5]. 

Besides the carbon-based materials like carbon nanotubes 

(CNTs) and graphene, which are extensively investigated and 

known to be suitable catalysts for the two electron-pathway, 

conducting polymers are a new catalyst class with great potential 

for the ORR[6,7]. Amongst the conducting polymers, poly (3,4-

ethylene dioxythiophene) (PEDOT) is the most investigated for 

ORR[8–12]. The inherent advantage of this material contributes to 

its high chemical stability, high mechanical flexibility, and its 

unique-combined electric and ionic conductivity[13]. Furthermore, 

PEDOT:PSS swells in aqueous media, forming a permeable 3D 

network enabling the coincidence of electrons, ions and reacting 

molecules[14]. 

Winther-Jensen et al. reported the catalytic ability of PEDOT 

towards the four-electron transfer in the ORR, showing a catalytic 

activity comparable to Platinum[15]. A second study by Winther-

Jensen et al. indicates that the catalytic activity of PEDOT 

electrodes and their ability to perform either the two- or four-

electron pathway are strongly affected by the preparation 

method[16]. Since then, different experimental and theoretical 

studies highlight the ability of PEDOT-based electrodes to reduce 

oxygen. However, the majority of research is focused on the four-

electron pathway[2,9,12,17–19]. In the first systematic study on the 

hydrogen peroxide formation using PEDOT in 2019, Mitraka et al. 

analyzed the hydrogen peroxide synthesis using different 

PEDOT-based electrodes. The study analyzed a commercially 

available PEDOT:PSS product, electropolymerized and 

chemically polymerized PEDOT formulations as thin-film 

electrodes[20]. Electrodes fabricated from the commercially 

available PEDOT:PSS formulation revealed the best performance 

with a current efficiency of 60-70% and a production rate of 0.006 

mg/min/cm² at pH 2. 

PEDOT:PSS is known to crystallize, increasing its conductivity 

and mechanical strength when exposed to sulfuric acid[21,22]. This 

crystallization process allows the synthesis of stable and highly 

conductive PEDOT parts in different geometries[13,17,21,23]. To the 

best of our knowledge, “acid-treated” PEDOT has not been 

investigated as a catalyst for the oxygen reduction reaction. 

However, it poses the advantages as mentioned above over the 

native PEDOT:PSS formulations. 

In the present publication, we analyze the catalytic performance 

of acid-treated PEDOT:PSS in the oxygen reduction reaction to 

answer whether this type of PEDOT is a suitable candidate for the 

synthesis of hydrogen peroxide. Furthermore, we report a novel 

wet-spinning process that enables the fabrication of porous 

tubular hollow fiber electrodes made from acid-treated 

PEDOT:PSS in a continuous process.  

Within the class of metal-free catalysts, carbon nanotubes (CNTs) 

have been reported as an efficient catalyst for hydrogen peroxide 

synthesis. Due to their high catalytic activity, CNTs have been 

successfully applied as a catalytic coating for macroscopic 

carbon-based electrodes[24,25]. In 2014, Gendel et al. reported the 

fabrication of microtubular all CNT electrodes[26]. The tubular 

geometry allows direct utilization as a gas diffusion electrode 

(GDE). Furthermore, it leads to a high surface to volume ratio and 

enables an increased packing density. Hydrogen peroxide was 

synthesized with a current efficiency of 48.9 % at -0.45V (vs. SHE 

- standard hydrogen electrode) and a production rate of 0.007-

0.008 g/min/cm2. A significant challenge connected to tubular 

CNT electrodes poses their limited mechanical stability, limited 

flexibility and contact resistances between the individual 

nanometer-sized carbon building blocks[18]. 

To overcome these drawbacks, we envision the development of 

composite electrodes made from highly conductive acid-treated 

PEDOT:PSS with embedded CNTs. Thereby a synergetic 

improvement of the electrode performance should be achieved, 

combining the catalytic activity of CNTs with the flexible and highly 

conductive PEDOT:PSS matrix. In 2018, Chen et al.[25] reported 

the modification of a carbon black GDE with a catalytic amount of 

PEDOT:PSS/CNT composites, which showed the first evidence 

for an improved hydrogen peroxide formation. To date, 
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freestanding PEDOT:PSS/CNT composites are not reported as 

electrodes for hydrogen peroxide production in literature. In the 

present publication, flat sheet and hollow fiber PEDOT:PSS/CNT 

composite electrodes with different CNT loadings have been 

fabricated, and the influence of the CNT addition on the material 

properties and their catalytic performance are evaluated. 

Results and Discussion 

Hollow Fiber Spinning 

The synthesis of PEDOT:PSS and PEDOT:PSS/CNT hollow 

fibers was performed using a bottom-up wet-spinning process. A 

unique 3D-printed core-shell spinning nozzle with a directly 

integrated coagulation/crystallization bath (see Figure 1 (a)) was 

developed for fiber fabrication utilizing a PEDOT:PSS solution as 

the shell fluid and concentrated sulfuric acid as the 

coagulation/crystallization bath and the bore fluid (Figure 1 (b)). 

