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Abstract: 
 
Metal oxide/carbonaceous nanomaterials are promising candidates for the oxygen reduction in 
energy converting systems. However, inhomogeneous surface coverage allows hydrogen 
peroxide to escape into the bulk solution due to unstable metal or metal oxide/carbonaceous 
nanomaterial synthesis, which limits their performance in fuel cells. Here, we show that the 
above problems can be mitigated through a stable low-current electrodeposition of MnO2 on 
super-aligned electrospun carbon nanofibers (ECNFs). The key to our approach is coupling a 
self-designed four steel poles collector for aligned ECNFs and a constant low-current (45 μA) 
electrodeposition technique for 4 h to form a uniform Na+ induced α-MnO2 film. By using the 
cyclic voltammetry to proceed the electrocatalytic oxygen reduction reaction (ORR), the 
bifunctional catalysts show a 3.84-electron pathway due to the rapid decomposition of hydrogen 
peroxide by the uniform α-MnO2 film and ending with formation of water. This research may 
enable a practical catalyst with a large number of cycling of oxygen reduction/regeneration to 
reduce the risk of the fuel cell degradation and an effective confinement of oxygen and hydrogen 
peroxide in the catalyst matrix to maximize the energy output of the fuel cell. 
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Article: 
 
1. Introduction 
 
A fuel cell has been one of the promising energy devices for generating clean and sustainable 
energy. Since the oxygen reduction reaction (ORR) is the most important reaction in energy 
converting systems such as proton exchange membrane (PEM) fuel cells, techniques used in 
electrocatalytic ORR studies have been widely developed [1], [2], [3], such as steady-state 
polarization [4], rotating disk electrode (RDE) [5], rotating ring-disk electrode (RRDE) [6], 
and cyclic voltammetry [7]. ORR in aqueous solutions undergoes mainly by two pathways: a 2-
electron pathway from oxygen to hydrogen peroxide, and a 4-electron pathway from oxygen to 
water [3]. In order to ensure that the fuel cell generates the maximum power output, a 4-electorn 
pathway is necessary because the 2-electron pathway involved in the cathodic process seriously 
compromises the energy yield of the fuel cell [8], [9]. Moreover, the cell membranes and other 
supporting materials will be impaired in the presence of an excess hydrogen peroxide due to the 
peroxide radical formation generated from a disproportionation reaction [10], [11]. 
 
In the search of catalysts for limiting the hydrogen peroxide generation or decomposing 
generated hydrogen peroxide, carbon-based materials (glassy carbon (GC) [11], graphite [12], 
active carbon [13], and carbon nanotubes[14]), Pt catalysts (Pt electrode[15] and Pt alloys[16]), 
various porous materials [17], [18], [19], [20], and transition metal-based catalyst (cobalt[21] and 
iron[22]) have been greatly reported. The ORR performance of these metal-carbon catalysts 
varies with synthesis conditions, such as nitrogen type, metal type, and pyrolysis 
temperature [23]. In terms of number-electron pathway of ORR, 3.45 and 3.70 have been 
reported by using the catalysts of hematite nanoparticles supported on carbon nanotubes[24] or 
GC[8]. Although the confinement of oxygen within the catalysts is effective, inhomogeneous 
surface coverage allows hydrogen peroxide to escape into the bulk solution, which decreases the 
decomposition efficiency of generated hydrogen peroxide. Hence, a study to achieve stable 
synthesis of catalysts may lead to better strategies for achieving a 4-electron pathway. 
 
Manganese dioxide (MnO2) has been demonstrated to be one of the most promising catalyst 
materials for ORR, with a high electrocatalytic activity, ecofriendly properties, and abundant 
earth reserves [25], [26]. MnO2 can exhibit diverse structures and polymorphs with the order of 
δ-MnO2 < β-MnO2 < amorphous MnO2 < α-MnO2 in ORR catalytic activity [27], [28]. Their 
ORR activity enhancement has been reported by introducing nitrogen-doping, oxygen vacancies, 
hydrogenation, metal-ion doping [29], [30], [31], [32], etc. More importantly, the catalytic 
decomposition of hydrogen peroxide by MnO2 with high catalytic efficiency has been 
examined [33], [34]. However, a uniform MnO2 film focusing on stable confinement of 
hydrogen peroxide for decomposing has not been achieved. 
 
