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Carbon materials are widely applied as conductive additives in studies of the oxygen evolution reaction
(OER) in alkaline media catalyzed by transition metal oxides. In this work we investigate the anodic
behavior of three representative carbon materials: furnace black (Vulcan XC-72R), acetylene black, and
pyrolytic carbon of the Sibunit family (Sibunit-152), in 1M NaOH at high potentials (ranging from the
OER onset and up to ca. 2 V vs. RHE) in the time span from several minutes to several hours. We apply the
rotating ring-disk electrode (RRDE) to separate the OER current from the carbon corrosion current. We
then use transmission electron microscopy (TEM) to visualize changes in the carbon morphology
resulting from corrosion. Finally, we study the OER performance of composite electrodes comprising
carbon materials mixed with a Lags5Srg5Mng5C0op503_5 perovskite OER catalyst, and discuss possible
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Carbon corrosion
Lifetime

influence of the oxide on the carbon corrosion.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Carbon materials are widely used as catalysts or catalyst sup-
ports in electrochemical energy conversion and storage systems [1].
High electronic conductivity, low cost as well as structural and
morphological diversity urge their utilization as additives for
improving the electronic conductivity of poorly-conductive elec-
trocatalysts, for instance, metals oxides. Recent years have evi-
denced significant increase in the interest towards transition metal
oxides as catalysts of the oxygen evolution reaction (OER) in alka-
line media [2—8]. While corrosion instability of carbon materials
under the OER conditions usually prevents industry from consid-
ering them as additives in the anodes of water electrolysis systems,
vast number of model studies of the OER in alkaline media (see
Refs. [2,7] and references therein) is performed with transition
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metal oxides either mixed with or supported on carbon materials.
Indeed, addition of carbon materials to poorly conductive oxides
has proven to strongly enhance the surface utilization and thus the
OER activity of the latter [3,4,9]. Besides, recent studies consider
heteroatom-doped and undoped carbon materials as a potential
alternative to the state-of-the-art OER electrocatalysis [10—12].

One should keep in mind however that anodic degradation of
carbon materials may not only decrease the extent of the metal
oxide utilization during the OER, but also lead to an uncertainty in
the OER activity determination, if the latter is calculated from the
total current neglecting the corrosion contribution. Thus, investi-
gation of the carbon corrosion is essential for accessing the OER
performance of the catalyst/carbon compositions. While corrosion
of carbon materials in aqueous acidic electrolytes (see Refs. [13—17]
and references therein) as well as in membrane-electrode assem-
blies of proton exchange membrane fuel cells (see Refs.[18—21] and
references therein) has been extensively investigated, only a few
studies have been performed in alkaline solutions [22—24].

The objective of this work is to investigate corrosion resistance
of carbon materials, either when used alone or within oxide/carbon
compositions, in 1M NaOH solution, in the potential interval from
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the OER onset and up to ca. 2 V vs. RHE, and in the time span from
several minutes to several hours. We have chosen to study an OER
catalyst, a LagsSrg5Mng5C00503_35 (LSMC) perovskite, whose ac-
tivity is strongly enhanced upon carbon addition [25], and three
representative carbon materials with grossly different morphology
and microstructure: furnace black (Vulcan XC-72R), acetylene
black, and pyrolytic carbon of the Sibunit family (Sibunit-152). We
apply the rotating ring-disk electrode (RRDE) for the quantitative
determination of the OER current efficiency and for the calculation
of the corrosion currents. Transmission electron microscopy (TEM)
is then used to visualize morphological evolution resulting from
carbon corrosion. We estimate the lifetime of each carbon material
under the OER conditions and attempt to correlate corrosion
resistance with their microstructure and their OER activity. We
then study the OER on LSMC/C electrodes to elucidate possible
influence of the oxide on the corrosion resistance of the three
carbon materials.

2. Experimental
2.1. Materials

Lag 5519 5Mng5C005035_5 (LSMC) perovskite (10.2m?g~! BET
surface area) was prepared and characterized with X-ray powder
diffraction as described in our previous work [26]. Vulcan XC-72R
carbon and Shawinigan acetylene black were purchased from
Cabot Corp. and Chevron Phillips Chem. Comp., respectively.
Sibunit-152 carbon is a proprietary pyrolytic carbon of the Sibunit
family [27] received from the Boreskov Institute of Catalysis,
Novosibirsk (Russia) and obtained via deposition of pyrocarbon
(through pyrolysis of gaseous hydrocarbons) on the surface of a
technical carbon black followed by subsequent activation. All so-
lutions were prepared using high-purity water (18.2 MQcm,
<1 ppb TOC, ELGA Purelab, UK).

2.2. Electrode preparation

Carbon materials were immobilized on a glassy carbon (GC) disk
electrode mirror-like polished using alumina/water pastes with 1
and 0.3 pm alumina particle sizes. For the preparation of a
91 pg cm~2 carbon loading a certain portion of the carbon powder
was mixed with a calculated amount of water to form 0.6 mg ml~!
suspension, which was then treated in the ultrasound bath for ca.
10 min. To obtain homogeneously distributed and reproducible
electrode layers, three 10 pul portions of the ink were subsequently
drop-cast onto the GC disk using a micropipette, with and inter-
mediate drying step under a slow N gas stream. At the final stage,
6 ul portion of an alkaline ionomer AS-4 (Tokuyama Company)
aqueous solution was pipetted onto the deposited layer and dried
under Ny, to provide the ionomer content of ca. 1.3 pg cm 2. The
electrochemical tests with a bare GC disk electrode were also per-
formed in the presence of ionomer for the sake of comparison.

