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Abstract

Alkaline unitized regenerative fuel cells (URFCs) could well be one of the energy sources 

in the next future. This technology has the potential to provide power to portable devices, 

transportation and stationary sectors. The bifunctional oxygen electrode plays a central 

role in catalytic activity and stability due to its slow kinetics under extremely oxidizing 

or reducing environments. With the aim to solve the principal catalytic problems at the 

bifunctional electrocatalysts, carbonaceous materials including carbon nanofibers 

(CNFs), graphitized mesoporous carbon (gCMK-3) and hydrazine-reduced graphene 

oxide (H-rGO) were synthesized, characterized and tested toward the oxygen evolution 

reaction (OER) and the oxygen reduction reaction (ORR) and compared to commercial 

carbon black (Vulcan), graphite, and glassy carbon (GC). Physicochemical 

characterization was conducted by X-ray diffraction (XRD), X-ray photoelectron 

spectroscopy (XPS), elemental analysis and Raman spectroscopy, meanwhile rotating 

ring-disk electrode (RRDE) was employed to determine the electrochemical activity and 

stability. Main results indicate that CNFs can act as a feasible catalyst for URFC 

applications.
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1. Introduction

The so-called hydrogen economy is still being considered to promote the consumption of 

renewable and non-polluting energy sources. Hydrogen from the electrolysis of water can 

play the role of an energy carrier. Indeed, hydrogen is likely to become an important 

chemical energy carrier and eventually may become the principal chemical energy carrier 

[1–3]. The interconversions of electricity into chemicals and viceversa require 

electrochemical devices: electrolysers are used to convert electricity and water into 

hydrogen, and H2/air polymer electrolyte fuel cells (PEMFCs) are used to convert 

hydrogen fuel back into electricity. Unitized regenerative fuel cells (URFCs), a 

combination of both technologies, offer new perspectives to further bring down 

investment costs in the near future and to open the way to mass production for domestic 

applications [4, 5]. This combination has the potential to be a near-zero emission energy 

supply system. In this respect, an URFC system is directly comparable to a secondary 

battery, especially in terms of user handling and the charging/discharging behavior [1,6].

At the present time, URFCs have not yet reached the level of development obtained with 

fuel cells and electrolysers. Electrochemical performances still require additional 

optimization, both in terms of efficiency and long-term performances. In order to improve 

the round-trip efficiency of the URFC, one key issue is the fabrication of low-cost, stable 

and highly active bi-operational (bi-functional) oxygen electrode catalysts, which can be 

used for both oxygen reduction reactions (ORR) and oxygen evolution reactions 

(OER) [7,8]. Bi-operational electrocatalysts for URFC applications have been developed 

using a combination of unsupported metallic platinum and OER electrocatalysts such as 

ruthenium (oxide) and iridium (oxide) [8-12].  However, the high-cost, scarcity and the 

high corrosion rate (especially in water electrolysis mode) of the employed catalysts 

represents a great barrier for their insertion to the market [13]. Recent advances have 

shown great potential of carbonaceous materials combined with metal or metal oxide 

nanostructures as bifunctional catalysts for the oxygen electrode [14-21].

In this study, graphenic materials (GMs) obtained from graphene oxide reduction using 

hydrazine (H-rGO) as reducing agent, as well as carbonaceous materials including carbon 
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nanofibers (CNFs) and graphitized mesoporous carbon (gCMK-3) were synthesized, 

characterized and tested toward OER/ORR and compared to commercial carbon black 

(CB) and graphite (G). Additionally, the corrosion resistance properties of the 

electrocatalysts under strongly oxidizing conditions have been investigated. 

Physicochemical characterization was conducted by X-ray diffraction (XRD), X-ray 

photoelectron spectroscopy (XPS), elemental analysis and Raman spectroscopy. The 

catalytic performance of the catalysts toward ORR and OER in alkaline medium (0.1 M 

NaOH) was carried out by the rotating ring-disk electrode (RRDE) technique. 

