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High-Corrosion-Resistance Mechanism of Graphitized Platelet-
type Carbon Nanofibers under OER in Concentrated Alkaline
Electrolyte

Yuki Sato?, Naohito Yamada?, Sho Kitano®*, Damian Kowalski® ¢, Yoshitaka Aoki®, Hiroki Habazaki®

Carbon materials are used as electrocatalyst supports and conductive additives in various electrodes for electrochemical
energy conversion and storage because of their high electrical conductivity and chemical stability. However, they suffer from
electrochemical corrosion at high anodic potentials in aqueous electrolytes. This study demonstrates that highly graphitized
platelet-type carbon nanofibers (pCNFs) are tolerant to electrochemical corrosion under oxygen evolution reaction (OER)
conditions in a concentrated KOH electrolyte. An identical-location scanning electron microscopy study showed that the
corrosion rate of the carbon edge plane of the pCNFs is very low compared with that of the carbon basal plane. Further
scanning transmission electron microscopy/electron-energy loss spectroscopy studies indicate that the carbon edge plane
of the pCNFs is covered with hydroxyl groups, whereas the oxygen-containing species are limited to the carbon basal plane.
Thus, most surfaces of highly graphitized pCNFs, consisting of the carbon edge plane, are passivated with hydroxyl groups,
resulting in the high resistance of pCNFs to electrochemical corrosion. These findings provide a novel material design for

carbon with a high corrosion resistance under the OER.

Introduction

Carbon is one of the key components in electrochemical energy
conversion and storage systems, such as lithium-ion batteries,!™”
¢ electrochemical capacitors,!’-15! polymer electrolyte fuel cells
(PEMFCs),[16-231 and metal-air secondary batteries (MABs).[2431]
However, carbon materials suffer from electrochemical
oxidation; that is, carbon corrosion occurs in aqueous
electrolytes at high anodic potentials, where many important
electrochemical reactions, including the oxygen evolution
reaction (OER), transpire. The thermodynamic instability of
carbon is evident from the low equilibrium potential of carbon
oxidation to CO, at 0.207 V vs. SHE at 25 °C.3? The carbon
oxidation reaction (COR) in alkaline electrolytes proceed
through two elementary steps via the following reactions:[24 32-
38]

C+ 40H > CO, + 2H,0 + de- (1)

CO, + 20H" = COs% + H,0 (2)
Alternatively, it occurs by a one-step reaction to yield carbonate
at a standard electrode potential of -0.682 V vs. a Hg/HgO
reference electrode (0.242 V vs. RHE at pH 14) at 25°Cina 0.1
mol dm CO3? solution.[33!

C+ 60H > CO32 + 3H,0 + 4e (3)
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The COR induces electrode degradation because of the loss or
agglomeration of electroactive species on carbon or the loss of
electro-conductive paths when using carbon materials as the
electrocatalyst support or conductive additive.[1619 23311 \When
OER electrodes with noble-metal-free electrocatalysts were
fabricated, carbon material was often added as conductive
support because of the insufficient electric conductivity of
electrocatalysts.??31  For developing the durable OER
electrodes, the COR of the carbon conductive support must be
avoided. Carbon materials have advantages compared to other
conductive materials from the following points: i) earth-
abundance, ii) lightweight, iii) reasonable electric conductivity,
and iv) oxygen reduction reaction co-catalysis activity, which is
the crucial characteristic of the air electrode in the metal-air
secondary battery system.
background, tolerance to carbon corrosion is a prerequisite for
the fabrication of durable carbon-containing electrodes.
Fujigaya et al. attempted to separate carbon materials from a
corrosion environment by utilizing a polymer coating.[39-41
Increasing the graphitization degree and using low-defect
structures of carbon materials are widely accepted approaches
to suppress carbon corrosion.*2#¢! For example, Ross et al.
demonstrated that highly graphitized carbon obtained by heat
treatment at 2700 °C has a lower corrosion rate than carbon
with a low graphitization degree in a 30% KOH electrolyte at
55 °C.[*21 Hung et al. investigated the corrosion behavior of
carbon materials with different graphitization degrees using
electrochemical quartz crystal microbalance and revealed
improved tolerance to carbon corrosion with an increased
degree of graphitization.[43!