Carbon nanofibers (CNFs) are well known for their inexpensive production, freestanding nature, 
large porosity, and high conductivity as substrate materials [35], [36]. Electrospinning, which 
uses electric force to draw charged threads of polymer solutions or polymer melts into 



nanofibers, has become an efficient fiber production method for creating porous electrospun 
CNFs (ECNFs) with a subsequent carbonization [37]. The nitrogen-doped ECNFs by 
carbonizing electrospun polyacrylonitrile (PAN) could be an electrocatalyst for ORR [38], [39]. 
In addition, aligned ECNF structures can be used as scaffolds to uniformly support metal oxide 
nano-architectures because their alignment can significantly enhance the deposition rate by 
shortening the distance of electron transport. 
 
We hypothesize that the combination of these two materials (MnO2 and super-aligned ECNFs) in 
a nanoscale structure will exhibit superior electrocatalytic, electrochemical, and mechanical 
properties for ORR catalytic activity. In this study, we describe the rational design and 
fabrication of MnO2/ECNFs by wrapping MnO2 onto super-aligned ECNFs. The nanocomposite 
of MnO2/ECNFs is well-characterized. The as-prepared MnO2/ECNFs-GC electrocatalytic 
system (electrodeposition of 4 h at 45 μA) exhibits a 3.84-electron pathway near the theoretical 
limit with a desirable confinement ability for both oxygen and hydrogen peroxide. 
 
2. Experimental 
 
2.1. Super-aligned ECNFs fabrication 
 

 
Fig. 1. (a) Illustrations of the electrospinning technique for the super-aligned ECNFs fabrication, 
(b) uniform electrodeposition of MnO2 on the super-aligned ECNFs using a three-electrode setup 
with a ECNF mat working electrode, an Ag/AgCl reference electrode, and a platinum counter 
electrode, and (c) stable MnO2 film formation after a uniform electrodeposition of 4 h. 
 
The fabrication technique for the super-aligned ECNFs is schematically illustrated in Fig. 1a. A 
facile electrospinning method was used with a self-designed sample collector. Different from a 
normal cylinder design, four steel poles were welded on a plate in order to collect the ECNFs 



without any substrates. A 10 wt.% polyacrylonitrile (PAN, MW = 150,000, ACROS Organics) 
solution in dimethylformamide (ACROS Organics) was electrospun onto the collector. The 
applied positive voltage was 18 kV and the distance between the needle tip and the collector was 
15 cm. The collector was maintaining at a rate of 2000 revolutions per minute (rpm) during the 
electrospinning to form the super-aligned precursors. The obtained PAN sheets were then put 
into a furnace (Oxidation and Annealing Furnace) for stabilization to ensure that the fibers did 
not melt during pyrolysis. The heating rate was 1 °C/min from room temperature to 280 °C and 
kept for 6 h. The as-stabilized nanofibers were finally carbonized at 1200 °C for 1 h at a heating 
rate of 5 °C/min under N2 atmosphere to yield high mechanical strength ECNFs. 
 
2.2. MnO2 electrodeposition on ECNFs 
 
After the super-aligned ECNFs were prepared, MnO2 was electrodeposited onto 1 cm2 ECNFs 
with a three-electrode setup using a charging current of 45 μA performed on a bio-logic VMP3 
electrochemical workstation (Fig. 1b). Here, a gold electrode taped with ECNFs, a platinum 
wire, and an Ag/AgCl were used as the working electrode, the counter electrode, and the 
reference electrode (Fisher Scientific), respectively. To assure that the deposition of MnO2 took 
place uniformly and firmly at the ECNFs’ surfaces (Fig. 1c), the ECNFs electrode was prior-
treated with 4 M HNO3 (J.T. Baker) solution at 70 °C for 2 h to introduce OH and COOH 
groups to facilitate the deposition. An aqueous precursor solution containing 10 mM MnSO4 
(ACROS Organics) and 100 mM Na2SO4 (ACROS Organics) was used as the supporting 
electrolyte. After the deposition, the working electrodes were washed with deionized water and 
then dried at 80 °C for 3 h. 
 
