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ABSTRACT: In recent years, carbon shells have garnered
attention as possible protective layers that can be applied to
oxygen evolution reaction (OER) electrocatalysts to prevent
corrosion under alkaline conditions. However, thermodynamic
considerations and experimental results indicate that these
carbon shells are subject to corrosion themselves, limiting their
applicability as protective coatings against oxidation. Herein,
the thermodynamics of carbon corrosion are presented with
spectrometric, spectroscopic, crystallographic, microscopy, and
electrochemical measurements, emphasizing the inevitable =
degradation of carbon under alkaline OER conditions. Recent 4 alkaline conditions
work focused on suppressing this carbon corrosion is then
discussed alongside future directions for carbon shells in water oxidation research.

he increasing threat of climate change on human health
o In recent years, carbon shells have
and the global economy has reinvigorated the develop- . .
ment of alternative energy technologies globally."”” Of garnerEd attention as pOSSIbIe protec-
these technologies, alkaline water electrolyzers are of interest, as tive Iayers that can be applled to
they enable the generation of hydrogen fuel (H,) via the splitting oxygen evolution reaction (OER) elec-

of water without emitting CO,, unlike the current primary
method for H, generation: steam methane reforming of natural
gas.” While promising, water electrolysis is limited by polar-
ization losses incurred by electrolyte leakage, slow kinetics, and
corrosion of cell components.” This corrosion is especially

trocatalysts to prevent corrosion under
alkaline conditions.

concerning at the anode, the electrode at which water oxidation imparting improved electrical conductivity, increased electro-
occurs, within the water electrolyzer cell. In the literature, chemically active surface area, g.r_1§:14pr0V1dlng additional active
electrode materials for oxygen evolution reaction (OER) sites for OER electrocatalysis. These carbon shell—core

electrocatalysis at the anode have been studied extensively in materials have been implemented as metal and transition metal

an effort to boost electrocatalytic activity, but are typically nanopaﬁticles encased in carbon, including metal carbides, n.letal
phosphides, metal sulfides, MXenes, and other unique

structures.””'”'”~*” While the carbon shells for these materials
are reported as imparting stability, thermodynamic consider-

subjected to oxidation, leading to surface transformation and
material dissolution after long-term testing using chronoamper-
ometry, chronopotentiometry, or cyclic voltammetry cycling.”’
The oxidation of these electrocatalytic materials calls into

question their long-term stability and potential as anode Received: March 28, 2024
materials in industrial water electrolyzers. Revised:  June 10, 2024
Recently, researchers have begun to employ carbon shells to Accepted: June 11, 2024

protect electrocatalytic OER core structures from oxidation
under alkaline conditions. Essentially, the carbon shell can limit
electrolyte contact with the electrocatalytic core, while also

© XXXX American Chemical Society https://doi.org/10.1021/acsmaterialslett.4c00688

W ACS Pu bl ications 3190 ACS Materials Lett. 2024, 6, 3190—3201

- 4JAll)Jd d4d


https://pubs.acs.org/page/virtual-collections.html?journal=amlcef&ref=feature
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lettie+A.+Smith"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kenta+Kawashima"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Raul+A.+Marquez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="C.+Buddie+Mullins"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsmaterialslett.4c00688&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.4c00688?ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.4c00688?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.4c00688?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.4c00688?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.4c00688?fig=tgr1&ref=pdf
www.acsmaterialsletters.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsmaterialslett.4c00688?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsmaterialsletters.org?ref=pdf
https://www.acsmaterialsletters.org?ref=pdf

ACS Materials Letters

www.acsmaterialsletters.org

ations and recent studies on carbon corrosion contradict this
finding.** ™

This perspective discusses recent work concerning the validity
of carbon shells as protective layers against OER electrocatalyst

This perspective discusses recent work
concerning the validity of carbon shells
as protective layers against OER elec-
trocatalyst oxidation under alkaline
conditions.