2. Experimental

2.1. Materials

Sulfuric acid (95-97%; Merck), sodium hydroxide (99.99%; Sigma-Aldrich), potassium 

permanganate (>99.8%; Sigma-Aldrich), thiourea (>99%; Fluka), hydrazine (>99%; 

Sigma-Aldrich), tetraethil orthosilicate (>98.0%; Sigma-Aldrich), Pluronic P123 Sigma-

Aldrich), Vulcan XC-72R (Cabot), graphite (>99.8%; Sigma-Aldrich), hydrogen 

peroxide (30% v/v; Foret) and water (18.2 M Ω·cm; Milli-Q, Millipore) were purchased 

and then used for the synthesis of the graphene materials and the preparation of the 

electrolyte solutions.

2.2. Synthesis of Graphene Oxide (GO) and Reduced Graphene Oxide (H-rGO)

GO was prepared by following a modified Hummers method [22]; 1 g of the graphite 

powder was added to 30 mL of concentrated H2SO4 cooled in an ice bath. Then, 3.5 g of 

KMnO4 was slowly introduced while being stirred and cooled continuously. After 

removal from the ice bath, the mixture was diluted with Milli-Q water and sonicated for 

1 h at 35 °C. Then, the solution was heated up to 95–98 °C over 30 min. Next, 200 mL of 

ultrapure water was gradually introduced, followed by 1.25 mL of 30% v/v H2O2, and the 

stirring was maintained for 30 min. Finally, the dispersion was centrifuged with Milli-Q 

water until a pH of 7 was achieved in the supernatant liquid. The resultant GO material 

was dried using an oven at 60 °C.

In order to produce reduced graphene oxide (H-rGO), an adequate amount of hydrazine 

(1μL of hydrazine by 3 mg GO) was mixed with a GO aqueous dispersion (3 mg GO 
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mL−1) using an ultrasound bath. Then, this dispersion was kept in refluxing during 12 h. 

Afterwards, the resultant material (H-rGO) was washed using abundant Milli-Q water 

(about 3 L) and then transferred to an oven at 60 °C for 24 h to obtain a reduced GO 

powder. The percentage yield was close to 90 %.

2.3. Synthesis of carbon nanofibers (CNFs)

Carbon nanofibers (CNFs) were grown by methane decomposition over a 

Ni:Cu:Al2O3 (molar ratio 78:6:16) catalyst. The reaction was carried out in a pure 

methane flow at 700 °C during 10 h as described in [23]. These growth conditions of 

CNFs result in a fishbone type structure, carbon stacked layers at about 20º with respect 

to growth axis, with average fiber diameter of about 50 nm, according to a previous work 

[24].

2.4. Synthesis of mesoporous carbon (gCMK-3)

Ordered mesoporous carbon (gCMK-3) was prepared by incipient wetness impregnation 

of Santa Barbara Amorphous-15 (SBA-15) silica with furan resin (Huttenes-Albertus) as 

carbon precursor. Impregnated silica was carbonized in a pure nitrogen flow (flow rate = 

100 cm3 min-1) at 700 °C during 2 h. The obtained silica-carbon composite was washed 

with HF (40%) for 24 h to remove SBA-15 silica and then washed with distilled water, 

as described previously in [25]. Finally, the carbon material was subjected to heat 

treatment at 1500 °C in order to increase its crystalline grade and, therefore, its electrical 

conductivity. This treatment was carried out in a graphite electrical furnace for 1 h under 

argon flow, using a heating rate of 10 °C min−1.

2.4. Physicochemical Characterization

XRD powder spectra were acquired from a X’Pert PRO X-ray diffractometer 

(PANalytical) to determine the crystal structure. Measurements were obtained using the 

CuKα radiation (λ = 1.5405 Å) and the X’pert high score plus diffraction software, and 

2θ data were collected from 20° to 100° with a scanning rate of 0.04° s−1. Crystalline 

phases were identified by comparing the experimental diffraction patterns with the Joint 

Committee on Powder Diffraction Standards (JCPDS).
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Elemental analysis with an experimental error close to 0.04% was performed using an 

Elemental Analyzer CNHS FLASH EA 1112 (Thermo Scientific).

Raman spectra were collected using a RENISHAW confocal Raman microscope, model 

inVia (RENISHAW), with a green laser (λ = 532 nm) in the 100 to 3200 cm−1 range.