LSMC was mixed (1:1 on the weight basis) with carbon powders
in the agate mortar. This mixture was used to prepare an aqueous
suspension (0.1 mg ml~!) and deposited on the GC disk electrode as
described above to attain 15pgcm™2 loadings for each of the
components. Lower loadings for the LSMC/carbon compared to the
bare carbon electrodes were used for decreasing the OER currents
and thus minimizing the effect of the oxygen bubble formation on
the RRDE operation.

2.3. Electrochemical measurements

Electrochemical measurements were performed in a three-
electrode Teflon cell with the upper part made of Pyrex glass. 1 M

NaOH solution was prepared from the 50 wt% NaOH aqueous so-
lution (Alfa Aesar). The working electrode was an RRDE with a GC
disk (5 mm diameter) and gold ring (7.5 mm outer diameter and
6.5 mm inner diameter) equipped with a MSR rotator system, both
from Pine Research Inst., USA. The counter electrode was a smooth
Pt wire and the reference electrode was a Hg/HgO electrode filled
with 1M NaOH. All potentials reported below were recalculated
into the scale of the reversible hydrogen electrode (RHE):
ERHE = EHg/Hg0/1 M NaoH + 0.930 V. Measurements were performed
using an Autolab bipotentiostat-galvanostat PGSTAT302N equipped
with a linear scan generator module. The temperature of the cell
was kept at 25 °C using a water-cooled thermostatic bath. The cell
resistance was determined from a high-frequency intercept of
electrochemical impedance hodographs recorded for each elec-
trode layer at OER potentials in the 0.1 Hz to 100 kHz frequency
range with an amplitude of 5 mV.

The RRDE collection efficiency N (24.5% at 1600 rpm) was
determined from the ring and disk current ratios in 10 mM
K3[Fe(CN)s] + 1 M NaOH solution. This value is in fair agreement
with the theoretical value (25%). The ring potential (+0.3 V vs. RHE)
for the RRDE studies of the OER was chosen based on the oxygen
reduction reaction (ORR) cyclic voltammograms (CVs) recorded on
the Au ring in the O,-saturated 1 M NaOH solution [26]. Before the
RRDE measurements the gold surface of the ring electrode was
polished using alumina/water pastes and cleaned by applying
20—50 potential cycles in the interval from 0.03 to 1.53Vat
200mVs~!. To determine the OER contribution to the overall
anodic disk currents, faradaic oxygen efficiencies ¢ were calculated
as ¢ = (4/norr) Jjring/(N Jjpisk), where (4/norg) is the ratio of the
number of electrons transferred in the OER at the disk electrode
and in the ORR at the ring electrode (nggrg = 2 for the gold ring, see
Ref. [26]), jring and jpisk are the ring and disk current densities,
respectively.

2.4. Materials characterization

N, physisorption isotherms were measured with TriStar Surface
Area and Porosity Analyzer (Micromeritics, USA) and used to
determine the specific surface area by multiple-point Bru-
nauer—Emmett—Teller (BET) approach (Sggr). Surface area (Sgju) of
the pores with the size ranging from 1.7 nm to 300 nm was deter-
mined using the BJH method from the adsorption branch of the
isotherm. The micropore area and volume were obtained by
applying the t-plot method of Lippens and de Boer to the adsorp-
tion data. The corresponding values are given in Table 1.

Transmission electron microscopy (TEM) images of carbon
materials, LSMC and LSMC/carbon compositions before and after
anodic oxidation were made using JEOL 2100LaB6 microscope
operated at 200 kV and equipped with an X-ray Energy Dispersive
Spectrometer (EDX) for elemental analysis. After anodic oxidation
GC disc supported carbon samples and LSMC/carbon compositions
were washed with water and dried. For TEM measurements these
samples as well as the samples before the anodic oxidation were
dry-transferred onto carbon-coated copper grids. Substructural
characteristics of the carbon materials (the sizes of the X-ray
coherent scattering domains, L; and L., and the interlayer spacing,
doo2) were taken from our previous work [28].

Carbon samples studied in this work strongly differ in terms of
their morphology and substructural characteristics. The surface
area of acetylene black and Sibunit-152 is dominated by mesopores,
while for Vulcan XC-72R, micro- and mesopores give comparable
contributions to Sggr (Table 1). Considering the above, for Vulcan
XC-72R the BJH surface (Sgjy), corresponding to the area of meso-
and small macropores (pore size interval from 1.7 to 300 nm) is
much inferior of Sggr, while for Sibunit-152 and for acetylene black,
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Table 1

Morphological, structural and electrochemical characteristics of carbon materials investigated in this work.

Carbon material Sger, m? g7 Sp®, M* &' Smicro”s M2 &' Vinicro™, mm® g7 Caer, Gy, Contact angle®, ° 6 basal L, nm L[ nm doo", nm
uFcm=2  pF cm™2 planes
f g
Sibunit-152 82 79 19 10 6.6 6.9 50 055 062 27 2.5 0.355
Vulcan XC-72R 194 117 118 59 4.6 7.7 85 055 048 23 1.9 0.364
Acetylene black 64 47 ~0 ~0 2.1 29 140 076 0.79 29 3.0 0.352

a

b Determined from N, adsorption data using t-plot.