2.3. Characterization 
 
Field emission scanning electron microscope (FESEM) (Carl Zeiss Auriga-BU FIB FESEM 
Microscope) was performed to study the morphological properties of super-aligned ECNFs and 
MnO2/ECNFs. Energy-dispersive X-ray spectroscopy (EDX) (Hitachi S-4800-I FESEM 
w/Backscattered Detector & EDX) and thermogravimetric analysis (TGA) (SDT Q600) were 
performed to study the atomic ratio of Mn: O and weight ratio of MnO2 on MnO2/ECNFs. 
Raman spectroscopy (Horiba XploRA One Raman Confocal Microscope System), Fourier 
transform infrared spectroscopy (FTIR) (Varian 670), and X-ray photoelectron spectroscopy 
(XPS, Thermo Fisher ESCALAB 250 Xi), were employed to study element components of 
MnO2/ECNFs. X-ray powder diffraction (XRD) (Agilent Technologies Oxford Germini X-Ray 
Diffractometer) was employed to study the crystal structures of MnO2/ECNFs. 
 
2.4. Electrochemical study 
 
Electrochemical performance was performed on a bio-logic VMP3 electrochemical workstation 
using a three-electrode testing system with a 3 mm diameter GC as the working electrode, a 
platinum wire as the counter electrode and an Ag/AgCl as the reference electrode (Fisher 
Scientific) in a 20 mM KCl (Sigma-Aldrich) electrolyte solution that was thoroughly degassed 
with O2 gas. Usually acidic electrolytes are used in platinum or its alloys catalytic systems, 
which give high measured catalytic activity and help to conduct 4-electron ORR process [40]. 
However, acidic electrolytes are corrosive to fuel cell electrode materials. In addition, biological 



full cells are operated at physiological pH and Cl− is one of the most common anions presented 
in surface water [8]. Hence, in this work the benign neutral chloride solution is chosen on 
purpose to conduct the catalytic activity of MnO2/ECNFs in ORR process. The super-aligned 
ECNFs and MnO2/ECNFs were cut as 3 mm diameter wafers and then taped onto the GC using 
the conductive carbon glue (TED PELLA, INC) (Fig. S1) as modified electrodes for the 
electrochemical analysis of electro-reduction of oxygen. Cyclic voltammetry was then carried 
out after the modified GC electrode being immersed in a N2 saturated 20 mM KCl solution for 
15 min. Cyclic voltammetry was carried out at different scan rates (20, 40, 60, 80, 100, 150, and 
200 mV/s) with a potential window between −1.0 V and 0.9 V. 
 
3. Results and discussion 
 
3.1. Characterization 
 

 
Fig. 2. SEM images of super-aligned ECNFs and MnO2/ECNFs (electrodeposition for 2 h and 
4 h) with the histograms of size distribution analysis. Note that b, d and f are enlarged images. 
 



The as-prepared pure ECNFs exhibit super-aligned structure (Fig. 2a and b). It is hypothesized 
that the alignment of ECNFs can reduce the disordered electron flow, leading to a more uniform 
electrodeposition process by introducing reaction sites for nucleation of MnO2 crystallites. 
MnO2 was electrodeposited onto the ECNFs with a three-electrode setup (Fig. 1b). After 
electrodeposition for 2 h, small balls around the ECNFs present as the “kebab”-like structures. 
Although the SEM images clearly show surface structures corresponding to these firmly merged 
balls (Fig. 2c and 2d), the fibers are not fully covered. After electrodeposition for 4 h, the ECNFs 
with nanofiber diameter of about 206 nm are decorated by a MnO2 film with a thickness of about 
1710 nm, making a total diameter of ∼1916 nm (Fig. 2e and 2f). These data corroborate the 
inference that the ECNFs’ alignment promotes the homogenous electron flow and facilitates the 
uniform MnO2 growth. 
 

 
Fig. 3. The super-aligned ECNFs and MnO2/ECNFs (4 h) are characterized using different 
techniques: (a) SEM associated with EDX mapping analysis, (b) TGA analysis, (c) Raman 
spectrum, (d) FTIR spectrum, (e) XPS spectrum, (f) XRD analysis. 
 