Chemical composition of the catalysts was determined by energy dispersive X-ray 

analysis (EDX, Oxford 6699 ATW), and X-ray photoelectron spectroscopy (XPS) data 

were obtained with a SPECS GmbH customized system (SPECSTM) for surface analysis, 

equipped with a non-monochromatic X-ray source XR 50 and a hemispherical energy 

analyzer (PHOIBOS 1509MCD).

Photoelectrons were excited by using MgKα line (1253.6 eV) operating at 200 W/12 kV. 

Powder samples were attached onto a Cu foil and were placed first in the pre-treatment 

chamber at room temperature for several hours, before being transferred to the analysis 

chamber. The XPS data were signal averaged for a large enough number of scans to get 

a good signal/noise ratio, at increments of 0.1 eV and fixed pass energy of 25 eV. High-

resolution spectra were obtained by curve fitting synthetic peak components, using the 

software XPSpeak41. The raw data were used with no preliminary smoothing. Symmetric 

Gaussian—Lorentzian product functions, after the elimination of background noise upon 

use of Shirley-type curves, were employed to approximate the line shapes of the fitting 

components. Binding energies were calibrated relative to the C 1s peak from the graphitic 

carbon at 284.6 eV.

2.5. Electrochemical Characterization

All measurements were carried out in an electrochemical cell at room temperature 

controlled by an Autolab PGSTAT302N potentiostat-galvanostat. A carbon rod was used 

as a counter electrode, while the reference electrode was a reversible hydrogen electrode 

(RHE) in the supporting electrolyte (0.1 M NaOH). All potentials are referred to this 

electrode. A rotating ring-disk electrode (RRDE) composed of Pt ring and glassy carbon 

disk (geometrical area = 0.196 cm2) was used. The working electrode consisted of a 

certain amount of the catalyst (0.077 mg) deposited as a thin layer over the glassy carbon 

disk. The suspension was prepared by stirring 2 mg of catalyst with 15 μL of 

Nafion® (5%, Sigma–Aldrich) and 0.5 mL of water (Milli-Q, Millipore). Ar (99.999%, 
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Air Liquide) was used to deoxygenate all solutions and O2 (99.995%, Air Liquide) for 

those measurements related to ORR.

For the ORR experiments, O2 was bubbled during 30 min before and during all the 

measurements to maintain the electrolyte saturated. Polarization measurements were 

recorded between 1.0 and 0.2 V at rotating speeds of 400, 600, 900, 1600 and 2500 rpm. 

In these experiments, the working electrode was introduced into the electrolyte at 

controlled potential of 1.0 V. Then, the applied potential was held at 1.0 V during 1 min, 

and after that, the linear sweep voltammetry (LSV) was initiated in the negative direction 

at scan rate of 0.002 V s−1. In order to detect hydrogen peroxide formation, the ring 

potential was maintained constant at 1.2 V during the ORR. For the OER, a LSV was 

recorded between 0.1 and 2.3 V at a scan rate of 0.01 V s−1 and a fix rotating rate of 

1600 rpm, meanwhile a constant potential of 0.4 V was applied at the ring electrode. The 

latter was employed in order to distinguish the OER from other anodic reactions, e.g. 

carbon dioxide formation from catalyst support corrosion.

3. Results and discussion

3.1. Physicochemical Characterization

Figure 1 displays the XRD patterns obtained for the different carbon materials. Graphite 

reveals a sharp diffraction peak at 26.5°, which is related to the C(002) plane, and a small 

diffraction peak at 54.3° associated to the (004) facet. The GO formation from the 

oxidation of graphite is detected by the broad diffraction peak at 10.7°, which is related 

to the (001) diffraction plane and by the absence of the diffraction peaks associated to 

graphite. The last is caused by the growth of oxygen functional groups (OFGs) between 

the graphitic layers, which caused an expansion of the C–C interplanar spacing from 0.34 

to 0.84 nm (Table 1), and therefore, a weakening of the respective chemical bonds of 

graphite [22]. H-rGO develops broad diffraction peaks at ca. 15.3° and 23.8º, which 

suggest that OFGs in the interstitial graphitic spaces were incompletely reduced and that 

the C–C lattice of graphite was partially restored. Additionally, a sharp peak at 42.8º is 

discerned at H-rGO, which is related to the (100) facet. gCMK-3 material also shows the 

(002) reflection in its XRD patterns. However, it is broader and shifted to lower angles 

(24.6º) in comparison to graphite, which is indicative of its more amorphous character. 