Surface area determined using the BJH method from the adsorption branch of the isotherm.

€ Calculated from CV (Fig. S1) charges in the 0.93—1.03 V potential window and normalized to the BET surface area.

d
e
f

Contact angle from Ref. [28].
Basal plane coverage calculated from the PdCl, adsorption data in Ref. [29].

& Basal plane coverage calculated from pseudocapacitance in Ref. [28].
h

Calculated from CV (Fig. S1) charges in the 0.93—1.03 V potential window and normalized to the BJH surface area.

Size of the X-ray coherent scattering domains in the direction parallel (L,) and perpendicular (L) to graphene layers and (002) interlayer spacing determined from powder

diffraction data. These values are taken from Ref. [28] after correction of certain misprints.

Sger and Sgy have comparable values. As one may see from TEM
images of Fig. S1 in the Supplementary information, both acetylene
black and Vulcan XC-72R consist of spherical so-called ‘primary’
particles (ca. 40 and ca. 20—30 nm diameter, correspondingly).
However, packing of quasi-graphitic crystallites within these par-
ticles is quite different for these carbon materials. In acetylene
black, graphene sheets are fairly well ordered and aligned parallel
to the surface of primary particles (Fig. S1c). As a consequence, the
surface of acetylene black is dominated by basal planes. This has
been confirmed by Simonov [29] via adsorption of PdCl,, the latter
suggesting that the surface coverage of basal planes (fpasal) is equal
to ca. 0.76. High contribution of the basal plane to the surface is in
agreement with the high contact angle (Table 1, Ref. [28]). For
Vulcan XC-72R the surface termination is quite different as evi-
denced by TEM analysis (Fig. S1b), as well as by PdCl, adsorption
[29], both suggesting comparable contribution of the basal and
edge planes to the surface. Furthermore, graphene sheets in Vulcan
XC-72R are significantly shorter, forming smaller quasi-graphitic
crystallites. Sibunit-152 carbon has a very different morphology
with a shell of pyrocarbon around carbon black particles (Fig. S1a).
These carbon black particles are partially gasified during the acti-
vation procedure. The surface of Sibunit-152 is more or less equally
represented by the basal and the edge planes (Table 1).

3. Results and discussion

3.1. Potential dependence of the OER and corrosion currents on
carbon materials

Prior to corrosion measurements carbon materials were char-
acterized in the pseudo-capacitive potential range from 0.93 to
1.03 V (where no faradaic processes are expected). CVs of the bare
GC and GC-supported pristine carbon powders are shown in
Fig. S1d, demonstrating an increase of pseudo-capacitance in the
series: acetylene black < Sibunit-152 < Vulcan XC-72R. The capaci-
tance values (Cggr) of carbon materials extracted from the CVs by
integration (without subtraction of the GC contribution) and
normalization to the BET surface area, are collected in Table 1. The
Cger values span from ca. 2 to ca. 7 uF cm gt being in an overall
agreement with the literature data reported for acetylene black (ca.
5 uF cm~2ger in 0.5 M HyS04 [30] and ca. 3.4 pFcm™2 in 4 M NaOH
[13]), Vulcan XC-72(R) (ca. 8 pFem~2ger in 0.1 M H,S04 [31], ca.
10 pF cm~2ggr in 0.5 M HyS04 [30], ca. 5 pFem 2ger in 1 M H2S04
[32], ca. 6 pF cm~2ggr in 6 M KOH [33] and ca. 10 pF cm~2ggr in 31%
KOH [34]), and Sibunit carbon (ca. 13 pF cm™2ggy in 30% H,S04 [35]
for Sibunit carbons with Sggr from 330 to 480 m? g~ 1). Higher Cggr
values reported by Ryabova et al. [28] for the same carbon materials

may be explained by a wider potential interval applied by the au-
thors of Ref. [28], resulting in a discharge of surface oxygen-
containing functionalities.

To account for a limited accessibility of micropores, in Table 1 we
also tabulated values of Cgjy, which were obtained by normalizing
the total capacitance to the BJH surface area. Cgjy values decrease
from Vulcan XC-72R to Sibunit-152 and then acetylene black
corroborating noticeable difference in the proportion of basal and
edge planes exposed to the surface of these materials (Table 1 and
Refs. [28,29]). While the exact values of capacitance for the basal
Chasal and the edge Ceqge plane of graphite vary in the literature, it is
well established that Cpasal is much inferior of Cegge [36]. For
example, Randin and Yeager studied stress-annealed pyrolytic
graphite in 1M NaOH and reported ca. 3 and 90 pF cm 2 for Gpasal
and Cedge, correspondingly [37,38], while Rice and McCreery [39]
communicated somewhat different values of 1.9 uFcm™2 and
70 puF cm 2 in 1M KCl for Cbasal and  Cedge, correspondingly.
Following Rice and McCreery, Ryabova et al. [28] estimated the
proportion of the edge and basal planes on the surface of carbon
materials from the values of pseudocapacitance. Even if an
incomplete wetting of the carbon surface cannot be fully discarded,
one should notice very good agreement of the proportion of basal
planes estimated from Cgy and from PdCl, adsorption values
(Table 1).