The composites by 4 h electrodeposition were further analyzed by different kinds of techniques. 
EDX spectrum (Fig. 3a, Fig. S2) shows the surface composition is composed of the elements O 
and Mn. The atomic ratio of O and Mn is close to 2:1, which implies the formation of MnO2. 
TGA of ECNFs and MnO2/ECNFs to 700 °C in air was shown in Fig. 3b. Due to the 
residue solvent evaporation, the ECNFs sample shows a weight loss before 425.0 °C. And then 
the ECNFs sample decomposes until 595.5 °C. Unlike ECNFs, the MnO2/ECNFs still achieve 
about 52.8% after 595.5 °C, indicating the weight fraction of MnO2 on the MnO2/ECNFs sample 
is about 52.8%. The success of MnO2 deposition was further confirmed with Raman spectra and 
FTIR spectra. At Raman shift of 1325 cm−1 and 1569 cm−1, the ECNFs sample shows D-band 
and G-band, respectively [41]. While, for the MnO2/ECNFs sample, Mn-O presents at the 
Raman shift of 624 cm−1 (Fig. 3c) [37]. Correspondingly, ν(Mn-O) presents at the wavenumber 
of 643 cm−1 and 727 cm−1 according to the FTIR spectra (Fig. 3d). And IR transitions at 1176, 
1647, and 3263 cm−1 are assigned to ν(C-O), ν(C O), and ν(O-H), respectively [42], [43]. The 
chemical composition of the MnO2/ECNFs sample was also investigated by the XPS. The high 
resolution Mn 2p spectra for MnO2/ECNFs is presented in Fig. 3e. Two strong peaks at 642.2 
and 653.8 eV can be clearly seen, [44] corresponding to the Mn 2p3/2 and Mn 2p1/2 spin–orbit 
peaks of MnO2, respectively [45]. Furthermore, the crystal structures of the as-prepared 
MnO2/ECNFs were also recorded by XRD (Fig. 3f), the patterns of which can be fully indexed to 
α-MnO2 (JCPDS No. 44-0141) [46]. 
 
Herein, the excellent electrodeposition of MnO2 originates from the stable structure of ECNFs, 
which contributes to a uniform Mn2+ flux. The electrochemical reaction occurs according to [47]: 
 

𝑀𝑀𝑀𝑀2 + 2𝐻𝐻2𝑂𝑂 → 𝑀𝑀𝑀𝑀𝑀𝑀2 + 4𝐻𝐻+ + 2𝑒𝑒− (1) 
 
It is known that MnO2 has different main structural motifs due to edge- or corner-sharing 
MnO6 octahedra in different connectivity schemes, resulting in different tunnels extending in a 
direction parallel to the unit cell [28], [48]. In this study, the cations (Na+) were introduced 
during the synthesis process, but the 1 × 1 tunnels (with a size of 0.189 nm) are generally too 
small for Na+ to stabilize the structure, consequently resulting in the formation of α-MnO2 due to 
structurally constructed from the double chains of edge-sharing MnO6 octahedra which are 
linked at the corners to form 2 × 2 (with a size of 0.460 nm) and 1 × 1 tunnel 
structures [28], [48]. The crystal structure is confirmed by the XRD analysis of MnO2/ECNFs by 
electrodeposition for 2 h (Fig. S3) and 4 h (Fig. 3f). Meanwhile, these cations inside 2 × 2 
tunnels of α-MnO2 increase the electronic conductivity of the MnO2/ECNFs system, which 
indirectly enhance the electrodeposition of α-MnO2 [49]. 
 
3.2. Catalytic properties 
 
The ORR activity was firstly conducted by studying the cyclic voltammetric responses of a bare 
GC electrode as Fig. 4 shows. The cathodic peak results from the electrochemical reduction of 
oxygen and the magnitude of the cathodic peaks increases (Fig. 4a) with increasing of the 
voltage scan rates. In addition, the peak current, ip (A), is measured as a function of the square 
root of the voltage scan rate (ν (V/s)), which is found to exhibit a linear dependence (Fig. 4b). 
The dependence of the peak current position on the square root of the voltage scan rate for the 
bare GC electrode without modification can be firstly used to characterize the concentration of 



oxygen in the bulk solution (C, mol/mL) through Randles-Sevcik equation (Note that the slope is 
obtained from the dependence of ip (A) on ν (V/s)) [50]: 
 

|𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠| = (2.99 × 105)𝑛𝑛3 2⁄ 𝛼𝛼1 2⁄ 𝐴𝐴𝐴𝐴𝐴𝐴0
1 2⁄  (2) 

 
where n is the number of electrons exchanged during the electrochemical process, α is 
the transfer coefficient (reported value of 0.26) [51], A is the active surface area of the bare GC 
electrode (0.071 cm2), D0 is the diffusion coefficient (reported value of 1.95 × 10−5 cm2/s) [52]. 
Since the reduction of oxygen to hydrogen peroxide is known at the bare GC electrode, the 
number of electrons exchanged is 2 [53]. When the above constants are applied for absolute 
value of the slope obtained from Fig. 4b, the oxygen concentration of 3.11 × 10−7 mol/mL is 
extracted. 
 

