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Abstract

Highly durable air electrodes for the oxygen evolution reaction (OER) and oxygen reduction
reaction (ORR) in highly alkaline media are necessary to catalyze reactions in metal-air secondary
batteries. Carbon is able to provide electronic conductivity and co-catalyze reactions, however is
typically oxidized under high-potential conditions above 1.1 V vs RHE. Herein, we demonstrate highly
durable platelet-type carbon nanofibers (pCNFs) for OER/ORR in alkaline media. The pCNFs have
graphene layers arranged perpendicularly to the fiber axis of the nanofibers. Such a specific
configuration of the graphene layers in combination with a high degree of graphitization was found to
be highly efficient in providing long-term durability combined with a state-of-the-art brownmillerite-
type Ca2FeCoOs catalyst. The improved oxidation resistance of the pCNF carbon is associated with
the high degree of graphitization and the extremely slow oxidation rate of carbon edge planes at the

sidewalls of the nanofibers.



1. Introduction

Metal-air secondary batteries (MABs) are promising candidates for the development of next-
generation energy storage systems because of their relatively high theoretical energy density exceeding
1000 W h kg! [1]. An alkaline-aqueous electrolyte battery has advantages over organic electrolyte
batteries, such as better safety and high ionic conductivity, resulting in easy energy output for the cell.
The basic operation of the positive electrode is directly linked to the kinetics of the oxygen evolution
reaction (OER) and oxygen reduction reaction (ORR) taking place during the charging and discharging
processes, respectively. To promote both reactions, a reversible air electrode possessing high durability
for the repeated charging/discharging in addition to a high electrocatalytic activity for OER and ORR
is necessary. The state-of-the-art electrocatalysts for OER are typically composed of precious metals
such as RuO2 and IrO2 [2, 3], and Pt/C hybrids are used for ORR [4]. The development of new oxide
catalysts containing earth-abundant elements is in high demand to lower the costs of MABs [5-9]. Very
recently, our group reported a very high OER activity of the brownmillerite-type oxide Ca2FeCoOs
(CFCO) [10-12]. The general shortcoming for this type of electrocatalyst is its moderate charge transfer
characteristics [13] together with poor ORR electrocatalytic activity, where good activity is necessary
for MAB operation [14, 15]. Modification of the electrocatalyst with carbon materials is one of the
possible approaches commonly used for perovskites to overcome conductivity issues. Carbon is a well-
known and promising conductive material due to its good electrochemical characteristics, its
lightweight and earth-abundant characteristics, and its role as a cocatalyst for ORR [1,16-18]. Thus,
carbon materials can be considered as conductive supports for metal oxide electrodes for metal-air
secondary batteries such as CFCO.

The operation of an air-positive electrode in an alkaline metal-air battery is based on OER and ORR
via the following scheme:

02 + 2H20 + 4¢” 2 40H" E’=1.23 Vvs RHE (1)

The four-electron reaction pathway described in (1) leads to the presence of a relatively large
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overpotential in electrochemical terms [19]. Under these electrochemical conditions, however, carbon
is easily oxidized in highly alkaline media through two elementary steps via the following reactions
[16, 19-22]:

C+40H — CO2 + 2H20 + 4¢ (2)

CO2 +20H" — CO3* + H20 (3)
or, alternatively, by a one-step reaction, with the standard electrode potential established at 1.01 V vs
RHE [20].

C + 60H — CO3* + 3H20 + 4¢” 4)

By looking at the Pourbaix diagram, one may find a very narrow potential-pH window at which the
carbon would be thermodynamically stable [21, 22]. The harsh operating conditions for metal-air-
batteries, i.e., working potentials outside of the thermodynamic stability of water and pH > 13, lead to
oxidation of carbon during the charging process. Therefore, good oxidation resistance of the carbon
supports is one of the critical aspects to improve the durability of metal-air batteries, and new carbon
materials with oxidation resistance capability are thus highly desirable. There is a growing body of
literature that suggests requirements for durable carbon materials for electrochemical oxidation. The
graphitization degree has been found to influence the oxidation resistance of carbon studied by
electrochemical measurements combined with liquid/gas chromatography, as well as mass
spectrometry [23]. It was demonstrated that highly graphitized carbon has a lower corrosion rate than
that of a material with a low graphitization degree due to its highly ordered stable structure. Moreover,
an edge plane of a graphite crystal is considered to be much more reactive than a basal plane [24-27];
thus, such edge sites may be the priority sites for oxidation.