This broadening can also be explained in terms of crystallite size, as discussed below. On 
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the other hand, CNF shows three peaks at 26.3°, 42.8° and 54.2° that are attributed to the 

(002), (100) and (004) reflections of graphitic carbon. In addition, CNF exhibits two other 

peaks at 44.3º and 51.7º, associated to the (111) and (200) reflections of nickel, which 

was used as catalyst during the synthetic procedure [23,26]. It is important to note that 

the small amount of nickel remains only inside the CNF [23,26].
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Figure 1. X-ray diffraction (XRD) patterns for all studied materials.

Crystallite size for all employed catalysts was calculated by the Scherrer equation (Table 

1). H-rGO material revealed a crystallite size (Lc) smaller than that of graphite and GO, 

which is in agreement with the number of graphene layers (nl). In this sense, nl was 

estimated from the ratio of the Lc and the interplanar spacing (dhkl), and as expected, 

graphite showed the highest nl and Lc. Table 1 clearly depicts that the oxidation process 

(GO formation) produces OFGs (C/O ratio decreases), and therefore, an increment of the 

interplanar spacing between graphene layers (d001 = 0.83 nm) and a reduction of Lc and 

nl is discerned. On the other hand, the reduction process (H-rGO formation) produces a 

further diminution of dhkl, Lc and nl parameters. Interestingly, gCMK-3 and CNF reveal 

similar d002 than H-rGO and Graphite, respectively. A crystallite size of 10.41 nm was 

calculated for CNFs compared with the 1.12 nm for gCMK-3, indicating the higher 

graphitization degree of the former.
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All features observed by X-ray diffraction (XRD) were in agreement with those results 

achieved by elemental analysis (Table 1). Indeed, an increment of oxygen concentration 

(decrease of C/O ratio) was observed after the chemical oxidation process of graphite to 

produce GO, which diminishes after the reduction step to produce H-rGO. Hydrazine is 

a weak reducing agent, which is confirmed by the small C/O ratio of H-rGO.. 

Nevertheless, hydrazine is effective to introduce nitrogen species into the graphenic 

network (1.8 wt%). On the other hand, gCMK-3 depicts de highest C/O composition ratio, 

meanwhile CNF reveals similar ratio than Graphite.

Table 1. Physicochemical parameters obtained by XRDa, Ramanb and Elemental Analysisc for all 

studied materials.

Materials ad002 (nm) aLc (nm) anl
bID/IG

bLa (nm) cC 

(wt%)

cO 

(wt%)

cC/O 

(wt%)

cN 

(wt%)

Graphite 0.34 66.35 195 0.23 83.6 80.0 20.0 4.0 ---

GO 0.83(d001) 8.05 10 0.88 21.8 49.0 51.0 1.0 ---

H-rGO 0.38 1.41 4 0.94 20.5 64.0 34.6 1.8 1.4

gCMK-3 0.38 1.12 --- 1.15 16.7 92.0 8.0 11.5 ---

CNF 0.35 10.41 --- 1.27 15.1 80.0 20.0 4.0 ---

d002: interplanar C-C distance, Lc: crystallite size, La: basal plane size, nl: number of graphenic layers

Raman spectroscopy was employed to measure the disorder degree, defect density and 

crystallinity of carbon-based materials [27]. Figure 2 depicts the Raman spectra for all 

studied materials, in which four contributions are clearly discerned. The peaks at ca. 1360 

cm−1 (D) and 1580 cm−1 (G) are correlated to sp3 carbon domains and to sp2 bonds into 

the graphitic grid, respectively [27]. Both signals have their corresponding overtones 

between 2500 and 3000 cm−1, respectively [27]. The intensity ratio of D and G peaks 

(Table 1) are usually employed as a measurement of the disorder degree, graphitization 

and crystallinity of the synthesized materials [28,29]. For instance, GO reveals broader D 

and G peaks, as well as a more intense D peak (ID/IG = 0.88) than graphite (ID/IG = 0.23), 

which shows a prominent G peak in agreement with the high size of the in-plane 

sp2 domains. H-rGO develops the typical Raman spectra for heteroatom-doped rGO as a 

result of carbon hybridization by N–C bond formation and/or for some structural disorder 
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(impurities, edges, finite size effects, etc.) that breaks the translational symmetry [30]. 