 
Fig. 4. (a) Representative cyclic voltammograms of the ORR at a bare glassy carbon electrode in 
O2 saturated 20 mM KCl electrolyte solution at different scan rates. (b) The linear dependence of 
the peak current (averaged from three trials) on the square root of the voltage scan rate for the 
O2 concentration calculation. 
 
Next the cyclic voltammetric responses of the ECNFs modified electrode and MnO2/ECNFs (2 h 
and 4 h) modified electrode were examined by varying the scan rates from 20 mV/s to 200 mV/s, 
which also show an increase in the cathodic peak current with respect to the scan rate as Fig. 5a 
and 5b show. In comparison, there is a marked enhancement in the ORR of the electrode 



modified with MnO2/ECNFs (4 h). Note that the anodic peak presented at 0.32 V is attributed to 
the oxidation reactions between the Mn(IV)/Mn(III) complexes [54]. As mentioned above, 
Eq. (2) is also used to calculate the number of electrons in the overall electrochemical processes 
for electrodes modified with super-aligned ECNFs and MnO2/ECNFs. The peak currents are 
directly proportional to the square roots of scan rates for both modified electrodes with a slope of 
−8.01 × 10−5 (ECNFs modified electrode) and −1.59 × 10−4 (MnO2/ECNFs (4 h) modified 
electrode), respectively (Fig. 5c). Moreover, the slope of a plot of log(ip) (ip is in unit of A) 
versus potential (potential is in unit of V) (Fig. 5d) and the following equation is used to 
determine the transfer coefficient [55]: 
 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =
−𝛼𝛼𝛼𝛼

2.3𝑅𝑅𝑅𝑅
 (3) 

 
where R is the gas constant, F is the Faraday’s constant, and T is the temperature. The transfer 
coefficient is obtained to be 0.65 (ECNFs modified electrode) and 0.52 (MnO2/ECNFs (4 h) 
modified electrode), respectively. By using Eq. (2), this value can then be coupled with the 
active surface area, the diffusion coefficient of oxygen, and the concentration of oxygen to 
extract the number of electrons exchanged as 2.26 (ECNFs modified electrode) and 3.84 
(MnO2/ECNFs (4 h) modified electrode), respectively. Meanwhile, in comparison, with a 
transfer coefficient of 0.58 (Fig. 5d) and a slope of −1.39 × 10−4 (Fig. 5c), the number of 
electrons exchanged is obtained to be 3.37 for the MnO2/ECNFs (2 h) modified electrode, 
because the oxygen and hydrogen peroxide are not effectively confined within the imperfectly 
fiber-covered MnO2/ECNFs-GC system. As expected, the voltammetric curve of an ECNFs 
modified electrode exceeds a 2-electron transfer ORR through an energetically favored 
association to assist the adsorption and reduction of oxygen molecules, which is characteristics 
of the activity of ECNFs [38], [39]. However, for the MnO2/ECNFs modified electrode, 
considering that the hydrogen peroxide molecule generated from the electrochemical reduction 
of oxygen to be decomposed repeatedly at the surface of a uniform MnO2 film, a nearly 4-
electron pathway presents contributed with cycles of oxygen decomposition/regeneration. 
 
Since the catalytic decomposition of hydrogen peroxide typically follows the first order 
kinetics [56], to test our hypothesis of hydrogen peroxide decomposition at the surface of a 
uniform MnO2 film (4 h), the cyclic voltammogram of a MnO2/ECNFs modified electrode was 
studied in an N2 saturated 20 mM KCl electrolyte solution with 1 mM hydrogen peroxide at 
different scan rates (Fig. 6a). No measureable reduction peak shows for an ECNFs modified 
electrode in an N2 saturated 20 mM KCl electrolyte solution with 1 mM hydrogen peroxide (Fig. 
S4). However, a marked increase in the voltammetric performance of the MnO2/ECNFs modified 
electrode was observed as a result from the electrochemical decomposition of hydrogen peroxide 
successfully taking place at the electrode surface. This is reasonable agreement with the results 
reported for the catalytic decomposition of hydrogen peroxide by using hematite [57], 
cobalt [58], and iron [59]. Furthermore, in the same way, slope of the plot of log(ip) versus 
potential (Fig. 6b inserted) and Eq. (3) were used to determine the transfer coefficient of 0.09. 
When the constants of active surface area (0.071 cm2), diffusion coefficient of hydrogen 
peroxide (reported value of 1.0 × 10−5 cm2/s)[60] and concentration of hydrogen peroxide 
(1.0 × 10−6 mol/mL) are applied for the slope obtained from the MnO2/ECNFs modified 
electrode (Fig. 6b), a n value of 1.91 is extracted. This highly supports that the hydrogen 