Taking into account the above reports, the proper design of carbon structures such as the
combination of highly graphitized carbon with elimination of the exposure of carbon edge planes may
provide oxidation resistance not achievable by classic carbon materials. Herein, our focus is on
platelet-type carbon nanofibers (pCNFs) with a graphene layered structure with exposed functional
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graphene edges on the sidewalls. These edges have already been reported to be highly active sites on
the carbon surface during the nanoparticle deposition process in the liquid phase [28, 29]. The pCNFs
with a graphene layered structure and exposed edges facilitated lithiation/delithiation when applied as
a negative electrode in Li-ion batteries, thereby increasing the charge storage capacity to 372 mAh g
"' [30]. Li et al. demonstrated that graphene edges play the role of active sites during ORR, which is
the key reaction for the operation of positive electrodes in metal-air batteries [27]. Such graphene edge
sites can be considered easily degradable under oxidizing conditions and therefore cause carbon
oxidation. The surface of pCNFs may be effectively controlled by means of thermal treatment because
the structure is dynamically changed with the applied temperature [31-34]. Our group reported that the
exposed edge forms a loop structure when pCNFs are heat-treated at temperatures higher than 2000°C
[31]. The heat-treated pCNFs are characterized by a high degree of graphitization and have eliminated
the exposed carbon edges by means of loop formation. Both features may be suitable for designing
electrocatalyst carbon supports with high corrosion resistance for use in oxygen evolution reactions.
In the present study, we combine the brownmillerite-type electrocatalyst with pCNFs heat-treated at
1500 and 2400°C to investigate the relationship between structural changes and electrocatalytic

activity towards OER/ORR as well as the durability.



2. Experimental

2.1 Preparation of the AAO template and pCNFs

The pCNFs were prepared by liquid-phase carbonization in a porous anodic alumina template
according to a procedure described elsewhere [31]. Briefly, a template of porous anodic alumina
(AAO) films was prepared by anodizing 99.99% pure aluminum sheets (10 x 10 cm?, thickness 0.1
mm) at 40 V in 0.3 mol dm™ oxalic acid aqueous solution at 20°C for 2 h. The size of the nanopores
in the anodic alumina layer was controlled by subsequent pore widening treatment in 5 wt% H3PO4
for 30 min at 30°C. Under these conditions, the thickness of the AAO template and the pore size were
controlled at approximately 16 um and 50 nm, respectively (Fig. S1). Polyvinyl chloride powders
(PVC, SHIN-ETSU CHEMICAL Co., Ltd., TK-2500) were used as a carbon precursor. The AAO
template and PVC powders were mixed and heat-treated first at 300°C for 30 min with a temperature
ramp of 400 K h™ in a stream of high-purity argon (99.999%) followed by heat treatment at 600°C for
1 h. The PVC was converted to a liquefied intermediate at ~300°C, penetrating into the pore channels
of the template. The template was then dissolved in 10% NaOH solution under ultrasonication, and the
pCNFs were filtered. Further heat treatment was performed at 1500 or 2400°C, and the pCNFs were
consequently denoted as pCNF1500 and pCNF2400, respectively. The preparation process is

illustrated in Fig. S1.



2.2 Synthesis of CFCO

CFCO electrocatalyst was synthesized according to a procedure described elsewhere [10]. The
following reagents were used as precursors: Ca(NO3)2:4H20 (Kanto Chemical, 99.9%),
Fe(NO3)3-9H20 (Kanto Chemical, 99.9%) and Co(NO3)2:6H20 (99.9%, Wako Pure Chemical).
Appropriate amounts of these reagents were dissolved in Milli-Q water in which an equimolar amount
of citric acid (Wako Pure Chemical, 98%) was subsequently added as a complexing agent. The citrate
solution was stirred and heated at 60 - 70°C to promote polymerization. The gelatinous product was

prefired in air at 450°C for 1 h and then fired at 600°C for 12 h.