Because of such scientific



Graphitic carbon has a stacked-layer structure with the surface
consisting of either a carbon edge plane or a basal plane. The
carbon edge plane is significantly more reactive than the basal
plane;*”! thus, it is believed to be the preferred oxidation
site.*851 However, some opposing experimental results were
reported recently for platelet-type carbon nanofibers (pCNFs).
The pCNFs possess a structure with graphene layers arranged
perpendicularly to the fiber axis of the nanofibers. Further, the
sidewall of the nanofibers consists of the carbon edge plane,
whereas the carbon basal plane is exposed at the end of the
pCNFs.[52 331 This suggests that the surface of pCNFs is mainly
composed of the edge plane. Therefore, a higher corrosion rate
is expected for the pCNFs than for other nanostructured carbon
materials; however, the results contradict this.[18 29 54 55]
Tamaki et al. compared the durability of Pt/carbon black and
Pt/pCNF under PEMFC operation conditions.®* Pt/pCNF
exhibited greater durability despite showing a lower
graphitization degree, as estimated from the Raman spectra.
Tsuji et al. also reported the improved durability of Pt/pCNFs,
which increased with the enhanced graphitization degree of the
pCNFs.'8! Lee et al. demonstrated the enhanced durability of
Pt/pCNF and hybrid-type Pt/(pCNF + activated carbon)
compared with that of Pt/activated carbon under an
accelerated durability test using a PEMFC cathode.l%!

Recently, our group examined the stability of pCNFs under the
OER, a charging reaction of MABs, in a concentrated alkaline
electrolyte and compared it with that of other carbon
materials.[??! Interestingly, pCNF showed long-term durability of
more than one month, despite other carbon materials,
including carbon black and multi-walled carbon nanotubes,
corroding within two weeks. These recent findings suggest the
possible high tolerance to oxidation of the carbon edge plane of
pCNFs at high potentials in alkaline electrolytes, as opposed to
the generally accepted high reactivity of the carbon edge plane.
In this study, the corrosion rate of highly graphitized pCNFs and
carbon blacks at a high anodic potential in a 4 mol dm=3 KOH
electrolyte was quantitatively analyzed using an identical-
location scanning electron microscopy (ILSEM) technique. The
corroded carbon edge and basal planes were further examined
by scanning transmission electron microscopy (STEM)/electron-
energy loss spectroscopy (EELS) analysis to gain insights into the
mechanism of the improved corrosion resistance of pCNFs.

Results and Discussion

Material characterizations

The carbon materials used in this study were as follows: pCNFs
heat-treated at 2000 (pCNF2000), 2400 (pCNF2400), and
3000 °C (pCNF3000), and two types of commercial carbon
blacks (TB: Tokai Carbon, TOKA Black#3800 and AB: Strem
Chemicals, acetylene black). Fig. 1 shows the SEM and TEM
images of the carbon materials used in this study and the
schematic illustrations of carbon materials. AB (Fig. 1a) and TB
(Fig. 1c) revealed nanoparticle-type morphologies with
diameters of 50-150 nm. The TEM image of TB (Fig. 1d) revealed
well-developed lattice fringes, corresponding to the (002)
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lattice plane, whereas AB (Fig. 1b) showed less-developed
lattice fringes, indicating a lower degree of graphitization.

The lattice fringes are almost parallel to the carbon black
surfaces; that is, the basal plane of carbon is exposed to the
surface.

Fig. 1e, 1g, and 1i shows the nanorod-like morphology of the
PCNFs. For pCNF2000 and pCNF2400, prepared by liquid-phase
carbonization using a porous anodic alumina template,? 7. 18 21,
29,521 the diameters, controlled by the template pore size, were
~55 nm. In contrast, the fiber diameter of pCNF3000, prepared
by a catalytic chemical vapor deposition method, varied
between 80 and 300 nm. The TEM images of all the pCNFs
exhibited the platelet structure of the carbon nanofibers; that
is, the carbon layers were normal to the fiber axis. An additional
interesting feature is the looped structure that developed at the
edges of the carbon layers. The loops developed during heat
treatment at high temperatures > 2000 °C (Fig. 1), possibly
reducing the high surface energy of dangling bonds at the
sidewalls of the pCNFs.[56]