The dimensions of the bore (1.0 mm in diameter) and the shell 

(3.0 mm in diameter) nozzle were chosen in a way, that on the 

one hand, blocking of the nozzle during the spinning process is 

avoided, and at the same time, the thickness of the PEDOT:PSS 

shell fluid is thin enough to ensure a fast and full solidification 

which is paramount for the formation of stable hollow fibers. With 

the given combination of nozzle dimension and flow rates of the 

shell and bore fluid, fibers can be fabricated continuously with a 

speed of 1.9 m/min. Upon exposure of the shell fluid to the sulfuric 

acid in the fiber lumen and the coagulation bath, the colloidally 

stable PEDOT:PSS suspension solidifies into a stable hollow fiber 

geometry. The solidification results from the crystallization of 

PEDOT by the partial dehydration of the suspension and the 

removal of negatively charged PSS, leading to less repulsion 

between the individual PEDOT domains (see Figure 1 (b))[22]. The 

crystallization of the utilized PEDOT:PSS suspension after acid 

treatment was confirmed using X-Ray Diffraction Analysis (XRD) 

(see Figure S1). The XRD spectra of acid-treated PEDOT: PSS 

revealed three pronounced reflection peaks at 2θ = 6.1°, 11.7° 

and 26.2°. These peaks correspond to the (100) (200) and (010) 

planes of crystalline PEDOT: PSS and agree with literature 

reporting the crystallization of PEDOT: PSS in sulfuric acid[27]. In 

contrast to this, the untreated PEDOT: PSS sample reveals no 

sharp and less pronounced reflection peaks, indicating the 

amorphous structure of this sample[22,28]. 

 

 

Figure 1. (a) CAD drawing of the 3D-printed core-shell spinning nozzle; (b) One-step hollow fiber spinning process via sulfuric acid induced crystallization of a 

PEDOT:PSS suspension; (c) N2 isotherms at 77K for PEDOT:PSS and PEDOT:PSS/CNT composite fibers. 
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Figure 2. (a) Hollow fiber spinning process; Light-microscopic image of (b) wet hollow fiber; (c) dry hollow fiber; Electron micrographs of the cross-section and 

surface morphology of (d-f) PEDOT:PSS hollow fibers; (g-i) 40 wt.% composite hollow fibers. 

Using the 3D-printed spinning setup (see Figure 2 (a)), we 

synthesized PEDOT:PSS and PEDOT:PSS/CNT composite 

fibers with 40 wt.% CNT loading (see supporting videos SV1 and 

SV2). The CNTs were dispersed by ultrasound in the 

PEDOT:PSS suspension before spinning, ensuring an even 

distribution. Both fiber types are analyzed by N2 

adsorption/desorption experiments to evaluate the proposed 

increased surface area and porosity due to the CNT addition. Fig. 

1 (c) shows the isotherms for the PEDOT:PSS fiber and the 

PEDOT:PSS/CNT composite fiber. The isotherm of the composite 

fiber shows significant adsorption, whereas nearly no adsorption 

is detectable with the PEDOT:PSS fiber. The Brunauer-Emmett-

Teller (BET) surface areas are determined to be 1.6 m2 g−1 for the 

PEDOT:PSS and 53.7 m2 g−1 for the composite fiber indicating an 

increase in surface area by a factor of 33. 

Figure 2 (b, c) shows the obtained fibers in the wet and the dry 

state. The pictures reveal the macroscopic fiber morphology, 

depicting flexible fibers with an even outer diameter (2.0 mm) in 

the wet state and a decreased diameter in the dry state (1.5 mm). 

When exposed to aqueous media, the polymer network of the 

fibers swells, generating more free volume within the polymer and 

thereby increase the available area for electrochemical 

reactions[29].  

Electron microscopy was utilized to analyze the microscopic fiber 

morphology. The cross-section images depict a macroporous 

composite hollow fiber in Figure 2 (g) with a wall thickness of 200 

µm and an outer fiber diameter of 2.0 mm. Compared to the 
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symmetrical cross-section of the composite hollow fiber, the 

PEDOT:PSS fiber has an unsymmetric structure with a varying 

wall thickness (Figure 2 (d)). The high-resolution cross-section 

images of both fibers reveal a lamellar structure (Figure 2 (e, h)). 

In the composite fiber (Figure 2 (h)), a high quantity of evenly 

distributed CNTs forming an interconnected network is visible. 

The more uniform fiber shape and the absence of large defects 

may be attributed to the dispersed CNTs, creating a network 

during spinning, which stabilizes the shape of the shell fluid during 

the solidification process. Figure 2 (f, i) shows the respective 

electron microscopy images of the fiber surface. In direct 

comparison, the surface of the composite hollow fiber in Figure 2 

(i) reveals an increased roughness and a specific porosity. The 

pure PEDOT: PSS fiber has, in contrast, a smooth surface without 

visible pores (see Figure 2 (f)). In summary, we could report the 

successful synthesis of PEDOT-based hollow fibers for the first 

time using a continuous bottom-up sinning process. 

 

Composite Characterization 

 

To evaluate the effect of the CNT addition on the material 

properties, we fabricated acid-treated flat sheets with CNT 

loadings between 0 wt.% and 40 wt.%. 40 wt.% CNT loading 

poses the upper limit within this work as a higher concentration 

hinders the formation of stable fibers and flat sheets. The flat 

sheet geometry was chosen as it allows the fast and accurate 

analysis of different material properties. Concerning the desired 

application within an electrochemical cell, the conductivity and the 

capacitance were analyzed.  

Figure S2 depicts the impact of different CNT loadings on the 

microscopic flat sheet morphology. The cross-section of 

PEDOT:PSS is smooth and without any defects. By increasing 

the CNT loading from 5 wt.% to 40 wt.%, the PEDOT:PSS/CNT 

composites reveal a more pronounced layered structure with a 

densely interconnected fibrous CNT network. For all CNT 

loadings, a homogenous CNT distribution without any apparent 

aggregation within the PEDOT:PSS matrix is achieved. The 

surface of the composite flat sheets reveals an increased 

roughness compared to the PEDOT: PSS samples, which is in 

agreement with the observation made during hollow fiber 

synthesis.   

Figure 3 shows the impact on different CNT loadings between 0 

wt.% and 40 wt.% on the conductivity and the capacitance. 