2.3 Characterizations

The phase purities and the graphitization degrees of the carbon materials used in this study were
examined by X-ray powder diffraction (XRD; Rigaku, Ultima IV) using Cu Ka radiation (A = 0.15418
nm) operated at 40 kV and 20 mA. The graphitization degree was also examined by Raman
spectroscopy (Horiba Scientific, XploRA) using a 532 nm laser beam. The detailed structure was
further evaluated using transmission electron microscopy (TEM; JEOL, JEM-2000FX, JEM-2010F
and JEM-ARM200F) with the system operated at 200 kV. The surface morphology was observed by
using a low-voltage scanning electron microscope (Zeiss, Sigma-500) operated at 1.5 kV. To estimate
the BET surface areas, nitrogen gas adsorption/desorption isotherm measurements (Bel Japan,

Belsorp-mini instrument) were conducted at -196°C.



2.4 Electrochemical measurements

In this work, the following carbon materials were used as conductive supports: pCNF1500,
pCNF2400, Denka black (DB, Denka Ltd.), Denka black heat-treated at 2400°C (DB2400) and
multiwalled carbon nanotubes (MWCNTs, Sigma Aldrich, PR-25-XT-HHT). Denka black was heat-
treated under the same conditions as those of pCNF2400. Ten milligrams of selected carbon and 50
mg of CFCO were dispersed ultrasonically in a mixture of 0.2 mL of 5 wt% Na'-exchanged Nafion
solution and 4.8 mL of ethanol to obtain a catalyst ink. Nafion was added as a binder and neutralized
before dispersion to prevent CFCO from undergoing acidic dissolution due to the lower pH of the
Nafion binder [35]. The catalyst ink was loaded onto a glassy carbon electrode, and the loaded catalyst
amount was 1.0 mg cm™. The evaluation of electrocatalytic activity was performed by means of linear
sweep voltammetry (LSV) using a rotating disk electrode (RDE) at 1600 rpm with a potential sweep
rate of 1 mV s™\. The durability tests were performed on PTFE-coated carbon sheets (ElectroChem,
Inc., EC-TP1-060T), on which the total catalyst mass of 1.0 mg cm™ was loaded on each electrode.
The electrochemical measurements were carried out in a three-electrode system using a Princeton
Applied Research VersaSTAT3 potentiostat. A carbon sheet and Hg/HgO/4 mol dm™ KOH with O2
saturation were used as counter and reference electrodes, respectively. All measurements were carried
out at room temperature (~25°C) in a 4 mol dm™ KOH aqueous solution (pH = 14). The potential U
was converted from the Hg/HgO/4 mol dm™ KOH reference scale to the RHE using the following
equation [10]:

U vs RHE = U vs Hg/HgO/4 mol dm KOH + 0.098 + 0.059 x pH (5)

The calculated position on the RHE potential scale was in agreement with the potential measured
directly with a commercial reversible hydrogen electrode (ET070 HydroFlex, Gaskatel). The durability
tests were continuously carried out for each carbon/CFCO electrode for a maximum of 1 month, in
which cycles of 2 h chronopotentiometry at +40 mA cm™ and subsequent 15 min rest mode at open-
circuit potential (OCP) were repeated for 1 month in a 4 mol dm= KOH electrolyte.

9



Electrochemical impedance spectroscopy (EIS) was also used to characterize the electrode. The
measurements were performed at a constant potential of 1.6 V vs RHE in 4 mol dm~ KOH electrolyte
with the amplitude of the AC perturbation signal at 10 mV in the frequency range from 10> Hz to 107

Hz.
3. Results and Discussion

3.1 Materials characterization

The three main types of carbon structures used in this study are schematically illustrated in Fig. 1.
Type 1 (pCNF1500, pCNF2400) refers to a structure with graphene layers arranged perpendicularly to
the fiber axis of the nanofiber, type 2 (MWCNT) is a structure with graphene layers parallel to the
fiber axis of the nanofiber, and type 3 (DB, DB2400) is a stack of particles with graphene layers
randomly distributed along each particle. The exposed surface of pCNF1500 consists mainly of the
carbon edge plane, whereas the carbon basal plane is exposed for pCNF2400, MWCNTs and DB. The
carbon edge side typically contains dangling bonds, sp® sites, and functional groups leading to edge
reconstruction, passivation or termination. Consequently, a higher number of defect sites is expected
on the edge plane than on the basal plane, which act as hosts for molecules to adsorb, especially for