The X-ray diffraction (XRD) patterns of the carbon materials
shown in Fig. 2a reveal a strong peak at approximately 20 = 26°
and a relatively weak diffraction peak at approximately 26 = 42°,
corresponding to the 002 and 10 reflections of graphitic carbon,
respectively. In addition to the reflections corresponding to AB,
a very weak 004 reflection appeared at approximately 52°. The
carbon 002 reflection peak intensified and sharpened upon
increasing the heat treatment temperature of the pCNFs, which
is associated with an increased graphitization degree. The 002
lattice spacing, doo2, of the carbon materials used in this study
was measured and is summarized in Table 1. The dgo. values of
the pCNFs heat-treated at wider temperatures,!>?! multi-walled
carbon nanotubes (MW),?°) and other carbon black materials(?°!
are also summarized in Table S1. The doo, values of the pCNFs
decreased with increasing heat treatment temperature and
approached the value for graphite (0.3354 nm). The doo> value
of TB was between those of pCNF2000 and pCNF2400, and AB
exhibited the highest doo> value, which indicates the lowest
degree of graphitization.

Table 1. Physicochemical properties of the carbon materials
used in this study
Lattice spacing,

BET surface

doo2 / nm Io/ls Area /m?g?
PCNF2000 0.343 1.71 27.0
PCNF2400 0.340 1.51 28.0
PCNF3000 0.336 0.725 40.3
B 0.342 0.392 26.4
AB 0.352 1.04 78.0

Raman spectroscopy was also used to investigate the degree of
graphitization of the carbon materials. As shown in Fig. 2b, the
Raman spectra reveal two peaks at ~1350 and ~1580 cm,
which are associated with the A1z (D band) and E,, vibration (G
band), respectively. In addition, a weak shoulder peak of the D'
band appeared at ~1620 cm™. The peak area ratios of Ip/l,
which are often used to evaluate the graphitization degree of
carbon materials,¥ are summarized in Table 1. The peak width

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1 SEM and TEM images of the carbon materials used in this study: (a—b) AB, (c—d) TB, (e—f) pCNF2000, (g—h) pCNF2400, and (i—j)
pCNF3000. Schematic illustrations of (k) the crystalline structure of the carbon material and (1) the loops formation.

of the G band is another parameter used to evaluate the degree
of graphitization.[>* The correlations between Ip/Is and doo, and
between the peak width of the G band and doo; are plotted in
Fig. 2c and 2d, respectively. The results of MW and Denka black,
examined in our previous study,[??! are also added in these
figures. There is a good correlation between the Ip/Is value and
dooz for the pCNFs, but this linear correlation is different from
other carbon materials. In contrast, all the carbon materials
exhibited a linear correlation between the width of the G band
and dooz. A relatively higher Ip/ls value of pCNFs compared to
other carbon materials is possibly related to the platelet
structure providing many edge sites; [°* the Ip//s value of pCNFs
is influenced significantly by the presence of the looped carbon
layers with many disordered carbons at their sidewall. In
contrast, the G band's peak width mainly reflects the structure
of the bulk region of carbon materials. Thus, the Ip/ls value —
dooz correlation can be used to estimate the disorder degree of
sidewall region of pCNFs, whereas the peak width of the G band
and dooz can be applied to evaluate the graphitization degree of
the bulk region of diverse carbon materials.

The nitrogen gas adsorption/desorption isotherms for the
carbon materials used in this study are shown in Fig. S1. All
isotherms show an IUPAC type Ill curve, suggesting a limited
number of micro- and mesopores. The Brunauer—-Emmett—

This journal is © The Royal Society of Chemistry 20xx

Teller (BET) surface areas, estimated from the adsorption
isotherms, are summarized in Table 1. pCNF2000 and pCNF2400
have similar BET surface areas because of the template-based
preparation of these two pCNFs. TB also exhibits a similar BET
surface area, whereas pCNF3000 and AB possess greater BET
surface areas. However, all the carbon materials show BET
surface areas of 25-80 m? g™, which is typical for conductive
carbon additives used for electrode applications.