The lowest La of CNF is associated to the limited dimension of stacked graphene layers 

conforming the fiber structure, thus contributing to larger edge-to-basal atoms than other 

graphitic materials and higher ID/IG as a result [24]. Then, ID/IG values increases in the 

following order: Graphite << GO < H-rGO < gCMK3 < CNF. It is noticeable the sharp 

band developed by CNF, which may be ascribed to the big crystallite size and to a 

preferential orientation of the nanofibers.

Graphitic materials can also be characterized through their structural parameters that 

depend on the crystallographic size in parallel and perpendicular directions to their planes, 

that is, La and Lc (see Table 1). The Lc value is obtained by the Scherrer equation from 

XRD data, while La is estimated from the ID/IG ratio from Raman through the empirical 

equation developed by Knight and White [31,32]. Figure 3 displays a linear correlation 

between ID/IG and the inverse of La for all studied catalysts. A close inspection of this plot 

suggests that La not only decreases with Graphite oxidation, but also with the strength of 

the doping agent (as we described above hydrazine is a weak reducing agent) and the 

structural morphology of the carbonaceous material.
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10

0.02 0.04 0.06

0.2

0.4

0.6

0.8

1.0

1.2
CNF

gCMK-3

H-rGO

L-1

a
 / nm-1

I D
 I-1 G

GO

Graphite

Figure 3. Plot of ID/IG ratio vs. 1/La for all studied materials.

X-ray photoelectron spectroscopy (XPS) was carried out to identify and quantify the 

surface composition and the chemical state of the elements. Deconvoluted spectra for C 

and O are presented in Figure 4.
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materials.

The C1s signal provides detailed information about the presence of oxygen and nitrogen 

species bonded to carbon atoms (left panels of Figure 4). As can be seen, the carbon signal 

is mainly composed by graphitic carbon (sp2), followed by different oxygenated species 
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at higher binding energy values, such as C–OH, C-O-C, C=O and carboxylic bonds [33]. 

In addition to these signals, H-rGO reveals an additional component at ca. 286.1 eV 

(green line) ascribed to nitrogen species bonded to carbon atoms. Also, a small but visible 

signal at ca. 289.0 eV ascribed to a π–π* shake-up satellite is discerned [34]. It is 

noticeable the high amount of C-O-C species produced after the Graphite oxidation 

procedure, which considerably remains after the soft reduction process by hydrazine that 

is in perfect agreement with the observed by other techniques and described above.

Interestingly, the O1s signal (right panels of Figure 4) reveals different surface 

oxygenated species, which strongly depend on the carbonaceous material [33]. 

Remarkably, intercalated water (blue line) signal is intense at CNF, but is not perceived 

at GO. In agreement with the C1s signal, GO is mainly composed by C-O species (pink 

line).

Transmission electron microscopy (TEM) and scanning electron microscopy (SEM) 

images, as well as, BET analysis for all studied materials are included in the supporting 

information (SI). All results depicted in the SI agree to the physicochemical 

characterization described above. Interestingly, the specific surface area increases in the 

subsequent order: Graphite < GO < CNFs < H-rGO < gCMK-3.

All the described morphological and chemical changes modify relevant physicochemical 

properties with profound impacts on electrochemical reactions such as the ORR and OER. 

By affecting the electrical conductivity (higher in basal planes than in edge planes), 

electron transfer (higher in edge planes than in basal planes), different adsorption and 

bond cleavage of O2 (tuned by N insertion into the graphene network), diverse electronic 

density of states near the Fermi level: the overall catalytic performance (activity and 

stability) of carbon-based materials during both reactions (ORR/OER) will be altered 

[30,35].