gas species altering the electrochemistry of the carbon [36, 37].
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Fig. 1 Schematic illustration of the carbon materials used in this study.
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The SEM images of the above carbon materials are shown in Fig. 2. The samples pCNF1500 (Fig.
2a) and pCNF2400 (Fig. 2b) possess a nanofiber morphology with an average diameter of 50 + 8 nm,
which agrees with the pore size of the anodic alumina (AAO) template (Fig. S1). The length of the
pCNFs was less than 2 um, which was much shorter than the length of the cylindrical pore channel
(16 pum) in the template. The formation of short nanofibers was associated with the trapping of gaseous
species generated during carbonization of the PVC precursor in the cylindrical pores of the AAO
template as well as the poor mechanical strength of platelet-type CNFs [30, 31]. The above
morphological characteristics did not appear to be changed by means of heat treatment temperature at
the available SEM resolution. The commercial MWCNTs used in this study (Fig. 2¢) had lengths in
the range of 0.5 — 10 um with a diameter of 50-200 nm, possessing an aspect ratio larger than that of
the pCNFs by a factor of 2. DB, a commercial type of acetylene black, and the DB annealed at 2400°C
(DB2400) show a nanoparticle-type morphology with a particle size of 40 + 10 nm. No morphological

changes such as agglomeration and/or particle shrinking were observed upon heat treatment.

(b) pPCNF2400

Fig. 2 SEM images of (a) pCNF1500, (b) pCNF2400, (c) MWCNT, (d) DB and (e¢) DB2400 carbon

materials.

11



The detailed carbon structure was further investigated by TEM. Figure 3a and 3b shows that
pCNF1500 and pCNF2400 (type 1) have platelet structures with graphene layers perpendicularly
oriented to the fiber axis of the nanofibers. The graphene structure is established by the specific
interaction between the AAO template and the polycyclic aromatic intermediates compound formed
during thermal decomposition of PVC [38]. One of the most noticeable differences between
pCNF1500 and pCNF2400 is the formation of looped graphene edges for pCNF2400, with most
regular loops formed after treatment at 2400°C. Each loop contains 3-5 graphene layers; therefore,
each stack is composed of 6-10 graphene layers. The lattice fringes for pCNF2400 were more
developed than those of pCNF1500. Figure 3¢ shows the TEM image fora MWCNT (type 2), in which
the carbon layers are oriented parallel to the fiber-axis of the nanotube. In this configuration, the basal
planes of carbon were predominantly exposed at the sidewalls of the MWCNTs. In the case of the type
3 structures studied for DB (Fig. 3d) and DB2400 (Fig. 3e), the carbon basal planes were mainly
exposed on the surface. The lattice fringes were incompletely developed for type 3 nanostructures even
for DB2400, and therefore, random regions were formed on the carbon particles. The randomly
distributed domains remained unmodified after heat treatment at 2400°C. The growth of the platelet
structure and increasing graphitization degree with heat treatment temperature are apparent from the
above TEM observations of type 1 carbon. Furthermore, the disordered carbon structure of DB is

maintained even after heat treatment above 2000°C.
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(@) PCNF1500 & (b) pPCNF2400

4&5

Fig. 3 HRTEM images of (a) pCNF1500, (b) pCNF2400, (c) DB and (d) DB2400 and (¢) MWCNT

carbon materials.

Figure 4 shows the X-ray diffraction (XRD) patterns and Raman spectra of the carbon materials.
The XRD patterns (Fig. 4a) show the presence of 20 diffraction angles at 25°, 42°, and 54°
corresponding to the carbon 002, 10, and 004 reflections, respectively. The 002 peak becomes narrower
for pCNFs with increasing heat treatment temperature, whereas a broad peak is observed for DB and
DB2400. One may also notice that with increasing heat treatment temperature, the peak position shifts
towards higher angles, from 25.6° for pCNF1500 to 26.2° for pCNF2400, indicating an increase in the
graphitization degree. The above results also reveal that the pCNFs heat-treated at 2400°C have a
higher graphitization degree. The enhancement of the graphitization degree for pCNF2400 is clearly
visible if one compares DB2400 with pCNF2400. The full width at half maximum (FWHM) of the
002 peak for DB changed from 1.24° to 1.09° after heat treatment at 2400°C, although there was no

peak shift after the heat treatment for DB.
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To estimate the graphitization degree, the interplanar spacings, doo2, and crystalline domain size