ILSEM study

The corrosion rates of the carbon materials at 1.8 V vs RHE in a
4.0 mol dm KOH electrolyte were examined using the ILSEM
technique (Fig. $2).5761 The size reduction of each nanoparticle
and nanofiber by carbon corrosion was measured by comparing
the SEM images before and after polarization. The carbon
nanoparticles and nanofibers were deposited on a surface-
roughened Au TEM grid (Fig. S2c) with a Nafion binder, and
nanoparticles and nanofibers at identical locations were
observed after polarization under the OER. Au is stable under
the OER in alkaline electrolytes.[®?l The surface roughening of
the Au grid by the anodizing method[®3-%%] effectively reduced
carbon nanoparticle and nanofiber detachment during
polarization owing to the anchoring effect.[66-68]
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Fig. 2 (a) XRD patterns and (b) Raman spectra of the carbon materials used in this study; (c, d) the relationship between the lattice
spacing and Ip/ls calculated from Fig. 2b, and the FWHM of the G band that appeared in Fig. 2b. In Fig. 2c and d, O* depicts the data
of Denka black carbon obtained in our previous work.[2?) A * also depicts the data of MW obtained in our previous work.[2*!

Examples of the ILSEM study of TB and AB nanoparticles are
shown in Fig. 3 and Fig. S3, respectively. The TB particle size
decreased with the polarization time without significant
changes in the shape of the particles, suggesting the uniform
oxidation of TB nanoparticles. The diameter reduction was
measured for more than 10 nanoparticles and plotted as a
function of polarization time (Fig. 3d). The diameter of TB
decreased linearly with time at an average rate of 0.46 nm h..
A higher oxidation rate was found for the AB nanoparticles,
which exhibited a lower graphitization degree than the TB
nanoparticles. From Fig. S3, the diameter of AB decreased by
17.5 £ 7.6 nm after polarization for 24 h, corresponding to a
diameter reduction rate of 0.73 nm hl. We conducted
prolonged polarization for the AB nanoparticles but were
unable to successfully measure the decreased diameter
because of significant nanoparticle detachment.

Fig. 4 shows the ILSEM results for the pCNFs. The length of the
pPCNFs decreased during polarization at 1.8 V vs RHE. For
PCNF2400, the fiber length decreased by 10.9 + 6.4 and 20.2 +
9.9 nm after 24 and 48 h polarization, respectively. Thus,
assuming that the length reduces linearly with the polarization
time, the length reduction rate was estimated to be 0.42 nm h-
1. This value decreased from 0.62 nm h* for pCNF2000 to 0.34
nm hl for pCNF3000 upon increasing the heat treatment
temperature of pCNFs. The carbon oxidation rate of the carbon
blacks and pCNFs was estimated from the diameter and length
reduction rates and plotted as a function of doo2 (Fig. 4k). An
approximately linear relationship was observed, indicating that
the degree of graphitization controls carbon oxidation, as
reported previously.[*24¢I The outer surface of the carbon blacks
and the end surface of the nanofibers consisted of the carbon
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basal plane. The results in Fig. 4k indicate that the oxidation
resistance of the carbon basal plane improves with increasing
graphitization degree.

The most striking results were found for the carbon oxidation
rate of the sidewall of the pCNFs. Assuming a similar corrosion
rate to that of the basal plane of pCNF2400, we estimated the
nanofiber diameter to be approximately half that after
polarization for 48 h. However, the actual change in the
nanofiber diameter for all the pCNFs was negligible, especially
between 24 and 48 h (Fig. 4a—4i). The significantly reduced
oxidation rate of the sidewall is observed in Fig. 4j; therefore,
the sidewall of the pCNFs, comprising the carbon edge plane, is
much more resistant than the highly graphitized carbon basal
plane. The diameter of pCNF2000 and pCNF2400 decreased by
5 nm within the first 24 h and decreased to 2 nm or less during
the subsequent 24 h. The slightly higher oxidation rate within
the initial 24 h is discussed later. Assuming the pCNF of 50 nm
diameter the length of 1 um, the basal plane area ratio to the
total surface area is only 2.5%. Thus, the overall corrosion rate
of the pCNFs with a high aspect ratio is mainly controlled by
their sidewall.