PEDOT rectangular flat sheets with a size of 4 x 4 mm were 

connected on each side using silver plates to minimize contact 

resistances (see Figure S3) to measure the conductivity. Acid-

treated pure PEDOT:PSS has a conductivity of 224 S/cm, 

indicating that the acid treatment indeed sharply improved the 

conductivity compared to its original PEDOT:PSS product, which 

has an initial conductivity of 0.3 S/cm[30]. Within the interval 

between 0 wt.% and 10 wt.%, the conductivity increases by a 

factor of two to 484 S/cm. This increase can be attributed to the 

well-dispersed CNTs forming conducting pathways within the 

composite material. The increasing loading of CNTs may help to 

build the network structure through the interpenetration of CNTs 

and PEDOT:PSS[23], forming the percolating path of CNTs in the 

polymer matrix[31], and the high tunnelling effect between CNT 

Figure 3. Conductivity and Capacitance of PEDOT:PSS and PEDOT:PSS/CNT 
composite flat sheets with CNT loadings between 0 wt.% and 40 wt.% (Each point 
represents the mean value of at least three independent measurements. The 
error bars represent the respective standard deviation). 
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junctions. Due to the π-π interaction of CNTs and thiophene ring, 

the charges become more delocalized on the PEDOT:PSS chains, 

leading to electronic density transfer from PEDOT to CNTs[32]. 

A further increase in CNT loading leads to a decreasing 

conductivity. Between 10 wt.% and 40 wt.%, the conductivity 

continuously decreases towards the initial value of acid-treated 

PEDOT:PSS. This decrease in conductivity may be attributed to 

the fact that, at such high concentrations, the contact resistances 

between the individual CNTs become dominant[33]. The contact 

resistance between individual CNTs was also identified as the 

limiting factor in tubular all CNT electrodes, which show a 

conductivity of 20 S/cm[26]. These contact resistances are reduced 

for CNT loadings within the composite material up to 10 wt.% due 

to the highly conductive PEDOT:PSS matrix that surrounds and 

connects the individual CNTs[32]. This optimum in conductivity for 

PEDOT:PSS/CNT composites with high CNT loadings has not 

been reported in the literature on composites with small CNT 

loadings[23][33].  

In addition to the conductivity measurement, the influence of the 

CNT loading on the capacitance was analyzed. The 

measurement was performed in a specially designed test cell 

using a three-electrode setup as depicted in Figure S4. The 

capacitance measurement reveals a similar trend observed for 

the conductivity, with the highest capacitance measured for the 

composite with a CNT loading of 10 wt.%. Using this composite, 

the capacitance is increased by 70% compared to the pure 

PEDOT:PSS sample. Furthermore, the capacitance is higher 

compared to a pure CNT sample (22.38 ± 7.87 F/g). A possible 

explanation for this increase poses the combination of the double-

layer capacitance originally from CNTs and the pseudo-

capacitance from PEDOT:PSS. Furthermore, the open 

mesoporous CNT network, improves the accessibility of the 

electrode/electrolyte interface and enables quick charge transport 

into the entire composite electrode thereby allowing fast and 

efficient charge/discharge cycles[34][35]. At higher CNT loadings, 

the slight decrease in capacitance may be attributed to the overall 

decreasing conductivity or CNT agglomeration. In summary, the 

results highlight the synergistic improvement of the electrical 

properties within the composite material, leading to an improved 

conductivity and capacitance compared to the individual starting 

materials. 

A significant drawback of nanocarbon materials as CNTs poses 

their limited processability into stable freestanding electrodes. In 

contrast to the high mechanical strength of the individual CNTs 

macroscopic all CNT electrodes are self-supporting networks of 

entangled CNT assemblies arranged randomly and held together 

in a buckypaper or a tubular structure by van der Waals 

interactions between the individual CNTs[36–38]. Regarding 

electrochemical reactors beyond the lab-scale, the mechanical 

stability of those nanocarbon electrodes is a challenge. Within the 

present work, individual CNTs are embedded into a conductive 

PEDOT:PSS matrix to increase the durability and flexibility 

compared to the pure CNT material. Table 1 presents the 

mechanical properties of the developed freestanding 

PEDOT:PSS and PEDOT:PSS/CNT composite electrodes 

directly compared to a freestanding all CNT electrode[39]. The 

addition of CNTs to the PEDOT:PSS matrix leads to a reduction 

in Young’s Modulus, break stress and break strain. In direct 

comparison to the mechanical properties of all CNT electrodes, 

the PEDOT:PSS/CNT composite reveals significantly improved 

mechanical properties. Due to the addition of PEDOT:PSS as a 

conductive matrix, the Young’s Modulus and the break strain of 

the composite are increased to a factor of 3.6 and 1.9, thereby 

achieving a superior combination of flexibility and toughness. 

These results highlight the suitability of PEDOT:PSS as a 

polymeric binder stabilizing the otherwise loosely interconnected 

CNT network.  
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Table 1. Mechanical properties of free-standing electrodes (the mean value and 

standard deviation were calculated based on five independent measurements). 

Sample 
Young’s 

Modulus, GPa 

Break Stress, 

MPa 

Break 

Strain, % 

PEDOT:PSS 0.39 ± 0.21 34.21 ± 11.78 6.38 ± 2.18 

40 wt.% composite 0.29 ± 0.16 15.72 ± 1.94 4.86 ± 1.34 

CNT 0.08 ± 0.006 1.33 ± 0.40 2.60 ± 0.26 

 

Oxygen Reduction Reaction  

 

The catalytic activity of acid-treated PEDOT:PSS and 

PEDOT:PSS/CNT composite electrodes towards the oxygen 

reduction reaction was analyzed in a H-cell setup by cyclic 

voltammetry (CV) and chronoamperometry (CA) experiments. 