(Lc) were calculated according to equations (6) and (7),

A
- 6
002 ™ 9sind ©)
KA
(7)

Leooz = Beosd

where A, K and S are the X-ray wavelength (0.15418 nm), the shape factor (K = 0.9) and FWHM of
the C 002 peak, respectively. The values of doo2, summarized in Table 1, indicate that the interlayer
spacing gradually decreases with increasing heat treatment temperature, reaching a dooz2 value close to
that of the ideal graphite structure (0.3354 nm). The crystallite size, L, calculated from the Scherrer
equation, increases with heat treatment temperature. Considering the XRD characteristics, MWCNTs
have the highest graphitization degree among the other carbon materials, which is comparable with
that of pCNF2400.

The graphitization degree was also investigated by means of Raman spectroscopy (Fig. 4b). In the
Raman spectra, the Ez¢ vibration mode of graphite is attributed to the stretching vibration in the
aromatic layers and occurs at a frequency of approximately 1580 cm™ [39]. This mode is generally
referred to as the G band. In the investigated frequency range, the G band is the only band that appears
in a perfect graphite structure. Additional bands may also be found at approximately 1350, 1500, and
1620 cm™! for less ordered carbon materials. The 1350 cm™ band, known as the defect band (D band),
is typically assigned to the Aig mode or to the breakdown of transitional and local lattice symmetries
[40-42]. The Raman spectra for pCNF1500 and DB presented in Fig. 4b show two broad overlapping
bands located at ~1580 cm™ (G band) and ~1350 cm™ (D band). With the increase in the thermal
treatment temperature up to 2400°C, both bands become narrower, their intensities increase, and the
maxima move towards lower wavenumbers, which is expected since the defects present in the pristine
material are eliminated upon heat treatment. An additional signal was found at ~1620 cm™ for

pCNF2400 corresponding to the D’ band. The position and width of the D and G bands may serve as
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indicators for the graphitization degree [43], which is often calculated by comparing the intensity ratio
for the D and G bands using the following formula: graphitization degree = I/l [44], where Ip and /G
represent the peak area of the D band (1350 cm™) and G band (1580 cm™), respectively. The results
are summarized in Table 1. There is a significant improvement in the structural organization of the
type 1 carbon materials observed with the increased heat treatment temperature, but the organization

is limited for the type 3 carbon materials.

(@ (b)
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Fig. 4 (a) XRD patterns and (b) Raman spectra of carbon materials used in this study.

Table 1 Structural characteristics of carbon materials used in this study.

d(002) / Lc Raman Average diameter
BET /m? g’!
nm / nm I/l or particle size / nm

pCNF1500 0.348 5.0 1.64 32.0 50
pCNF2400 0.340 14 0.698 28.0 50

MWCNT 0.339 16 0.193 72.1 50-200
DB 0.346 7.1 0.938 59.4 40
DB2400 0.345 8.1 0.832 42.7 43
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Figure S2 shows nitrogen gas adsorption/desorption isotherms for the carbon materials. The
isotherms suggested the presence of limited amounts of micropores and mesopores. The BET surface
areas estimated using the adsorption isotherms of Fig. S2 are summarized in Table 1. The influence of
heat treatment on the BET surface areas is relatively small for the type 1 and type 3 carbon materials.
pCNF-type carbon materials have the lowest BET surface areas among the carbon materials examined

and approximately half that of MWCNTs.