The chronoamperometry curves during the anodic polarization
is shown in Fig. S4. The corrosion current of carbon materials,
estimated from their size reduction, is negligible compared with
the anodic currents observed in Fig. S4. Thus, the OER is a
predominant anodic reaction, and the pCNFs exhibit a higher
OER current than the carbon blacks, because of the higher OER
activity of the carbon edge plane.

TEM observation

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 (a-c) Identical-location SEM observation images of the TB loaded electrode (a) before and (b) after polarization at 1.8 V vs RHE
for 24 h and (c) for 48 h. (d) The relationship between the change in diameter and the duration time calculated from Fig. 3 (a-c).
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Fig. 4 Identical-location SEM observation images of pCNF loaded electrodes for (a—c) pCNF2000, (d—f) pCNF2400, and (g—i) pCNF3000.
Each electrode was observed (a, d, g) before and (b, e, h) after polarization at 1.8 V vs RHE for 24 h and (c, f, i) 48 h. (j) The relationship
between the change in the diameter and length of pCNF2400 and the duration time calculated from Fig. 4 (d-f). (k) The relationship
between the lattice spacing of doo, and the basal plane corrosion rates.

The change in the carbon structure due to corrosion was further
examined by TEM. Fig. S5 shows the TEM images of AB before
and after polarization for 24 and 48 h. The 002 lattice fringes
observed in the pristine AB became obscure after polarization,
suggesting a decrease in the graphitization degree. In addition,

This journal is © The Royal Society of Chemistry 20xx

some particles were hollow after polarization, suggesting the
preferential oxidation of carbon in the inner core regions. The
inner core regions of pristine AB appeared to possess a lower
graphitization degree, which increased the corrosion-induced
loss of carbon. A similar morphological change was observed for

J. Name., 2013, 00, 1-3 | 5
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TB (Fig. S6). In contrast to AB, the 002 lattice fringes of TB
remained unchanged even after polarization for 48 h; thus, the
oxidation of TB proceeds without degradation of the high
graphitization degree. The thickness of the well-developed
graphitic layers from the outer surface was 14.3 £ 5.5 nm in the
pristine TB, which reduced to ~7.2 and ~4.3 nm after
polarization for 24 and 48 h, respectively. The oxidative removal
of TB appears to proceed by uniformly consuming the graphene
layer from the outer surface.
Changes in the carbon edge plane were examined by exposing
the pCNFs to the electrolyte at a high potential, as shown in Fig.
5 for pCNF2400. The TEM images of pCNF2000 and pCNF3000
are shown in Fig. S7 and S8, respectively. In all the pCNFs, the
loops that developed at the sidewall of the nanofibers
disappeared, and the carbon edge plane was directly exposed
to the electrolyte after polarization for 24 and 48 h.
The thickness of the looped carbon layer was ~2 nm; therefore,
the oxidative removal of the loops decreased the diameter of
PCNFs by ~4 nm, corresponding to the actual diameter
reduction that occurred within 24 h (Fig. 4). Thus, the diameter
reduction of the pCNFs within 24 h is mainly due to the
oxidation of looped carbon, and the carbon corrosion becomes
negligible after the exposure of the carbon edge plane to the
electrolyte. The carbon corrosion rates at the sidewall of the
PCNFs were almost independent of the heat treatment
temperature, despite the reduced corrosion rate of the carbon
basal plane with increasing graphitization degree (Fig. 4k).
Although the degree of graphitization influenced the corrosion
of the basal plane, it had a less significant effect on the edge
plane.
Before

1.8V VvsRHE, 24 h 1.8V vsRHE, 48 h

Fig. 5 TEM images of pCNF2400 (a) before and (b, c) after the
polarization at 1.8 V vs RHE in 4.0 mol dm KOH agq. for (b) 24 h and

(c) 48 h.