Figure 4 depicts the respective cyclic voltammograms (CVs) 

under oxygen and nitrogen gassing between −1.4 V and 1.3 V (vs. 

SHE) at a scan rate of 10 mV/s for a PEDOT:PSS (see Figure 4 

(a)) and a PEDOT:PSS/CNT electrode with a CNT loading of 40 

wt.% (Figure 4 (c)).  To determine the suitable potential range for 

the electrochemical reduction of oxygen and mitigate hydrogen 

evolution, CVs were also measured under nitrogen gassing. In the 

forward scan direction from positive towards negative potentials 

( -1.3 V to 1.2 V (vs. SHE)), no significant current flow can be 

detected under nitrogen gassing for the PEDOT:PSS electrode . 

Only a small current peak can be observed between 0.1 and - 0.5 

V (vs. SHE). At lower potentials, the current density decreases. 

This behaviour can be explained by the transition of the 

PEDOT:PSS electrode from the conductive oxidized into the 

nonconductive reduced form[40]. The results indicate that pure 

PEDOT:PSS electrodes do not significantly favor the hydrogen 

evolution reaction, which is in agreement with literature on acid 

treated vapour-phase polymerized PEDOT electrodes[41]. In 

contrast to the PEDOT:PSS electrode, the PEDOT:PSS/CNT 

composite electrode shows an increasing current density for 

potentials between - 0.5  and - 1.4 V (vs. SHE), which indicates 

the activity of the embedded CNTs for the hydrogen evolution 

reaction within this potential range. To avoid the loss of the 

electrode conductivity and suppress the hydrogen evolution 

reaction, the potential for the oxygen reduction reaction should be 

located above - 0.5 V (vs. SHE). 

In contrast to the cyclic voltammetry under nitrogen gassing, the 

experiment in the presence of oxygen shows significantly higher 

current densities within the low potential range for both electrode 

types. This increased current density indicates the catalytic 

activity of acid-treated PEDOT:PSS with an onset potential of 0.1 

V (vs. SHE). Within the potential range between 0.1 and - 0.5 V 

(vs. SHE) both electrodes show an increasing current density to 

a final value of - 1.6 mA/cm² for the PEDOT:PSS and -1.3 mA/cm² 

for the composite electrode. For more negative potentials, the 

current decreases for the PEDOT:PSS electrode, which can be 

attributed to the loss in conductivity and activity. In contrast to this, 

the current density increases steadily for the composite electrode, 

which can be explained by the onset of the hydrogen evolution 

reaction measured under nitrogen gassing for potentials lower 

than - 0.5 V (vs. SHE). The cyclic voltammetry experiments reveal 

the activity of both electrode types towards the oxygen reduction 

reaction. However, the selectivity towards the desired two-

electron transfer forming hydrogen peroxide and its production 

rate cannot be extracted from these experiments. 

To evaluate the selectivity of the developed electrodes towards 

the two-electron ORR to hydrogen peroxide, chronoamperometry 

experiments were performed at different potentials (0.25 and - 

0.75 V vs. SHE) for 180 min. Figure S5 shows the development 

of the hydrogen peroxide concentration in the electrolyte. For all 

tested potentials and both electrode types, the hydrogen peroxide 

concentration increases linearly with time, proving that the 

electrodes can produce hydrogen peroxide at a constant rate. The 

current efficiency and the hydrogen peroxide production rate were 

calculated based on these experiments to analyze the electrode 

performance within the given potential range and benchmark it 
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against other PEDOT:PSS and CNT-based electrodes from 

literature (see Figure 4 (b, d)). 

The PEDOT:PSS electrode shows the highest current efficiency 

of 71 % at a potential of 0 V (vs. SHE), which decreases 

continuously towards 46% at a potential of - 0.5 V (vs. SHE). After 

this decrease, the current efficiency stays constant for the lowest 

potential. This decrease may be attributed to the increasing extent 

of side reactions, or limited oxygen solubility in the electrolyte. In 

contrast to the decreasing efficiency, the hydrogen peroxide 

production rate continuously increases up to 0.005 mg/min/cm² at 

a potential of - 0.50 V (vs. SHE) and stays nearly constant until - 

0.75 V (vs. SHE). The increase can be explained by the more 

potent driving force due to the increasing potential. However, the 

reduction of PEDOT:PSS at - 0.75 V (vs. SHE) combined with 

increasing side reactions limited this increase. For the first time, 

the results show that acid-treated PEDOT:PSS is a suitable 

catalyst for the electrochemical synthesis of hydrogen peroxide.  

 
Figure 4. Cyclic voltammetry of flat sheet electrodes under N2 and O2 gassing: (a) PEDOT:PSS; (c) 40 wt.% PEDOT:PSS/CNT composite. Current efficiency and 

H2O2 production rate calculated from potentiostatic experiments at 5 different potentials: (b) PEDOT:PSS; (d) 40 wt.% PEDOT:PSS/CNT composite.
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Figure 4 (d) shows the development of the current efficiency and 

production rate for a PEDOT:PSS/CNT composite electrode with 

a CNT loading of 40 wt.%. The composite electrode shows an 

optimum current efficiency of 71% and a production rate of 0.004 

mg/min/cm² at a potential of - 0.25 V (vs. SHE). For lower 

potentials, the current efficiency strongly decreases towards 0%. 