3.2. Electrochemical Characterization

It is well-known that the ORR and the OER depend on several parameters, such as the 

catalyst composition (morphological and electronic factors), the applied potential, the 

nature of the ions dissolved in the electrolyte and the pH of the media [36–41]. In order 

to study the catalytic performance and discern the ORR pathway for the different 

catalysts, the rotating ring-disk electrode (RRDE) technique was applied (Figure 5). The 
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middle panel shows the ORR polarization curves recorded at 0.002 V s-1 in 0.1 M NaOH, 

meanwhile the top panel depicts the signal acquired with the ring electrode at 1.2 V that 

detects the peroxide production (incomplete ORR pathway). 

Graphite developed the worst catalytic activity toward the ORR, which may have been 

ascribed to the low density of edge planes (i.e. high Lc value) and long basal plane size 

(La) and to the absence of doping and impurities. In other words, the ORR strongly 

increased for materials with short La (and high density of edge planes, Lc) and with the 

insertion of nitrogen into the graphenic structure. Thus, H-rGO revealed the lowest onset 

potential at ca. 0.91 V for the ORR. The latter was promoted by the high oxygen loading 

and by N-doping, which creates a charge polarization of the N–C bond, and therefore the 

adsorption (O2(ads)) and dissociation (O–O bond cleavage) of O2 were facilitated [30]. In 

addition, nickel species into the CNF may promote the ORR only by electronic effects 

due to is embedded in the carbon structure [23,26]. Then, the catalytic activity toward the 

ORR at high pH increases in the following order: Graphene < gCMK-3 < CNF < H-rGO. 

In order to evaluate the final product of the ORR, and consequently, the mechanism of 

the reaction, the peroxide formation was followed at the ring electrode (top panel 

of Figure 5), and the number of electrons transferred (n) was calculated (bottom panel 

of Figure 5) by the equation [42]:

n = 4iD/(iD + iR/N)        (1)

where N is the current collection efficiency of the ring (0.22), and iD and iR are the disk 

and ring currents, respectively. A close inspection of the bottom panel of the figure 

indicates almost a full molecular oxygen (O2) conversion to water (four-electron 

pathway) on CNF and H-rGO materials at E < 0.80 V. Indeed, Graphite and gCMK-3 not 

only revealed a higher overpotential for the ORR, but also a minor energy conversion 

efficiency, that is, half of the reactant produced water (four electrons) and the other half-

generated peroxide (two-electron pathway). Furthermore, it is well recognized that H2O2 

accelerates the degradation of the polymeric membrane electrolyte membrane in fuel cells 

(FCs). Hence, CNF and H-rGO appear as suitable catalysts to be employed as cathode 

due to not only their high catalytic activity but also that can increase the durability of FCs 

and URFCs.
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Figure 5. Steady-state polarization curves for O2 reduction at 1600 rpm in 0.1 M NaOH 

at 25 °C for all employed electrocatalysts (middle panel); faradaic currents developed at 

1.2 V at the Pt ring electrode (top panel); number of electrons transferred (n) during the 

oxygen reduction reaction (ORR; bottom panel). Sweep rate of 0.002 V s−1. 

Figure 6 shows the OER polarization curves for all catalysts (bottom panel) and the signal 

acquired at the ring electrode (upper panel). H-rGO reveals the most negative onset 

potential (≈ 1.15 V) and a small but visible anodic current at more positive potentials. 

gCMK-3, CNF and Graphite show an onset potential at ca. 1.3, 1.5 and 1.6 V, 

respectively. Additionally, the anodic current rises at higher overpotentials on these 

materials. In order to confirm which anodic contribution is associated with the OER, the 

ring electrode was held at 0.4 V. Therefore, molecular oxygen produced at the working 

electrode arrives to the ring and it is reduced to water, and consequently the OER can be 

discerned. Negligible cathodic currents are observed at the ring for g-CMK-3 and H-rGO 

catalysts, which suggest that both materials are not producing molecular oxygen but are 

corroded at this potential region. On the other hand, CNF and Graphite developed 

cathodic currents at the ring electrode, and therefore, are active materials for the OER in 
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the potential range under study. Thus, short interplanar C-C distance and low specific 

surface area appear as the main factors to promote the OER. In this sense, materials 

containing high amount of oxide species (low C/O ratio), functional groups and doping 

reveal longer interplanar C-C distance and higher specific surface area and therefore low 

activity toward the OER.
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Figure 6. Steady-state polarization curves recorded at 0.01 V s−1 and 1600 rpm in 0.1 M 

NaOH at 25 °C for all employed electrocatalysts (bottom panel); faradaic currents 

developed at 0.4 V at the Pt ring electrode (top panel).