3.2 OER activity and durability

CFCO is an efficient electrocatalyst for OER in highly alkaline media [10-12]. Herein, we tested
each carbon material as a conductive support for CFCO for OER. Figure 5a shows linear sweep
voltammograms for carbon supports/CFCO, demonstrating catalytic activity towards OER in 4 mol
dm? KOH. The overpotential at high current densities was reduced in the following order:
DB2400/CFCO = DB/CFCO < pCNF1500/CFCO < pCNF2400/CFCO < MWCNT/CFCO << pristine-
CFCO. The onset potential (Eonsct), determined at a current density of 1.5 mA ¢cm™, for the OER for
each carbon/CFCO composite electrode is 1.47 V vs RHE. In contrast to that of the carbon composite
materials, Eonset for pristine Ca2FeCoOs (without carbon support) is shifted towards a higher potential
value of 1.50V, indicating that the carbon support is necessary to promote OER for the brownmillerite-
type CFCO electrocatalyst. The high current density tail in the LSV curve for pCNF2400/CFCO is
shifted towards higher potential values with respect to those of pCNF1500- and DB-based
electrocatalysts. The possible explanation for the shift is the insufficient dispersion of carbon material
within the electrocatalyst matrix. Figures 5b and 5¢ show SEM-Backscattered-Electron (BSE) images
for DB/CFCO and pCNF2400/CFCO, where the carbon materials and CFCO appear as dark and bright
domains, respectively, due to the atomic number contrast. In the case of pCNF2400/CFCO, the
agglomeration of pCNF2400 is visible as the large darker region. The better distribution of carbon in
the DB/CFCO composite is apparent since much as smaller light regions (CFCO) and darker regions
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(DB) are present. It is worth noting that the better distribution of carbon material within the composite
matrix facilitates electron transfer for the electrocatalyst. The electrochemical characteristics of the
catalyst under OER conditions were investigated by means of electrochemical impedance spectroscopy
(EIS) measurements at a constant potential of 1.6 V vs RHE in 4 mol dm KOH electrolyte (Fig. 5d).
The Nyquist plots for DB/CFCO and pCNF2400/CFCO catalysts deposited on GC electrodes are
shown for comparison. The impedance spectrum for pCNF2400/CFCO is characterized by two time
constants; the high-frequency arc is associated with the resistance of the catalyst, whereas the low-
frequency arc corresponds to charge transfer resistance, both having well-defined intersections at 0.5
kHz. Two-component impedance spectra, with one component associated with a metal oxide catalyst
and the second corresponding to a charge transfer reaction, are typically observed for many other
carbon/metal oxide catalysts [45, 46]. In contrast, the Nyquist plot of DB/CFCO is characterized by
one semicircle, which is supposed to be a result of similar time constants for the charge transfer
reaction and DB/CFCO component. It is obvious from Fig. 5d that the DB/CFCO electrode with better
carbon dispersion shows a smaller charge transfer resistance than that of the pCNF2400/CFCO

electrode with agglomerated carbon.
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The long-term durability of carbon/CFCO electrodes under OER conditions was investigated by
means of polarization at +40 mA cm™ in 4 mol dm™ KOH. Figures 6a and 6b show the anodic LSV
curves for the carbon/CFCO electrodes before and after 14 days of polarization. The electrocatalytic
activity of DB/CFCO, DB2400/CFCO and pCNF1500/CFCO towards OER was significantly reduced,
with the current density at 1.7 V vs RHE dropping to 53%, 54% and 67% of the original value,
respectively. The deactivation of the catalyst is possibly caused by oxidative decomposition of the
carbon support and therefore the deficiency of electron-conducting paths to CFCO. A similar decrease
in the OER current for perovskite oxide/carbon electrodes, related to carbon corrosion, was reported
elsewhere [47]. The MWCNT/CFCO electrode showed deactivation towards OER with the current
density dropping to 87% at 1.7 V vs RHE, but this performance decrease was slightly smaller than that
with other carbons due to this sample having the highest graphitization degree and therefore better
oxidation resistance. The electrocatalytic activity of pCNF2400/CFCO towards OER essentially
remained unchanged under the same conditions for a period of one month. The origin of the high
durability is likely associated with the structure of pCNF2400, which has high graphitization degree
and eliminated graphene edges. Figure 6¢ shows the cathodic linear scanning voltammetry (LSV)
curves obtained for the pCNF2400/CFCO electrode under a long-term durability test in oxygen-
saturated 4 mol dm™ KOH. The voltammogram was obtained by running the LSV experiment while
the durability test cycles were in the rest mode. It is found that the ORR current gradually increases
during the durability test. It is generally accepted that the ORR electrocatalytic activity of
carbon/perovskites is linked to a synergistic effect between carbon and the metal oxide [1, 16-18]. The
enhancement of catalytic activity for the oxidized carbon material has been observed by other
researchers [48-50]. Herein, the enhancement of the ORR activity is most likely related to the partial
oxidation of pCNF2400, without any significant effect on the OER activity. One of the possible
explanations for the change in the ORR activity could be the stronger affinity of the oxygen molecules
to adsorb on the edge sites compared to the plane sites [27, 36]. Density functional theory (DFT)
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calculations have shown that dangling bonds at the edge sites of graphene have a strong ability for O2
adsorption [36]. The slow ORR kinetics for pristine pCNF2400 would therefore be linked to the
presence of loop sides on the fiber surface with exposed basal plane. The transformation of loops into
edges under the long-term durability test increases the ORR kinetics as Oz adsorption on the edge plane