This substantial decrease can be explained by the pronounced 

activity towards the hydrogen evolution (see Figure 4 (c)) within 

this potential range in combination with the reduction of 

PEDOT:PSS. The composite electrode reveals a higher current 

efficiency of 71% at a potential of - 0.25 V (vs. SHE) in comparison 

to the pure PEDOT:PSS electrode (60.9%). Thereby the 

hydrogen peroxide production rate at the point of the highest 

efficiency is increased by a factor of 1.3 to 0.004 mg/min/cm².  

This superior combination of high selectivity and activity highlights 

the synergistic effects of incorporating catalytic active CNTs into 

the flexible, conductive, and catalytic active PEDOT:PSS matrix. 

This leads to an improved electrode performance compared to 

pure PEDOT:PSS electrodes and comparareable catalytic activity 

to tubular  pure CNT gas diffusion electrodes[20][26].  

Using this highly efficient and active composite electrode material, 

the suitability of wet spun composite hollow fibers with a CNT 

loading of 40 wt.% (see Figure 2 (g-i)) is analyzed by 

chronoamperometry at the optimum potential of - 0.25 V (vs. SHE).  

The hollow fiber electrode reaches a current efficiency of 54.3% 

and a significantly increased hydrogen peroxide production rate 

of 0.011 mg/min/cm². The pronounced increase in hydrogen 

peroxide production rate may be attributed to the hollow fiber's 

porous lamellar structure, which improves the accesablility of the 

active sites and allows the electrochemical reaction within the 

entire fiber wall. 

Besides the high activity of the composite hollow fiber, the long-

term stability of an electrode poses a vital parameter with respect 

to the implementation in an electrochemical process. Figure 5 

depicts the development of the current during a long-term 

experiment at a constant potential of - 0.25 V (vs. SHE). The  

 

composite fibers exhibited a stable current with a high relative 

current retention of 95.1% after a 20 h experiment, indicating 

sufficiently long-term stability of the wet-spun fiber electrode[9,42].   

Conclusion  

A novel one-step fabrication platform for the continuous 

production of PEDOT:PSS as well as PEDOT:PSS/CNT 

composite hollow fibers with a CNT loading of up to 40 wt.% was 

developed. The process is based on a 3D‐printed core-shell 

spinneret for bottom-up spinning, which allows for stable fiber 

formation by the acid-induced coagulation and crystallization of 

the PEDOT:PSS shell fluid. The addition of CNTs into the 

PEDOT:PSS matrix has shown to improve the spinning process 

allowing the fabrication of evenly shaped porous hollow fibers. 

Mechanical analysis of the PEDOT:PSS/CNT composites reveal 

a significantly increased Youngs Modus (factor 3.8) and Tensile 

Strength (factor 1.8)  compared to conventional tubular all CNT 

electrodes. Furthermore, the addition of CNT leads to an 

increased inner surface area.  The addition of CNTs increases the 

conductivity and capacitance of the composite material with an 

optimum CNT loading of 10 wt. %. Electrochemical experiments 

Figure 5. Long-term durability test in ORR at – 0.25 V vs. SHE for a 
PEDOT:PSS/CNT composite fiber with a CNT loading of 40 wt.%. 
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prove the suitability of acid-treated PEDOT:PSS for the 

electrochemical synthesis of hydrogen peroxide. Under optimized 

conditions, the fabricated PEDOT:PSS CNT hollow fiber 

electrodes produce hydrogen peroxide with a production rate of 

up to 0.01 mg/min/cm² with a faradaic efficiency of 54%. 

Furthermore, the electrode has proven to be long-term stable with 

a current retention of 95% during 20h of hydrogen peroxide 

synthesis.  This type of electrode has excellent potential for 

application in larger electrochemical modules due to the 

combination of high mechanical strength and high catalytic 

activity and stability. The fabrication process offers a large degree 

of flexibility and can be adapted to different fiber sizes and carbon-

based or metal-based additives, enabling new PEDOT:PSS 

composite hollow fibers in the future. Due to the tubular and 

porous nature of the hollow fibers a potential application could be 

within the field of gas diffusion electrodes or electroactive 

membranes combining electrochemical reactions and a 

separation task within one process step.    

Experimental Section 

Materials: Clevious PH1000 PEDOT:PSS solution (Heraeus, 1.3 wt.% in 

water), multiwalled carbon nanotubes (Bayer Material Science, purity > 99 

wt.%, diameter: 4-13 nm, length: >1 µm), Triton X-100 (Sigma Aldrich, 

pure), phosphate-buffered saline (PBS) (Sigma Aldrich), sulfuric acid 

(Sigma Aldrich, 97 %), sodium sulfate (Sigma Aldrich, purity > 99.0 %), 

hydrogen peroxide (Sigma Aldrich, 30%) and ammonium metavanadate 

(Sigma Aldrich, purity > 99.0 %) were used without any further purification. 

Preparation of PEDOT:PSS/CNT solution: A aqueous dispersion of CNT 

with a concentration of 15 mg/g was prepared by the addition of the 

corresponding amount of CNT to deionized water containing 1 wt.% Triton 

X-100. The mixture was vigorously stirred for 30 min, followed by 3 h of 

sonication (Hielscher, UP200S, cycle 0.8, amplitude 65%). In the following 

experiments, different amounts of this stock solution were added into 

PEDOT:PSS solution to achieve final  CNT concentrations of 5 wt.%, 10 

wt.%, 20 wt.%, 30 wt.%, and 40 wt.%. 

Hollow fiber spinning: The hollow fiber fabrication was performed via a 

bottom-up spinning process in a self-design 3D-printed core-shell 

spinneret (see Figure 1(b)). The core-shell consists of two concentric 

channels with a diameter of 1.0 mm (core fluid) and 3.0 mm (shell fluid). 