To investigate the anodic behavior of carbon materials, we
applied the RRDE method and measured current transients by
applying consecutive (15 min long) potential steps from 1.53V up
to 2.03 Vin 50—100 mV increments (Fig. 1). By measuring both disk
(Fig. 1a) and ring (Fig. 1b) currents it was possible to separate the
OER from the carbon corrosion, and calculate the OER current ef-
ficiency e (Fig. 1c). At potentials less than or equal to +1.53 V the
OER efficiency is low, currents being dominated by the carbon
corrosion. However, oxygen efficiencies (Fig. 1c¢) increase with the
electrode potential and achieve 75—90% (depending on the type of
carbon) in the potential interval from 1.68 to 1.73 V, then they
somewhat decay, remaining fairly high (especially for acetylene
black and Sibunit-152 carbon) even at 2.03 V. Similar behavior was
reported for acetylene black in 30 wt% KOH + 2 wt% LiOH at 45 °C
[23]. Such a behavior is drastically different from that observed in
acid, where the OER efficiency is negligible and anodic currents are
dominated by carbon corrosion [22,40,41].

Since disk currents (Fig. 1a) comprise a sum of the OER and the
carbon oxidation current, the latter can be calculated from the
overall disk current as jpisk (1 — €). Fig. 2 represents carbon oxida-
tion currents normalized either to the geometric electrode area
(panel a), or to the residual carbon mass (panel b, see figure caption
for details), or to the residual surface area (panel c, see figure
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applied in Fig. 2b and c, considering high loading (91 ug cm~2) and even distribution of the carbon powders along the GC support. The residual carbon mass was calculated using
Faraday's law assuming 4e~ carbon oxidation and neglecting surface passivation currents. The residual surface area of carbon materials was calculated from the initial BET surface

area multiplied by the residual carbon mass.

caption for details). Normalization of the current to the BET area
most likely leads to an underestimation of the corrosion current
density, especially for the Vulcan XC-72R carbon, since the latter
contains large fraction of micropores (Table 1) that may not be
accessible to the electrolyte. Current densities obtained by
normalization to the BJH surface area are given in Fig. S2. Corrosion
currents plotted in Fig. 2 are somewhat higher as compared to
those reported in the literature. For example, for acetylene black
the following corrosion currents were reported: 2mAg ' at ca.
143 Vvs.RHEin4 M KOH at 25°C[13]and 9mA g~ ! at ca. 1.58 V vs.
RHE in 30 wt% KOH + 2 wt% LIOH at 45 °C [23]. Since water

molecules participate in the carbon corrosion process [13], it is very
likely that an increase of the water concentration results in an in-
crease of the corrosion rates. This effect was found for corrosion of
acetylene black [13] and Neo Spectra carbon black [42] in H3PO4
solutions. Currents taken at the end of each 15 min transient are
plotted (on a logarithmic scale) against the electrode potential in
Fig. 3a and Fig. 3b. Even if the shape of the plots may be influenced
by the non-steady-state character of the currents and materials
transformation in the prior potential steps, it is interesting to note
different current-potential dependence for the materials under
study. In what follows this behavior will be discussed in connection
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transient shown in Fig. 2 and in some cases did not reach steady-state values.

with the microstructure of these carbon materials.

To provide in situ information regarding interfacial properties of
carbon materials after anodic polarization, CVs were measured in
the narrow (0.93—1.03 V) potential window before anodic polari-
zation, in the middle (after 1.68 V) and at the end of the stepwise
polarization procedure (after 2.03 V). The corresponding charges
are presented in Fig. S3a demonstrating drastically different
behavior for the studied carbon materials. GC and Vulcan XC-72R
may be considered as the extreme cases of a non-porous (GC)
and a highly porous material (Vulcan XC-72R), demonstrating an
ascending and a descending voltammetric charge, respectively. An
increase of the charge may be attributed to the increase of the
roughness factor and an ensuing increase of the total surface area
(due to the preferential oxidation of the less ordered fraction of the
electrode) observed for GC in previous publications [24], an in-
crease of the ratio of the edge to basal graphene planes, as well as to
the formation of oxygen-containing functionalities on the carbon
surface [13,24,43]. Indeed, formation of oxygen functionalities is
usually believed to increase the pseudocapacitance. However,
Zuleta et al. [44] when studying microporous carbon corrosion in
6 M KOH, reported that while oxidation at low potentials (up to ca.
1.2V vs. RHE) results in a capacitance increase, oxidation at higher
potentials (up to ca. 1.4V vs. RHE) leads to a decrease of pseudo-
capacitance presumably due to the formation of surface function-
alities containing two oxygen atoms. A decrease of the charge
observed for Vulcan XC-72R may be attributed to the pore blocking
by the products of electrolysis (various products may result from
the anodic polarization of carbon in alkaline media, including car-
bonates, CO [13,22,23], soluble organic residues [23,24], and/or
oxygen bubbles [13]). Since Vulcan XC-72R contains a large fraction
of micropores, it is interesting to note that Zuleta et al. [44]
observed a systematic decrease of diffusion coefficients in small (ca.
0.7 nm diameter) micropores upon carbon oxidation, which they
attributed to the pore constriction and/or blocking by the corrosion
products. In addition, one cannot exclude detachment of carbon
clusters from the electrode surface [45]. Sibunit-152 and acetylene
black demonstrate an intermediate case with the charge increasing
after polarization in the potential interval from +1.53 V to +1.68 V,
and then decreasing significantly after polarization at higher

potentials. It thus appears that the voltammetric charge evolves
with time and potential in a complex non-monotonic manner, and
that ‘steady-state’ can hardly be achieved on the time scale of a
conventional laboratory experiment.