peroxide molecules generated from the electrochemical reduction of oxygen are decomposed by 
the uniform MnO2 film. The hydrogen peroxide decomposition by the uniform α-MnO2 film can 
be ascribed to two reasons: one is the open crystal structure of α-MnO2 with 2 × 2 tunnels 
providing favorable surface coordination [61], such as the higher Miller index (211) and (112) 
surfaces are expressed in the XRD results; and the other is the low oxygen vacancy formation 
energy providing a favorable thermodynamic pathway for catalytic processes, such as 1.09 eV 
for (211) and 0.07 eV for (112) [62]. 
 

 
Fig. 5. Cyclic voltammograms of the ORR at the electrode modified with super-aligned ECNFs 
(a) and MnO2/ECNFs (4 h) (b) in O2 saturated 20 mM KCl electrolyte solution at different scan 
rates. (c) The linear dependence of the peak current on the square root of the scan rate for the 
number of electrons exchanged calculation. (d) The linear dependence of the log of the peak 
current on the potential for the transfer coefficient calculation. 
 



 
Fig. 6. (a) Representative cyclic voltammograms of the H2O2 reduction reaction at the electrode 
modified with MnO2/ECNFs (4 h) in N2 saturated 20 mM KCl electrolyte solution with 1 mM 
H2O2 at different scan rates. (b) The linear dependence of the peak current on the square root of 
the scan rate for the number of electrons exchanged calculation, inserted with the linear 
dependence of the log of the peak current on the potential for the transfer coefficient calculation. 
 

 
Fig. 7. Plots of peak potential versus log of scan rate for critical scan rate determination under 
the conditions of H2O2-MnO2 and O2-ECNFs. 
 



To compare the rate of the hydrogen peroxide generation by ECNFs modified electrodes (O2-
ECNFs) with the hydrogen peroxide decomposition by MnO2/ECNFs modified electrode (H2O2-
MnO2), the electron transfer kinetics should be taken into account. The Gileadi method based 
upon the determination of critical scan rate (νc) was further used to evaluate the heterogeneous 
electron transfer rate constant (k0). When the experimental results from O2-ECNFs and H2O2-
MnO2 are applied for this analysis, the critical scan rate can be found from the intersection of 
two lines as Fig. 7 shows. Then the following equation was used to calculate the k0 (cm/s) [63]. 
 

log(𝑘𝑘0) = −0.48𝛼𝛼 + log �
𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑐𝑐𝐷𝐷0
2.303𝑅𝑅𝑅𝑅

�
1 2⁄

 
(4) 

 
By using this method, associated with the transfer coefficient, number of electron transfer, and 
diffusion coefficient obtained above, the value of heterogeneous electron transfer rate constant 
for O2-ECNFs and H2O2-MnO2 is calculated to be 1.30 × 10−2 cm/s and 1.37 × 10−2 cm/s, 
respectively. The rate of hydrogen peroxide decomposition by MnO2/ECNFs modified electrode 
is faster than the electrochemical generation process by ECNFs modified electrodes, which may 
be partly ascribed to the presence of K+ inside the 2 × 2 tunnels of the α-MnO2 enhancing the 
electrocatalytical performance of the catalyst [49]. 
 
3.3. 4-electron pathway mechanism 
 
From the catalytic activity analysis, a 4-electron pathway mechanism was further proposed as 
Fig. 8 shows. When the oxygen molecule has been adsorbed onto the MnO2/ECNF-GC electrode 
surfaces, the redox between MnO2 species assists the charge transfer involved in oxygen 
reduction, and the first step undergos a 2-electron pathway forming hydrogen peroxide 
(Eq. (5)) [64]. 
 

𝑂𝑂2ads + 2𝐻𝐻+ + 2𝑒𝑒− → 𝐻𝐻2𝑂𝑂2 (5) 
 

 
Fig. 8. Illustration of the 4-electron pathway mechanism by the bifunctional catalyst α-
MnO2/ECNFs-GC electrode. 
 