The shell fluid (PEDOT:PSS or PEDOT:PSS/CNT solution) was fed into 

the spinneret with a flow rate of 12 ml/min, while sulfuric acid (97 %) was 

supplied as the core fluid with a flow rate 5 mL/min. During fiber spinning, 

the fibers were spun into a coagulation bath containing sulfuric acid with 

the same concentration as the core fluid. After a residence time of one 

minute in the coagulation bath,  the fibers were washed extensively with 

water to remove excess sulfuric acid.  

Flat sheet fabrication: Flath sheets with an identical composition of the 

hollow fibers were prepared via drop-casting 0.5 g PEDOT:PSS or 

PEDOT:PSS/CNT solution onto a glass slide followed by evaporation of 

the remaining water at 50°C for 3 h. Subsequently, the flat sheets were 

immersed in 97 wt.% sulfuric acid for 1 min and extensively washed with 

deionized water.  

Morphology and physical characterization: The morphologies of 

PEDOT:PSS and PEDOT:PSS/CNT samples were analyzed by field 

emission scanning electron microscopy (FeSEM Hitachi S4800) and 

scanning electron microscopy (SEM) a TM4000Plus Hitachi Tabletop 

Microscope. X-Ray Diffraction (XRD) analysis was performed using an 

Empyrean X-ray Diffractometer from  PANalytical equipped with a  Cu-

anode.  The  analyses  were performed  with  the following parameters: U 

= 40 kV, I = 40 mA, λKα1 = 0.1540 nm, 4°-45° at room temperature. The 

specific surface area of  PEDOT:PSS and PEDOT:PSS/CNT hollow fiber  

was determined by  N2 adsorption/desorption at 70 K.  The measurements 

were carried out using a Quantachrome Quadrasorb SI instrument.  The 

samples were degassed under vacuum at a temperature of 250 C̋ and 

maintained for 12 h before performing the measurement. The specific 

surface area was calculated using the Brunauer-Emmett-Teller (BET) 

theory.  

Conductivity and capacitance measurements: The conductivity of 

PEDOT:PSS and PEDOT:PSS/CNT flat sheets was measured by the two-

point method, ensuring a reproducible good electrical connection by two 

silver plates pressed onto each end of the thin film. Prior to each 
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experiment, the thickness of each individual film and the distance  between 

the silver plates was measured. A schematic drawing of the conductivity 

measuring cell is depicted in Figure S3. The electrochemical cell for the 

capacitance measurement is shown in Figure S4. The measuring cell 

consists of two Fluorine doped Tin Oxide (FTO) glasses (50 mm x 50 mm 

x 2.2 mm) acting as the working (WE) and counter electrode (CE)  pressed 

to the top and the bottom of a PDMS slab (0.5 mm thickness) with a 

cylindrical opening (0.75 mm diameter) forming the measuring cell. The 

bottom FTO glass was equipped with a PEDTO:PSS or PEDOT:PSS/CNT 

flat sheet. Prior to the experiment, the cell was filled with PBS buffer 

solution (1X, pH 7.4), and a standard hydrogen reference electrode (SHE) 

(Mini HydroFlex® from gaskatel) was inserted from the side into the 

measuring cell. The capacitance of the thin films was measured by cyclic 

voltammetry (CV) in a potential range between 0 V - 0.5 V (vs. SHE), and 

a scan rate is 50 mV/s for 5 cycles. The obtained cyclic voltammetry curve 

(last cycle) was used to calculate the gravimetric capacitance CM (F/g)  

based on the following equation: 

C$ =
1

ΔV ⋅ k ⋅ m
⋅ 1 i dV

%"&'

%
 

V is the lower starting voltage (V vs. RHE), ΔV is the potential window (V 

vs. RHE), k is the scan rate (mV/s), m is the electrode mass (g), and i is 

the current (A). 

Electrode preparation: Flat sheet electrodes were build using rectangular 

PEDOT:PSS and PEDOT:PSS/CNT composite flat sheets (1 x 1 cm) 

which were fabricated as described above. The flat sheet was glued with 

a carbon based conductive glue (Leit-C, Sigma Aldrich) to a titanium plate 

(1.5 x 2 cm). After drying, the uncovered titanium plate and the excess of 

the PEDOT:PSS flat sheet was sealed with hot glue, forming a round 

working electrode with a surface area of  1.13 cm2 and avoiding direct 

contact between the electrolyte and the titanium plate. During the 

experiment the electrodes were contacted at the top of the titanium plate. 

Tubular electrodes were fabricated by inserting a thin titanium wire (0.2 

mm diameter)  coated with conductive glue (Leit-C, Sigma Aldrich) into a 

PEDOT:PSS/CNT hollow fiber. After drying the bottom opening of the 

hollow fiber was sealed with a drop of hot glue. The top part of the 

electrode was covered with shrinking tubing. Thereby the free fiber length 

was set to 3-4 mm and a contact between the uncoated titanium wire and 

the electrolyte is avoided. During the electrochemical experiment 4 

electrodes were bundeled and connected at the top of the titanium wire to  

the power source. The exact surface area of each electrode was 

investigated after the experiment via electron microscopy.  