For this work, we have purposely chosen carbon materials,
which differ significantly in terms of substructural parameters (L,
Lc and dgo2), proportion of the basal and edge planes to the surface,
and Sper (Table 1). It is widely accepted that both the electro-
chemical [13,14,16,46—48] and chemical [13,49—51] corrosion
resistance of carbon materials depend on their microstructure,
increasing with the extent of their crystalline order. For example,
Yuzhanina et al. [41] investigated corrosion of compact carbon
materials with different structures (pyrolytic graphite, glassy car-
bon, carbositall, graphite) in the pH interval from 0.9 till 14 and
potentials from +1.4 to +2.2 V vs. RHE and reported higher
corrosion resistance for ordered materials with fewer structural
defects. According to morphological and substructural character-
istics of the studied materials, their rate of corrosion was expected
to increase in the sequence acetylene black < Sibunit-152 < Vulcan
XC-72R. However Figs. 2—3 confirm this trend only for potentials
below +1.63 and above +1.93 V vs. RHE, i.e. at potentials with the
lowest oxygen faradaic efficiency (Fig. 1). In the intermediate po-
tential range, acetylene black, which demonstrates the highest OER
currents in the series, seems to be most prone to corrosion. In what
follows TEM imaging will corroborate this finding. We assume that
the oxygen evolution on carbon materials can accelerate carbon
corrosion, probably due to the formation of some active OER in-
termediates [52], which chemically attack the surface of carbon
materials. For example, OH-radicals may be formed through
decomposition of H,0, whose formation during the OER has been
postulated [53], but, to the best of our knowledge, not confirmed
yet. Formation of OH-radicals under positive polarization in alka-
line media and their detrimental effect on the stability of carbon
materials has been hypothesized in several publications [24,40,45].
Thus, carbon activity in the OER should be taken into account as an
independent factor when analyzing corrosion resistance of carbon
materials in alkaline media. In addition, one should take into ac-
count structural evolution in the course of corrosion, which may
smear correlation between the microstructure of pristine materials
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and their corrosion rate under harsh conditions and/or long times.

It is instructive to compare lifetimes of carbon materials (that is
time required for their complete anodic dissolution) under polari-
zation. In order to roughly estimate the apparent lifetime, we
applied Faraday's law, and made several assumptions. First, we
considered currents achieved at the end of each transient as steady-
state. Second, we assumed 4e~ oxidation supposing that surface
passivation currents were negligible at the end of each transient.
Thus calculated lifetimes are plotted in Fig. 3c. They decrease with
an increase of the anodic potential and are seemingly insufficient
for any industrial application. Note however that short (15 min)
current transients are hardly appropriate for a precise determina-
tion of the durability of carbon materials. In what follows we
studied anodic behavior of carbon materials for a longer period of
time (5 h) aiming to attain steady-state conditions.

3.2. Time dependence of anodic currents on carbon materials

Time-dependent anodic behavior was investigated by applying
potential of 1.63V for 5 h and using RRDE for separating the OER
and the carbon corrosion current. It should be noted however that
formation of oxygen bubbles significantly affected the accuracy of
the measurements, especially for acetylene black, the most active
OER catalyst among carbon materials studied in this work (see
below). Fig. 4 shows disc (panel a) and ring currents (panel b), and
OER efficiencies (panel c) calculated as described above.

For the bare GC electrode both the disk and the absolute value of
the ring current increase, the OER efficiency approaching 100% after
ca. 3 h of electrolysis. Such a behavior supports the above
assumption regarding preferential corrosion of the least ordered
fraction of carbon, leaving behind more corrosion resistant frag-
ments. Ascending transients were also observed for acetylene
black. However, for acetylene black after 3h of polarization at
1.63 V the current at the ring attained a reproducible plateau, which
resulted in a decrease of the calculated oxygen efficiency. The
occurrence of the plateau and the noise observed at the ring may be
attributed to the formation of oxygen bubbles (due to a high rate of
the oxygen evolution) that block the surface of the disc, and hinder
transfer of dissolved oxygen from the disk to the ring electrode
[26,54—56]. Indeed, when the RRDE tip was pulled out from the cell
after 5h of the anodic polarization, and oxygen bubbles were
removed, the oxygen efficiency measured during subsequent
10 min of polarization at the same potential (see inset in Fig. 4c),
amounted to ca. 95%. It should be kept in mind that an underesti-
mation of the oxygen efficiency unavoidably leads to an over-
estimation of the corrosion current (see discussion below).

Very different behavior is observed for Vulcan XC-72R carbon
showing a descending transient similar to what has been observed
during carbon corrosion in acid electrolytes [13,14,16]. The OER
efficiency for Vulcan XC-72R varies between 60 and 80%. For
Sibunit-152 both disc and ring currents pass through a maximum.
Similar non-monotonic behavior was reported for multiwall carbon
nanotubes at +1.8 V vs. RHE in 0.5 M H,S04 [17] and attributed to
the preferential oxidation of amorphous carbon and less ordered
carbon fragments at the beginning of the transient. We believe that
this conclusion applies to Sibunit-152 as well, which in what fol-
lows will be corroborated using TEM.