A simple equation to estimate the amount of oxygen produced by the catalysts can be 

employed, assuming that only the OER (IO2) and the corrosion (ICO2) of the materials 

happen at the disk electrode (IDisk):

IDisk = IO2 + ICO2        (2)
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On the other hand, the reduction of oxygen is the only reaction detected at the ring 

electrode (IRing). Then, the correlation between IRing and IO2 can be easily reached 

employing the collection efficiency (N = 0.22) of the RRDE:

IO2 = IRing /N        (3)

 

Then, the molar percentage of O2 (χO2·100) produced at the carbon-based catalyst can be 

acquired from the subsequent equation:

        (4)𝜒𝑂2·100 =
𝐼𝑂2

𝐼𝑂2 + 𝐼𝐶𝑂2
·100

Finally, replacing equations (3) and (2) and rearranging terms:

       (5)𝜒𝑂2·100 =
𝐼𝑅𝑖𝑛𝑔

𝐼𝐷𝑖𝑠𝑘 𝑁·100

Figure 7 shows the χO2·100 produced for all carbon-based catalysts in alkaline medium. 

Noticeable is the zero production of oxygen by the graphenic catalyst (H-rGO). In 

addition, from this figure becomes clear that the onset potential and the catalytic activity 

toward the OER increase in the following order: CNF < Graphite << gCMK-3. However, 

CNF corrodes at smaller overpotentials than Graphite. In agreement with the described 

above, a short interplanar C-C distance with a rigid carbon structure appear as the main 

reasons for the high catalytic activity and stability developed by CNF and Graphite 

catalysts. Additionally, the presence of nickel into the CNF structure may slightly 

enhance the activity toward the OER.
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Figure 7. Percentage of molecular oxygen produced for all employed electrocatalysts in 

0.1 M NaOH.

In summary, CNF is the most active catalyst toward the OER and shows good catalytic 

activity toward the ORR. Consequently, CNF appears as the most suitable catalyst to be 

employed as bifunctional oxygen electrode in URFC. The research opens different 

avenues where CNFs can be used in combination with other material to develop durable 

catalysts for practical URFC use.

4. Conclusions

The bifunctional oxygen electrode plays a central role in developing URFC. The low 

catalytic performance and the high cost of platinum group metals (PGM) usually 

employed as bifunctional catalysts can be deal with novel carbonaceous materials. With 

this end in view, the properties of Graphite, H-rGO, gCMK-3 and CNFs materials as bi-

operational oxygen electrode catalysts were investigated. It was observed that the ORR 

and the OER strongly depend on the basal plane size, the density of edge planes, the 

interplanar C-C distance and the oxygen as well as the nitrogen content into the graphenic 

structure. Results reveal the best performance toward the ORR and the OER for CNFs 

material, in addition to the best compromise between catalytic activity and stability. On 

the other hand, H-rGO presents the highest catalytic activity toward the ORR, but it is not 

active for the OER. gCMK-3 appears to be the catalyst with the worst performance and 
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stability, while Graphite shows acceptable activity towards both reactions. Finally, main 

conclusion reveals that CNFs can act as a feasible catalyst for URFC applications.
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Highlights

1.-Carbon-based materials were synthesized, characterized and studied as bifunctional 
oxygen electrocatalysts.

2.-N-doped graphene catalyst reveals the highest catalytic activity toward the ORR.

3.-Carbon nanofibers is the most active catalyst toward the OER and shows acceptable 
catalytic activity toward the ORR.

4.-Carbon nanofibers can be combined with other material to develop durable catalysts 
for practical URFC use.
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