The electrochemically generated hydrogen peroxide can then be decomposed to water via a 
disproportionation reaction before it escapes into the bulk solution by a uniform α-MnO2 film 
(Eq. (6)) [65], though an electrochemical decomposition to OH− may occur [64]. 
 

2𝐻𝐻2𝑂𝑂2
𝛼𝛼−MnO2�⎯⎯⎯⎯⎯� 𝑂𝑂2 + 2𝐻𝐻2𝑂𝑂 (6) 

 
The rate of hydrogen peroxide decomposition by α-MnO2/ECNFs modified electrode is faster 
than the electrochemical generation process by ECNFs modified electrode, and the presence of 
K+ inside the 2 × 2 channels of the α-MnO2 has a strong beneficial effect on the electrochemical 
performance of the catalyst [64], which improves the efficiency of the ORR process proved by 
our results shown above. A half of the oxygen concentration shown in Eq. (6) is 
electrochemically regenerated after each cycle, which reduces the risk of the fuel cell 
degradation for practical uses [8]. 
 
As a result, Eq. (5) and Eq. (6) occurring in series give the α-MnO2/ECNF-GC catalytic system 
as much efficiency as a 4-electron pathway: 
 

𝑂𝑂2 + 4𝐻𝐻+ + 4𝑒𝑒− → 2𝐻𝐻2𝑂𝑂 (7) 
 
Considering that a cycle of decomposition/regeneration of a half of the oxygen concentration at 
the MnO2/ECNF-GC electrode, the contribution for the electron pathway from the bifunctional 
catalyst can be divided into two parts, i.e. the first 2-electron transfer oxygen reduction to 
hydrogen peroxide at the GC-MnO2 interfaces, and following hydrogen peroxide decomposition 
at the α-MnO2 surfaces. Fig. 8 shows the proposed reactions where i is the number of cycles 
regarding the reduction of oxygen and regeneration of oxygen with respect to the oxygen and 
hydrogen peroxide confinement ability. The total number electron pathway can be expressed: 
 

𝑁𝑁 = 2��
1
2
�

∞

𝑖𝑖=0 𝐺𝐺𝐺𝐺−𝑀𝑀𝑀𝑀𝑀𝑀2

+ 2��
1
2
�

∞

𝑖𝑖=0 𝑀𝑀𝑀𝑀𝑀𝑀2

 
(8) 

 
where N is the number-electron pathway, sigma notation is the contribution from different parts, 
and i is the number of cycles regarding the reduction of oxygen and regeneration of oxygen with 
respect to the oxygen and hydrogen peroxide confinement ability in the aligned MnO2/ECNFs 
structures. As the result analysis provided above, the number of electrons exchanged is obtained 
to be 3.37 (i is estimated to be 3) for the 2-hour electrodeposited MnO2/ECNF electrode 
(MnO2 ununiformly covered at ECNFs), because the oxygen and hydrogen peroxide are not 
completely reduced within the MnO2/ECNFs-GC system due to the insufficient catalytic activity 
and confinement (number of cycling). Whereas at 4-hour deposited MnO2/ECNFs, the number of 
electrons exchanged is achieved to be 3.84, suggesting a large cycle number (namely good 
confinement, i is estimated to be 5) and excellent catalytic activity are obtained from the uniform 
electrodeposition of α-MnO2 on ECNFs. 
 
4. Conclusions 
 



This work demonstrates a new strategy for uniformly electrodepositing α-MnO2 film on aligned 
ECNFs and the α-MnO2 film was well characterized. In contrast to earlier studies with an 
inhomogeneous surface coverage, the reported α-MnO2 film with a 4 h–45 μA electrodeposition 
was uniform with a thickness of 1710 nm. From the electrocatalytic performance studies, the 
bifunctional catalyst system of α-MnO2/ECNFs-GC displayed a 3.84-electron pathway through 
the rapid decomposition of hydrogen peroxide at the α-MnO2 surfaces. The analysis of electron 
transfer kinetics suggested a faster hydrogen peroxide decomposition than its generation from 
reduction of oxygen, and a two-step four-electron pathway cycling mechanism was proposed to 
give an insightful understanding of the electrocatalytic ORR at the bifunctional catalyst system. 
These findings represent significant improvement in stable metal oxide/carbonaceous 
nanomaterial-based oxygen reduction catalysts. 
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