Cyclic voltammetry was utilized to provide information
regarding interfacial properties of carbon materials after anodic
polarization. First, CVs were recorded in a narrow potential interval
0f 0.93—1.03 V (not shown), and then in a wider potential interval of
0.05—1.03 V (Fig. S4). Charges calculated from CVs acquired in the
narrow potential interval are plotted in Fig. S3b and reflect phe-
nomena already discussed in section 3.1. For GC the observed in-
crease of the charge is most likely related to the surface roughening
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Fig. 4. RRDE transients of GC-supported carbon materials and bare GC at 1600 rpm in
Ny-saturated 1 M NaOH with loadings of 91 g cm deo at 1.63V and 5 h duration: (a)
disk currents; (b) normalized ring currents at Egj,g=0.3V; (c) oxygen faradaic effi-
ciency. A short polarization step at 0.93V is applied before and after anodic polari-
zation. Ring currents are corrected to the background ring currents (originating from
reduction of oxygen traces) and normalized to the ring collection efficiency N and
number of electrons transferred in the oxygen reduction reaction (ORR) at the ring.
Inset in the panel c represents the oxygen efficiency for acetylene black recorded after
the manual oxygen bubbles removal (see the main text for details).

and formation of the surface oxygen functionalities [24]. TEM
investigation presented below supports surface roughening also for
acetylene black. For Vulcan XC-72R, the charge obtained by inte-
gration of CVs acquired in a narrow potential interval [0.93—1.03 V]
right at the end of the 5 h transient was ca. 3 times inferior of the
initial charge (Fig. S3b). In the meantime, steady-state CVs acquired
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in a wide potential interval [0.05—1.03 V] demonstrate an increase
of pseudocapacitance for all carbon materials, which may be
attributed to the formation of surface functional groups, and
possibly also to the surface roughening and hydrophilization, both
resulting in an increase of the accessible surface area. We thus
conclude that for Vulcan XC-72R (and likely also for Sibunit-152)
oxygen bubbles and corrosion products block significant fraction
of the pores, leading to the decrease of the current in time. For
acetylene black such pore blocking occurs to a lesser extent due to
the smaller pore volume and lower tortuosity of the pores. Once
voltammograms are extended down to 0.05 V, oxygen accumulated
in the pores is reduced resulting in an increase of the accessible
surface area, which translates in higher pseudocapacitive currents
in Fig. S4.

Carbon oxidation currents calculated from the corresponding
RRDE transients are shown in Fig. 5, normalized to the geometric
electrode surface area (panel a), residual carbon mass (panel b) and
surface area of carbon materials, the latter calculated from the
initial BET surface area and the residual carbon mass (panel c). Only
Sibunit-152 and Vulcan XC-72R carbon materials demonstrate
virtually steady-state values of corrosion currents after 4—5 h of the
anodic polarization. The corrosion current calculated for acetylene
black is significantly overestimated due to the oxygen efficiency
underestimation (see above). Using ca. 95% oxygen efficiency ach-
ieved after the removal of oxygen bubbles (inset in Fig. 4c), we
recalculated the oxidation current of acetylene black (the dashed
curve in Fig. 5). Taking into account the error in the oxygen effi-
ciency calculation (+4%), carbon corrosion currents at 1.63V and
after 5h of polarization are estimated as 0.76+0.08Ag™! or
092+012pAcm 2ger  for  Sibunit-152, 0.10+0.02Ag ! or
0.05 +0.01 pA cm2ggr for Vulcan XC-72R and 1.1+09Ag! or
1.7+ 14 pA cm’ZBET for acetylene black. The estimates of these
currents normalized to initial BET areas suffer from the uncertainty
of specific surface area evolution in the course of corrosion.

Lifetimes of carbon materials estimated from the current values
achieved at the end of 5 h transients amount to 90 + 20, 12 + 2 and
8+6h for Vulcan XC-72R, Sibunit-152 and acetylene black,
respectively, instead of ca. 20—30 h estimated at short times (Fig. 3).
Note that these values can be underestimated because of the oxy-
gen bubble generation and possible GC contribution to the
measured currents.

By integrating corrosion currents shown in Fig. 5, the mass loss
of carbon materials after 5 h of polarization can be estimated using
Faraday's law. The corresponding values amount to ca. 16% for
Vulcan XC-72R, ca. 28% for acetylene black and ca. 43% for Sibunit-
152.