becomes more favorable.
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Fig. 6 Linear sweep voltammograms of carbon/CFCO electrodes for (a, b) OER and (c) ORR for

pCNF2400/CFCO in 4 mol dm™ KOH aqueous solution before and after the durability tests. The

current density was normalized by the geometric surface area of the carbon paper electrode.
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The morphological changes associated with carbon corrosion after a two-week durability test were
observed by SEM-BSE observations. The results are shown in Fig. 7 and Fig. S3. After the durability
test, the dark particles are absent for the pCNF1500/CFCO and DB/CFCO electrodes; only the
substrate and/or Nafion binder film is visible due to the loss of carbon caused by the oxidative
decomposition. Upon polarization of the specimen, the morphology of CFCO particles changes from
a particle-like shape into a plate-like shape. This effect may be related to the in sifu chemical change
of CFCO to oxyhydroxide. A similar phenomenon was reported by other researchers [51-55], and we
discussed this effect more in detail elsewhere [11, 12]. The other carbon materials, such as DB annealed
at 2400°C and the highly graphitized MWCNTSs, show a similar tendency regarding the surface
morphology. In contrast, no morphological changes were observed for the pCNF2400/CFCO
electrodes under the durability test. The pCNF nanofibers sustained their geometrical shape, and no
exposed Nafion binders were observed, indicating that pCNF2400 is durable under OER conditions.
Figure S4 shows TEM images before and after the durability test for MWCNT/CFCO. After the
durability test, the MWCNT is partially corroded, with a reduced tube diameter. The TEM observations
suggest that the oxidation proceeds locally and perpendicularly to the fiber axis of MWCNTs, with a
pit-like morphology. In other words, the corrosion of MWCNTs occurs from the basal plane of carbon.
The localized attack of graphitic carbon has been reported previously [56, 57]. The local oxidation
may be associated with the presence of some structural defects in the basal planes, as reported

previously [58].

22



(a) pCNF2400/ (b) pCNF2400/ (c) pCNF2400/
CFCO Before CFCO 2 weeks CFCO 1 month

EREE® - hCNF
2400

(d) pCNF1500/ "L “=el (e) pCNF1500/
CFCO Before o % CFCO 2 weeks

(f) DBICFCO

Fig. 7 SEM-BSE images of carbon/CFCO electrodes before and after the durability test for 2 weeks

and 1 month.

The TEM images for pCNF2400 before and after the durability test are shown in Figs. 8 and SS5.
Fig. S5 reveals that the nanofiber diameters of pCNF2400 remained almost unchanged even after the
durability test for 1 month. However, high-magnification images (Fig. 8) reveal the change in the
structure of the sidewall of pCNF2400. Before the durability test, the specimen is characterized by the
presence of loops consisting of 3-5 graphene layers at the sidewalls of pCNF2400. After two weeks of
polarization, those loops are completely opened. Therefore, in the case of pCNF2400, this loop edge
structure can be considered the priority site for corrosion. The similar diameter of pCNF2400
nanofibers after the durability test for 2 weeks and 1 month (Figs. S5b and S5c, respectively) and the
similar carbon edge structure at the sidewalls indicate that the oxidation of pCNF2400 at the exposed
carbon edge planes is extremely slow, contributing to the high durability of pCNF2400 under OER

conditions.
23



(a) Before N \ (O WATEELS = (c) 1 month

LT

11/

i/

i
i}
=
1
)
]
3
1,
)

Fig. 8 High-resolution TEM images of pCNF2400 (a) before and (b, c¢) after the durability tests of

the pCNF2400/CFCO electrode for (b) 2 weeks and (c) 1 month.