STEM/EELS study

STEM combined with EELS is suitable for analyzing the local
structure and chemistry at the nanometer and sub-nanometer
scales. Fig. 6 shows the STEM images of TB and pCNF2400 after
24 h anodic polarization at 1.8 V vs RHE and the low-loss EELS
spectra of the numbered regions in Fig. 6a and 6b. In the low-
loss region of the carbon materials, a broad peak appears
between 10-40 eV and is identified as a combination of mand o
electronic excitations.[?®72] The spectra of the bulk region for TB
and pCNF2400 show a 1t + o peak at 26 eV, which is assigned to
graphite. In addition, each carbon surface showed an additional
m + o broad peak at approximately 16 eV. Mkhoyan et al.
reported that this peak is observed when sp3-type carbon or
oxygen is incorporated into graphitic carbon, that is, amorphous
carbon or graphene oxide.[® Therefore, the peak at 16.0 eV

6 | J. Name., 2012, 00, 1-3
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probably indicates the incorporation of oxygen species on the
surface after anodic polarization. The intensity of the 16 eV
peak is higher than that of the 25.9 eV peak at the pCNF edg
plane surface, whereas the opposite is observed on the basal
plane surface (TB surface and pCNF basal), reflecting the higher
degree of oxygen incorporation on the edge plane surface than

4 TB bulk

St

3 pCNF edge

Intensity / a.u.
(6}
ﬂ
o)
£
3

2 pCNF basal

1 pCNF bulk

L
1

60

Energy loss / eV
Fig. 6 STEM/EELS area analysis results for pPCNF2400 and TB after the
polarization at 1.8 V vs RHE in 4.0 mol dm KOH agq. for 24 h. (a, b)
STEM image of pCNF2400 (a) and TB (b). The analysis area is shown
as the colored box. (c) EEL spectra around low-energy loss electrons
for each analysis area.

that on the basal plane surface; that is, there is greater oxygen
enrichment on the edge plane surface.

Fig. 7 shows the carbon K-edge EELS spectra of pCNF2400 and
TB after 24 h of anodic polarization. The size of the analyzed
points was less than 1 nm, and the surface regions of the carbon
edge plane, basal plane, and inner regions of pPCNF2400 and TB
were analyzed. All
corresponding to the 1* electronic transition of the sp? type
carbon.79-741 Only the edge surface spectra of TB and pCNF2400
showed a shoulder at the higher-energy region of 286 eV. This
region is assigned to the C—OH bonds of hydroxyl groups (Table
§2).[70-741 Therefore, the EELS results revealed the introduction
of hydroxyl groups on the edge plane surface after anodic
polarization at 1.8 V vs RHE. As mentioned above, the ILSEM and
TEM observations demonstrate that the carbon corrosion on

spectra show a peak at 285.5 eV,

the carbon edge plane is negligibly slow compared with that on

This journal is © The Royal Society of Chemistry 20xx
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the carbon basal plane. The surface hydroxyl groups that
developed on the edge plane of the pCNFs may be responsible
for the significantly reduced corrosion rate. The presence of
hydroxyl groups on the surface of the pCNFs was supported by
contact angle measurements of a water droplet (Fig. S9). The
water contact angle of the pristine pCNF2400 was 109.8 + 2.3°,
which reduced significantly to 28.5 * 8.0° after anodic
polarization at 1.8 V vs RHE for 2 h. In contrast, the water
contact angle on the TB, which consisted mainly of the carbon
basal plane, decreased to 79.6 + 7.7°.

286 eV
(b) g% 3 Bulk
\V»N//M
~
s 2 Basal
z .
("]
s 1 Edge
€ PN
- M
" /f WMJ/
N
280 284 288 292
Energy / eV
286 eV
(d) 3 Bulk
. n*f
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-— 1 /J«wVW'VWV
/ W
—
280 284 288 292
Energy / eV

Fig. 7 STEM/EELS point analysis (¢ < 1 nm) results for pCNF2400 and
TB after the polarization at 1.8 V vs RHE in 4.0 mol dm™ KOH aq. for
24 h. (a, ¢) STEM image of (a) pCNF2400 and (c) TB. (b, d) C-K edge of
core-loss EEL spectra for each analysis points of (b) pCNF2400 and (d)
TB.