TEM was employed to check morphological changes induced by
carbon corrosion after 5 h of the anodic polarization at +1.63 V. For
Vulcan XC-72R, the morphology was largely preserved (Fig. S5).
Some images of Vulcan XC-72R after polarization showed holes in
the center of primary carbon globules. However, it is difficult to
unambiguously attribute these holes to corrosion since TEM images
of the pristine Vulcan XC-72R sample also showed some disordered
domains and/or holes in the particle centers. For Sibunit-152 we did
not observe any change in the structure of pyrolytic carbon (Fig. S6).
Meanwhile, TEM images at lower magnification clearly showed
formation of holes inside carbon globules (Fig. S7). Such
morphology is typical for carbon materials of the Sibunit family
obtained after prolonged steam activation [27,57] and suggests that
during the anodic polarization the least ordered fraction of the
sample, namely carbon black particles, degrades, leaving behind
more ordered shells consisting of pyrolytic carbon. This conclusion
agrees with the shape of the current transients (which pass through
a maximum and then decay) and with the literature data for some
other carbon materials (e.g. multiwall carbon nanotubes [17]). This
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Fig. 5. Carbon corrosion currents calculated from the corresponding RRDE transients
shown in Fig. 4 and normalized to the: (a) geometric surface area; (b) residual mass;
and (c) residual surface area of carbon materials. The residual carbon mass was
calculated using Faraday's law assuming 4e~ carbon oxidation and neglecting surface
passivation currents. The residual surface area of carbon materials was calculated from
the initial BET surface area multiplied by the residual carbon mass. The dashed green
curve represents the acetylene black oxidation current calculated assuming 95% oxy-
gen efficiency during the whole duration of the anodic polarization (see the main text
for details).

observation suggests that carbon materials of the Sibunit family
obtained after prolonged steam activation, resulting in total
removal of carbon black particles, onto which pyrolytic carbon was
deposited, may be less prone to electrochemical corrosion.
Significant morphological changes were observed for acetylene
black after the anodic polarization. Indeed, at the surface of carbon
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globules one may see disordered fragments, and ragged graphene
layers (Fig. 6). For pristine acetylene black particles, in agreement
with the XRD data of Table 1, the interplanar (002) spacing esti-
mated from the HRTEM density profiles (not shown) was similar to
0.35 nm, but increased up to 0.44 or sometimes even 0.50 nm in
corroded zones. Note that authors of Ref. [58] could not visualize
any signs of corrosion despite significant (more than 50%) mass loss
after the exposure of acetylene black to ca. 1.56 V vs. RHE in 30 wt%
KOH at 55°C during 20 days. They supposed that corrosion of
acetylene black occurs in amorphous regions surrounding gra-
phene ribbons, the latter being less prone to corrosion. Note that Yi
et al. [17] applied high resolution TEM to study anodic degradation
of multiwall carbon nanotubes at +1.8 V vs. RHE in 0.5 M H,SO4 for
10h and observed destruction of the nanotube sidewalls and
collapse of graphitic layers resembling that observed in Fig. 6 of this
work.

TEM data shown in this work are in agreement with the RRDE
data and confirm that the rate of carbon corrosion increases in the
sequence Vulcan XC-72R < Sibunit-152 < acetylene black. One can
note that the OER activity of bare carbon materials also increases in
this sequence. The influence of the OER on the carbon corrosion
may be illustrated by considering a double logarithmic plot of
corrosion currents vs. time (Fig. S8). At short times currents decay
following a i = kt~" law documented by Kinoshita [42], scaling with
the extent of structural order Vulcan XC-72R > Sibunit-152 > acet-
ylene black. However, an increase of the oxygen evolution rate
(Fig. 4) breaks this trend. Therefore, Vulcan XC-72R with the least
ordered structure and the lowest OER-activity demonstrates a

small mass loss and does not show noticeable destruction of pri-
mary particles (Fig. S5). Its corrosion current continuously decays
(following i = kt ®° dependence) similar to what has been
observed in acid electrolytes [13,16]. This may be attributed to the
surface passivation followed by slow corrosion propagation via
micropores (cf. high fraction of micropores in Vulcan XC-72R) to-
wards the centers of primary particles. Sibunit-152 and acetylene
black, despite their higher degree of structural order, demonstrate
higher mass loss (Fig. S7) and noticeable morphology changes
(Fig. S7 and Fig. 6). We attribute this to the higher OER activities of
these carbon materials. Especially remarkable is the observed
degradation of the basal planes of acetylene black (Fig. 6), which
may be tentatively attributed to their higher OER activity and for-
mation of corrosive OER (e.g. radical) intermediates. Another phe-
nomenon, which might affect the rate of corrosion, is intercalation
accompanying carbon oxidation [59]. Indeed, it has been docu-
mented that in highly imperfect carbon materials (like Vulcan XC-
72R in this work) the intercalation occurs less readily as a conse-
quence of high extent of cross-linking of graphene layers [60].

3.3. Influence of LSMC on carbon corrosion

In order to explore influence of an oxide OER catalyst on the
carbon corrosion, LagsSrgsMngs5C00503_5 perovskite oxide was
mixed with either of the three carbon materials, now operating as
conductive additives, and polarized at +1.63 V for 5 h. If carbon
corrosion was strongly accelerated in the presence of LSMC, one
would expect a decay of the OER activity approaching that of the

Fig. 6. TEM images of acetylene black before (a) and after (b—d) anodic polarization performed at 1.63 V during 5h in Nj-saturated 1 M NaOH without (a—c) and with (d) the

addition of LSMC perovskite OER catalyst.
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bare oxide.