3.3 Factors influencing carbon corrosion

The durability tests provided under the OER conditions supported by ex situ observations of carbon
degradation indicated that there are three key factors affecting carbon corrosion, i.e., i) low or high
graphitization degree, ii) exposure of basal planes, and ii1) exposure of edge planes.

Both DB and DB2400 carbons have (i) poor graphitization degree and (ii) exposed basal planes.
The combination of these two factors resulted in a very poor corrosion resistance towards OER. The
first factor may be simply understood with reference to hexagonal carbon, which is the most
thermodynamically stable form of carbon. All other forms of carbon, such as those of DB, are
metastable. Since the DB has a very low degree of crystallinity among the studied carbons, less energy
appears to be required to break the carbon-carbon bonds and consequently oxidize carbon to CO3>
according to reactions (2-4). This consideration is in line with observations by others that highly
graphitized carbon possesses high oxidation resistance [23]. The second factor is related to the
disorganized structure of the particle and therefore the exposure of basal planes to the electrolyte,
which tend to be more susceptible to pitting-type corrosion.

One negative and one positive factor for carbon corrosion were observed for pCNF1500, i.e., 1)

low graphitization degree and iii) exposed edge planes. Such a combination is not effective for
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providing long-term durability, as pCNF1500 corroded with a similar rate to DB, which indicates that
the low graphitization degree is not suitable to improve the durability. In contrast to pCNF1500, the
MWCNT carbon has the opposite combination of crystallinity and edge structure, i.e., 1) high
graphitization degree and ii) exposed basal planes. Relatively fast degradation of the carbon appears
to originate from pitting-type corrosion on basal planes.

Among the studied structures, pCNF2400 is the most corrosion-resistant carbon material and
provides long-term durability as a result of the combination of two positive factors: i) high
graphitization degree and ii) exposed edge planes. The kinetics of carbon oxidation from the carbon
edge planes are slower than those from the carbon basal planes due to a change in the corrosion
mechanism from pitting-type to general-type corrosion. It is not completely understood how the edge
planes suppress the rate of carbon oxidation; however, edge termination and/or passivation effects may
be possible. We also note the one possibility that the priority adsorption of oxygen molecules on the
carbon edge plane [27]. This adsorption has the possibility to disconnect the carbon and corrosion
environment. Further, more in-depth in sifu studies on this aspect are necessary. One of the most
unique features for pCNF2400 is the loop-edge structure observed in Fig. 3b. The loop composed of
3-5 graphene layers, however, has only a slight influence on the corrosion performance of the carbon.
The graphene layers forming the loop are possibly oxidized by a mechanism similar to that of
MWCNTs in which corrosion-resistant edge planes are uncovered; therefore, the corrosion resistance
is essentially provided by the carbon edge planes. It has been often discussed that carbon edge planes
become preferential sites for the oxidation of carbon materials [24-27], but the present study discloses
that the edge planes of carbon nanofibers with a high graphitization degree are more resistant to
oxidation under OER conditions in highly alkaline electrolytes. The findings in this study show the
high oxidation resistance of carbon edge planes in highly graphitized carbon nanofibers, opening a

new avenue for designing durable air electrodes using carbon materials as a conductive support.
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4. Conclusions

Carbon nanomaterials with various orientations of the carbon planes were studied as conductive
supports in combination with a state-of-the-art brownmillerite CFCO electrocatalyst for OER/ORR in
a 4 mol dm™ KOH electrolyte. It was found that the appropriate arrangement of the exposed carbon
planes with a relatively high degree of graphitization plays a key role in providing long-term durability
of the carbon nanostructure in strongly alkaline electrolytes. Among the studied materials, the carbon
nanofibers with graphene layers arranged perpendicularly to the fiber axis of the nanofibers, i.e.,
carbon edge planes, were most durable under OER conditions without significant decay of the
electrocatalytic activity for one month of testing. In contrast, the exposure of basal planes led to a
change in the carbon degradation process from general-type to pitting-type corrosion with faster
oxidation kinetics. The highly graphitized platelet-type carbon nanofibers are therefore promising as
conductive carbon supports for durable air electrodes in rechargeable metal-air batteries using alkaline

aqueous electrolytes.
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