Electrochemical experiments: The analysis of the oxygen reduction 

reaction (ORR) was performed using a three-electrode setup in an H-cell 

filled with 80 mL of 50 mM sodium sulfate solution at pH 3 (Figure S6). A 

cation exchange membrane was implemented to separate the cathodic 

and anodic compartments. A mercury-sulfate electrode (Hg/Hg2SO4) in 0.5 

mol/L Hg2SO4 placed near to the PEDOT:PSS working electrode (surface 

area of each flat sheet electrode: 1.13 cm2 , surface area for tubular 

electrodes: 0.55 cm2) was used as a reference electrode (RE). A titanium 

mesh coated with platinum was used as a counter electrode in the anodic 

compartment. The ORR was performed for different potentials under 

nitrogen or oxygen gassing. Pure nitrogen or ogygen was supplied to the 

solution and the electrodes via a gas inlet of the H-cell equipped with a 

porous gas diffusor. To ensure the saturation of the electrolyte with oxygen 

or nitrogen, the measuring cell was bubbled with the respective gas for 20 

min before the experiment. H2O2 was quantified photometric at 450 nm 

based on the formation of peroxovanadium cation by the ammonium 

metavanadate reaction with H2O2 in an acidic solution[43]. The ammonium 

metavanadate solution was prepared by dropwise addition of 10 mL 

sulfuric acid (9 mol/L) to 1.7547 g ammonium metavanadate. The solution 

was stirred for one hour at 50 °C. After complete dissolution, the solution 

was cooled down to room temperature and diluted with DI water was to a 

final volume of 250 mL.  Samples of 2 mL were taken in regular time 

intervals from the cathodic compartment of the H-cell and mixed 

immediately with 0.8 mL ammonium metavanadate solution. The samples 

were stored in the fridge until the UV/VIS-Spectrometer measurement. The 

calibration curve (see Figure S7) was measured with standard solutions 

prepared by diluting 30% H2O2 solution to 2.5 mg/L, 5 mg/L, 10 mg/L, 25 

mg/L, 50 mg/L, 100 mg/L and 200 mg/L. The corresponding H2O2 

concentration was calculated using the determined calibration curve. The 

measured amount of synthesized H2O2 in combination with the measured 

current flow during the ORR was utilized to calculate the current efficiency 

(CE) of the process according to the following equation[25]: 

CE =
n ⋅ F ⋅ C(!)! ⋅ V
M(!)! ⋅ I ⋅ t

× 100% 
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Where n is the electron transfer number in ORR (n=2), F is the Faraday 

constant (96485 C/mol), C H2O2 and M H2O2 is H2O2 concentration in the 

electrolyte and the molecular mass of H2O2 (34 g/mol). 

Acknowledgments  

The work gratefully acknowledges the financial support of the 

China Scholarship Council. M.W. acknowledges the support 

through the Gottfried Wilhelm Leibniz award; This project has 

received funding from the European Research Council (ERC) 

under the grant agreement No. 694946 and by the Deutsche 

Forschungsgemeinschaft (DFG, German Research Foundation) 

under Germany’s Excellence Strategy – Exzellenzcluster 2186 

‘The Fuel Science Center’ ID: 390919832. 

Keywords: Carbon nanotubes • Electrochemistry • PEDOT • 

Polymers • Oxygen reduction reaction 

 

 

[1] K. Jiang, J. Zhao, H. Wang, Adv. Funct. Mater. 2020, 30, 1–11. 

[2] K. Wang, J. Huang, H. Chen, Y. Wang, S. Song, Chem. Commun. 

2020, 56, 12109–12121. 

[3] J. M. Campos-Martin, G. Blanco-Brieva, J. L. G. Fierro, Angew. 

Chemie - Int. Ed. 2006, 45, 6962–6984. 

[4] E. Jung, H. Shin, W. Hooch Antink, Y. E. Sung, T. Hyeon, ACS 

Energy Lett. 2020, 5, 1881–1892. 

[5] L. Dai, Y. Xue, L. Qu, H. J. Choi, J. B. Baek, Chem. Rev. 2015, 115, 

4823–4892. 

[6] S. Siahrostami, S. J. Villegas, A. H. Bagherzadeh Mostaghimi, S. 

Back, A. B. Farimani, H. Wang, K. A. Persson, J. Montoya, ACS 

Catal. 2020, 10, 7495–7511. 

[7] H. Rabl, D. Wielend, S. Tekoglu, H. Seelajaroen, H. Neugebauer, N. 

Heitzmann, D. H. Apaydin, M. C. Scharber, N. S. Sariciftci, ACS 

Appl. Energy Mater. 2020, 3, 10611–10618. 

[8] X. Gao, J. Ma, Y. Li, H. Wei, Int. J. Electrochem. Sci. 2017, 12, 

11287–11297. 

[9] M. Zhang, W. Yuan, B. Yao, C. Li, G. Shi, ACS Appl. Mater. 

Interfaces 2014, 6, 3587–3593. 

[10] V. Gueskine, A. Singh, M. Vagin, X. Crispin, I. Zozoulenko, J. Phys. 

Chem. C 2020, 124, 13263–13272. 

[11] J. Ma, T. Xue, Z. Zou, B. Wang, M. Luo, Int. J. Electrochem. Sci. 

2015, 10, 4562–4570. 

[12] J. A. Vigil, T. N. Lambert, K. Eldred, ACS Appl. Mater. Interfaces 

2015, 7, 22745–22750. 

[13] R. Sarabia-Riquelme, R. Andrews, J. E. Anthony, M. C. 

Weisenberger, J. Mater. Chem. C 2020, 8, 11618–11630. 

[14] L. Bießmann, L. P. Kreuzer, T. Widmann, N. Hohn, J. F. Moulin, P. 

Müller-Buschbaum, ACS Appl. Mater. Interfaces 2018, 10, 9865–

9872. 

[15] B. Winther-Jensen, O. Winther-Jensen, M. Forsyth, D. MacFarlane, 

Science (80-. ). 2008, 321, 671–674. 

[16] R. Kerr, C. Pozo-Gonzalo, M. Forsyth, B. Winther-Jensen, ECS 

Electrochem. Lett. 2013, 2, 29–32. 