RRDE transients of LSMC/carbon compositions, bare oxide and
bare GC are shown in Fig. 7. Simultaneously recorded disk (panel a)
and ring (panel b) currents confirm the occurrence of the OER. For
the bare oxide the OER currents increase with time, which can be
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Fig. 7. RRDE transients of GC-supported mixtures of LagsSrgsMngsCogs0s_5 and
various carbon materials, GC-supported LagsSrosMngsCops03_5 and bare GC at
1600 rpm in Nj-saturated 1M NaOH with loadings of 15 ug cm’zgeo for each compo-
nent at 1.63V and 5h duration: (a) disk currents; (b) normalized ring currents at
Ering =0.3V; (c) oxygen faradaic efficiency. A short polarization step at 0.93V was
applied before and after the anodic polarization. Ring currents are corrected to back-
ground ring currents (originating from reduction of oxygen traces) and normalized to
the ring collection efficiency N and the number of electrons transferred in the oxygen
reduction reaction (ORR) at the ring.

attributed to the GC substrate contribution, since a low catalyst
loading (15 pg cmfzgeo) was used to minimize oxygen bubble for-
mation. Similar minima in the faradaic efficiency plots (panel c) for
the GC-supported oxide and for bare GC are also in favor of the GC
contribution. The disk currents for the oxide/carbon compositions
are much higher than the current for the bare oxide and remain
such after 5h of polarization, suggesting that a significant fraction
of the carbon additives has been preserved.

Unfortunately, oxygen bubble formation (for LSMC/Vulcan XC-
72R and LSMC/Sibunit-152 noticeable at long measurement
times, and for the most active LSMC/acetylene black observed
already at short times) decreases the collection efficiency resulting
in an erroneous measurement of the OER efficiency (Fig. 7c). To
estimate faradaic efficiencies at the end of the transient, oxygen
bubbles were manually removed as described above, and anodic
polarization was applied for another 10 min (Fig. S9). After the
bubbles removal oxygen efficiencies achieved values from 93 + 4 to
96 + 4% (Fig. S9c¢). Small contribution of the carbon corrosion to the
total currents hinders accurate determination of the former.

One may see that the OER activity of LSMC/carbon compositions
(Fig. 7) correlates with the OER activity of bare carbon materials
(Fig. 4), increasing in the sequence Vulcan XC-72R < Sibunit-
152 < acetylene black. This may be explained by synergy between
the two components, whose nature is not fully understood yet.

One may notice that the OER currents of the oxide/carbon
compositions increase with time for all studied materials. In order
to exclude transformation of the LSMC catalyst, which might be at
the origin of the time-dependent OER activity, TEM measurements
were performed after 5h of the anodic polarization for two
representative carbon materials: acetylene black and Vulcan XC-
72R. Careful analysis of numerous images did not show any sign
of either oxide or carbon degradation. Indeed, TEM images of
Fig. S10 demonstrate oxide particles, which after 5h polarization do
not show formation of a disordered surface layer. Moreover, EDX
maps of oxide particles after 5 h of anodic polarization (Fig. 8) did
not show formation of a surface layer depleted in either of the
constituents, as compared with pristine oxide particles (Fig. S11).
Figs. 6d and S5c¢ demonstrate acetylene black and Vulcan XC-72R
particles after polarization, which do not show either any sign of
degradation or presence of any transition metal containing species
redeposited on the carbon surface. This is particularly surprising for
acetylene black, whose morphology was strongly altered by
corrosion in the absence of the LSMC oxide. The experimental
observation suggests that carbon corrosion is attenuated in the
presence of the LSMC OER catalyst. Note that previous publications
reported an improved carbon durability under constant current
operation, and explained it by the decrease of the OER overpotential
in the presence of oxide [61,62]. In this work attenuation of carbon
corrosion is observed under potentiostatic conditions and may be
tentatively attributed to the role of LSMC oxide as a scavenger of
active (e.g. radical) OER intermediates.

4. Conclusions

We investigated the anodic behavior of some carbon materials
(Sibunit-152, Vulcan XC-72R and acetylene black) to explore their
promise as conductive additives for insufficiently conductive
transition metal oxide OER catalysts operating in alkaline media.
We applied the RRDE technique to separate carbon corrosion from
the OER currents and studied simultaneously occurring oxygen
evolution and carbon corrosion. We found that for bare carbon
materials a decrease of the rate of corrosion with the extent of
structural order is only observed at short times and moderate OER
overpotentials. Our study reveals that carbon materials with a
higher intrinsic OER activity show lower durability and tentatively
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Fig. 8. EDX elemental mapping of LSMC particles in the LSMC/Vulcan XC-72R composition after anodic polarization performed at 1.63 V in N,-saturated 1M NaOH during 5 h.

attributed this to the formation of active (e.g. radical) OER in-
termediates, provoking chemical degradation of carbon materials.
We then studied composite OER catalysts consisting of a
Lag 5Sro.5Mnp5C00503_5 perovskite oxide mixed with carbon and
discovered that the oxide component protects the carbon coun-
terpart from corrosion. This finding gives hope that carbon mate-
rials, being thermodynamically unstable in the potential interval of
the OER, may nevertheless survive harsh conditions, to which an
anode of a water electrolysis cell is exposed. In this regard, it might
be interesting to explore influence of various types of OER catalysts
on carbon corrosion. Moreover, long-term durability studies under
industrially relevant electrolysis conditions (in particular at higher
temperatures and in the presence of polymer rather than liquid
electrolytes) are required to better evaluate promise of carbon

materials for electrolysis applications. On the other hand, search for
electronically conductive carbon-free OER catalysts seems very
promising.
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