Mechanism of high resistance toward carbon corrosion

The ILSEM results indicate that the carbon oxidation proceeds
almost linearly with time on the carbon basal plane of carbon
blacks and pCNFs at 1.8 V vs RHE in a 4 mol dm= KOH electrolyte
(Fig. 3 and 4). The carbon oxidation rate on the basal plane
decreased as the graphitization degree of the carbon materials
increased. Additional structural disorder is present in the
carbon materials with lower graphitization degrees. The
disordered carbon atoms may be preferential carbon corrosion
sites, which suggests that the carbon materials with lower

disorder exhibit lower carbon oxidation rates on the basal plane.

In contrast, the carbon oxidation of the edge plane of the pCNFs

was extremely slow, regardless of the graphitization degree (Fig.

4). The carbon loops present in the pristine pCNFs disappeared

This journal is © The Royal Society of Chemistry 20xx
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after 24 h of anodic polarization. The looped carbon may
corrode at a rate similar to that of the carbon basal plane, but
the corrosion rate decreases significantly after exposure of the
carbon edges. As shown in Fig. 1f, the platelet structure
developed at a heat treatment temperature of 2000 °C,
although the disorder appears to be present in the TEM image.
These findings suggest that the carbon oxidation on the edge
plane is not influenced by the graphitization degree or
disordered structure when the carbon edge plane is uniformly
exposed to the alkaline electrolyte. Instead, a passive surface
developed on the carbon edge plane to suppress carbon
corrosion such that it became negligible. Notably, the
pCNF2400 mixed with the Ca,FeCoOs electrocatalyst did not
show noticeable fiber diameter reduction even after anodic
polarization at a constant current density of 40 mA cm™ for 1
month.[9! Such long-term durability of pCNF2400 may be due
to the passivation of the carbon edge plane.

The passivation of the carbon edge plane of pCNFs occurs due
to hydroxyl species. The STEM/EELS results indicated that the
carbon edge plane of pCNFs is covered with hydroxyl species,
which passivated the surface to electrochemical corrosion.
Rather low water contact angle of the pCNF2400 after anodic
polarization for 2 h supported the presence of hydroxyl species
on the surface. Han et al. conducted the density functional
theory (DFT) calculations of the stability of edge-oxygenated
groups on graphene nanoplatelets.59 The calculations
indicated the energetic stability of the hydroxyl group at the
graphene edge site, although they reported the highest stability
of the in-plane etheric rings at the graphene edge site
theoretically and experimentally in sulfuric acid. They
concluded that the in-plane etheric rings at the graphene edge
exhibited the best stability against anodic corrosion and
chemical oxidation by H,0,. However, the present study
demonstrated the formation of hydroxyl species on the carbon
edge plane of pCNFs. Such different results may come from the
different experimental conditions, including acid and alkaline
environments and potential regions and the difference of
carbon materials (pCNFs with stacked carbon layers and
graphene).

Lin et al. examined the explicit roles of heteroatom-free carbon
edge sites on ORR from the DFT calculations. 7> They reported
that hydroxyl-adsorbed zigzag carbon edges become active sites
for the OER with high stability. During the OER, the hydroxyl
species are converted to C-O and C-OOH intermediates, but no
C-O bond cleavage occurs, which likely suppresses carbon
corrosion. In fact, the OER activity of the present pCNFs was
higher than that of carbon black materials, as shown in Fig. S9,
in which the pCNFs passivated with hydroxyl species exhibited
high anodic current compared to the two types of carbon blacks
that exposed mainly the carbon basal plane.

The hydroxyl groups do not form on the carbon basal plane at a
high density, which is evident from the low oxygen
concentration in the STEM/EELS analysis and relatively high
water contact angle of carbon blacks that expose mainly the
carbon basal plane. Thus, sufficient passivation cannot occur,
and the electrochemical corrosion of carbon proceeds
continuously on the basal plane of the carbon blacks and pCNFs
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under investigation. The effective passivation of the carbon
edge plane to suppress carbon corrosion has not been reported
because the carbon materials that expose the edge plane
predominantly are not readily available. The surface of pCNFs
used in this study is composed mainly of a carbon edge plane
after removing looped carbon layers, demonstrating the
effective passivation by hydroxyl groups for the first time. The
highly graphitized pCNFs can be developed readily using CVD
and post-high-temperature heat treatment, so that the
graphitized pCNFs are promising corrosion-resistant carbon
materials in electrochemical energy conversion systems.