[17] P. P. Cottis, D. Evans, M. Fabretto, S. Pering, P. Murphy, P. Hojati-

Talemi, RSC Adv. 2014, 4, 9819–9824. 

[18] J. Li, J. Ma, H. Lu, Z. Sheng, S. Yang, J. Wu, New J. Chem. 2020, 

44, 6435–6442. 

[19] S. K. Singh, X. Crispin, I. V Zozoulenko, J. Phys. Chem. C 2017, 

121, 12270–12277. 

[20] E. Mitraka, M. Gryszel, M. Vagin, M. J. Jafari, A. Singh, M. Warczak, 

M. Mitrakas, M. Berggren, T. Ederth, I. Zozoulenko, X. Crispin, E. D. 

Głowacki, Adv. Sustain. Syst. 2019, 3, 1800110. 

[21] J. Zhang, S. Seyedin, S. Qin, P. A. Lynch, Z. Wang, W. Yang, X. 

Wang, J. M. Razal, J. Mater. Chem. A 2019, 7, 6401–6410. 

[22] N. Kim, S. Kee, S. H. Lee, B. H. Lee, Y. H. Kahng, Y. R. Jo, B. J. 

Kim, K. Lee, Adv. Mater. 2014, 26, 2268–2272. 

[23] J. Mannayil, S. Methattel Raman, J. Sankaran, R. Raman, J. 

Madambi Kunjukutan Ezhuthachan, Phys. Status Solidi Appl. Mater. 

Sci. 2018, 215, 1–10. 

[24] K. C. Kil, S. G. Hong, J. O. Park, C. Pak, H. Chang, U. Paik, Int. J. 

Hydrogen Energy 2014, 39, 17481–17486. 

[25] Z. Chen, X. Meng, S. Wang, J. Wang, J. Liu, R. Xue, H. Ma, H. 

Dong, H. Yu, J. Clean. Prod. 2018, 200, 1087–1099. 

[26] Y. Gendel, H. Roth, A. Rommerskirchen, O. David, M. Wessling, 

Electrochem. commun. 2014, 46, 44–47. 

[27] J. R. Reynolds, B. C. Thompson, T. A. Skotheim, N. Kim, I. 

Petsagkourakis, S. Chen, M. Berggren, X. Crispin, M. P. Jonsson, I. 

Zozoulenko, in Conjug. Polym., 2019, pp. 45–128. 

[28] A. Hu, L. Tan, X. Hu, L. Hu, Q. Ai, X. Meng, L. Chen, Y. Chen, J. 

Mater. Chem. C 2017, 5, 382–389. 

[29] E.-H. S.-M. Kim, Ch.-H. Kim, Y. Kim, N. Kim, W.-J. Lee, M.-H. Y. 

Lee, D. Kim, S. Park, K. Lee, J. Rivnay, Nat. Commun. 2018, 9, 



ARTICLE    

13 
 

3858. 

[30] H. Shi, C. Liu, Q. Jiang, J. Xu, Adv. Electron. Mater. 2015, 1, 1–16. 

[31] V. Singh, S. Arora, M. Arora, V. Sharma, R. P. Tandon, Semicond. 

Sci. Technol. 2014, 29, 045020. 

[32] A. Lekawa-Raus, J. Patmore, L. Kurzepa, J. Bulmer, K. Koziol, Adv. 

Funct. Mater. 2014, 24, 3661–3682. 

[33] K. Jeon, S. Warnock, C. Ruiz-Orta, A. Kismarahardja, J. Brooks, R. 

G. Alamo, J. Polym. Sci. Part B Polym. Phys. 2010, 48, 2084–2096. 

[34] C. Peng, S. Zhang, D. Jewell, G. Z. Chen, Prog. Nat. Sci. 2008, 18, 

777–788. 

[35] K. Lota, V. Khomenko, E. Frackowiak, J. Phys. Chem. Solids 2004, 

65, 295–301. 

[36] Z. Špitalský, C. Aggelopoulos, G. Tsoukleri, C. Tsakiroglou, J. 

Parthenios, S. Georga, C. Krontiras, D. Tasis, K. Papagelis, C. 

Galiotis, Mater. Sci. Eng. B Solid-State Mater. Adv. Technol. 2009, 

165, 135–138. 

[37] R. Mao, S. Goutianos, W. Tu, N. Meng, G. Yang, L. A. Berglund, T. 

Peijs, J. Mater. Sci. 2017, 52, 9508–9519. 

[38] M. B. Jakubinek, B. Ashrafi, J. Guan, M. B. Johnson, M. A. White, B. 

Simard, RSC Adv. 2014, 4, 57564–57573. 

[39] X. Wei, D. Vogel, L. Keller, S. Kriescher, M. Wessling, 

ChemElectroChem 2020, 7, 4679–4684. 

[40] H. S. Park, S. J. Ko, J. S. Park, J. Y. Kim, H. K. Song, Sci. Rep. 

2013, 3, 2454. 

[41] B. Winther-Jensen, K. Fraser, C. Ong, M. Forsyth, D. R. 

MacFarlane, Adv. Mater. 2010, 22, 1727–1730. 

[42] J. E. Choe, M. S. Ahmed, S. Jeon, J. Power Sources 2015, 281, 

211–218. 

[43] R. F. P. Nogueira, M. C. Oliveira, W. C. Paterlini, Talanta 2005, 66, 

86–91. 

 

 

 



ARTICLE    

14 
 

TOC 

 

A novel one-step fabrication platform for the continuous production of  acid-treated PEDOT/CNT composite hollow was developed based on a 3D‐

printed core-shell spinneret for bottom-up spinning. The composite electrode proved  excellent performance  in oxygen recution reaction with a high 

activity and selectivity towards hydrogen peroxide formation. 