The changes in the edge and basal planes of the pCNFs during
anodic polarization are illustrated in Fig. 8. The sidewalls of the
PCNFs were initially covered with looped carbon layers, which
were readily oxidized during anodic polarization, and carbon
edges were exposed. Then, the hydroxyl species covered the
edge surface at a high density, causing passivation of the
sidewall of the pCNFs. After anodic polarization at 1.8 V vs RHE
for 2 h, the water contact angle of pCNF2400 was reduced to
28.5 + 8.0°, which was significantly lower than 79.6 + 7.7° for TB.
This low water contact angle of pCNF2400 suggests the
presence of a high density of hydroxyl species on the sidewall of
the pCNFs. In contrast, the hydroxyl species coverage of the
carbon basal plane at both ends of the pCNFs and carbon black
surfaces was relatively low, resulting in insufficient passivation.
Thus, the continuous oxidation of carbon to CO, and CO [37:76, 771
proceeds on the basal plane with an oxidation rate dependent
on the graphitization degree. The findings of this study revealed
that the uniform exposure of the carbon edge plane to the
alkaline electrolyte is of great importance for suppressing
carbon corrosion at high anodic potentials.

OH

fr— OH

OH- —
> = C o,

Co,, CO, O, _

WA

OH- CO,, CO, 0,
OH- CO, CO, 0,

Fig. 8 Schematic illustration of the proposed corrosion

mechanism of carbon materials under oxygen evolution

reaction in 4.0 mol dm3 KOH aq. at 1.8 V vs RHE.

It should be noted that the carbon edge plane was often
reported to be preferential oxidation sites of graphitic carbon
materials.[42 48,491 For instance, Matsumoto et al. conducted an
electrochemical STM study of corrosion of highly oriented
pyrolytic graphite (HOPG) in an acid electrolyte, and disclosed
corrosion initiation at the step edge of HOPG, followed by fast
oxidation along the in-plane direction.® They concluded the
high resistance of the HOPG basal plane to corrosion. Staud et
al. examined the corrosion of several carbon blacks heat-
treated at 2700°C in 35% KOH electrolyte at 55°C.[*> 48] They
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reported the marked reduction of the corrosion rate when the
graphitization degree was highly enhanced, but the preferential
oxidation sites were reported to be the carbon edge plane.
However, the current pCNFs with high graphitization degrees
revealed the preferential passivation at the carbon edge plane.
This may be a unique feature of pCNFs that expose the edge
planes on the entire sidewall of pCNFs. The high surface
coverage of carbon by hydroxyl species is likely to be a requisite
for the effective passivation of carbon in a concentrated alkaline
electrolyte.

Conclusions

In this study, pCNFs with high graphitization degrees were
found to be highly resistant to carbon corrosion at high anodic
potentials, at which the OER occurs, in a concentrated alkaline
electrolyte. The corrosion rate on the carbon edge plane,
determined quantitatively using the ILSEM technique, was
negligible after the oxidative removal of the looped carbon layer
on the carbon edge plane. The graphitization degree of pCNFs
heat-treated at temperatures = 2000 °C hardly influenced the
carbon edge plane corrosion rate, whereas the basal plane
corrosion rate decreased as the degree of graphitization
increased. The high corrosion resistance of the pCNFs is
attributed to the passivation of the carbon edge plane by
covering it with a high density of hydroxyl species. The hydroxyl
species could not sufficiently cover the carbon basal plane,
resulting in the continuous oxidation of carbon on the basal
plane. Thus, most surfaces of highly graphitized pCNFs, except
the limited area of both ends of nanofibers, can be passivated
by hydroxyl species, resulting in excellent corrosion resistance.
Carbon materials are useful as supports for electrocatalytic
nanoparticles, including Pt and transition metal oxide
nanoparticles, and as conductive additives in alkaline fuel cells
and aqueous metal-air rechargeable batteries. In such
electrochemical energy conversion devices, corrosion-resistant
carbon materials are required, and the current study
demonstrates that highly graphitized pCNFs are promising for
such applications. Thus, the uniform coverage of the carbon
edge plane with hydroxyl species is key for passivation and
provides an important path for the design of corrosion-resistant
carbon materials.
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