oxidation under alkaline conditions. Specifically, the thermody-
namics of carbon corrosion are presented alongside spectro-
metric, spectroscopic, crystallographic, microscopy, and electro-
chemical measurements pointing to the inevitable corrosion of
carbon under alkaline OER conditions. The future of carbon in
conjunction with OER electrocatalysts is then presented based
on recent studies, namely that carbon as a protective layer
against oxidation should be assumed to be sacrificial unless
intensive structural engineering has been implemented to limit
the extent of carbon corrosion.”*****

ditions (pH > 13), thermodynamics indicate that the standard
potential required for the OER is E° = 1.23 V vs the reversible
hydrogen electrode (Vgyg) or 0.402 V vs the standard hydrogen
electrode (Vgyg) and that the standard potentials corresponding
to carbon corrosion to CO, and CO are E° = 1.04 Vyyyi (0.207
Veue) and E° = 1.35 Vi (0.518 V) (eqn. 1 and 2),
respectively.”®”” At high, positive potentials (1.35 Vi or
greater) generated CO will immediately oxidize to CO, (0.72S
Veup —0.103 Vg, eqn. 3) and, in the presence of KOH,
produced CO, will immediately convert to CO;*~ (eqn. 4). This
electrochemical corrosion of carbon is dependent on pH as
indicated by the Pourbaix diagram in Figure 1.°7** As shown in

- - - OER stability line - = -HER stability line
4 T T T T T T T T

|Carbon

Potential (V vs SHE)

T T
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Figure 1. Pourbaix diagram for carbon using the default jon
concentration within the Materials Project database.’*™>* The
dashed red and blue lines represent the thermodynamic potential
for the hydrogen evolution reaction and the OER.

the Pourbaix diagram, at pH of 14, and potentials > 0.402 Vg
(1.23 Vgyg) for catalysis of the OER, carbon will oxidize to
CO;* as expected.

Cy + 2H,0 — CO, + 4H" + 4e” (E° = 0.207 Vyyyp)
(1)
Co + HyO — CO + 2H" + 2e7( E° = 0.518 V)
2)
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CO) + H,0 — CO, + 2H" + 27 (E” = —0.103 Vyp)
3)

20H™ + CO, — CO}™ + H,0 (4)

Experimental evidence of this corrosion has been found via
monitoring carbon corrosion products with differential electro-
chemical mass spectrometry (DEMS).””*° For example, by
employing DEMS, Moller and co-workers monitored carbon
corrosion in alkaline electrolyte via direct CO, detection
through the acidification of generated CO;>~ back to CO,.
The authors discussed how the oxidation of carbon to CO,
contributes to the Faradaic response observed for the OER
(Figure 2a). When comparing carbon corrosion of a graphite
electrode under acidic (pH = 1) and alkaline (pH = 13, 0.1 M
KOH) conditions following chronopotentiometry at an applied
current density of 5.5 mAecm ™, they found that the CO, signal
dropped ~ 82% as the pH increased from 1 to 13 (Figure 2c).””
This result indicated that carbon corrosion occurs under alkaline
conditions, but to a much lesser extent as compared to acidic
environments. Additional chronopotentiometric measurements
of Vulcan XC 72 carbon (Vulcan) and NiB supported on
Vulcan at 10 wt% (NiB/C-10) at various applied current
densities (4.4, 8.8, 13.3, 17.7 mAecm™2), found that carbon
oxidation was suppressed when the carbon support was
homogeneously covered by the NiB catalyst,”” meaning that
carbon corrosion was only halted when it was no longer exposed
to the electrolyte. Thus, protective carbon layers on OER
electrocatalysts, much like carbon supports, are subject to
oxidation during the electrocatalysis of the OER at high pH and
oxidizing potentials. And, as Moller et al. showed, the exposure
of carbon to these harsh conditions can lead to the loss of carbon
atoms in the form of CO, which will convert to CO5*~ in
solution as prescribed by the Pourbaix diagram of carbon
(Figure 1).

Beyond DEMS analysis of a graphitic working electrode,
further evidence of carbon corrosion has been observed from the
analysis of the electrolyte and a carbon electrocatalyst post-OER
testing using transmission electron microscopy, spectropho-
tometry (photoluminescence, ultraviolet—visible spectropho-
tometry, infrared spectrophotometry), and N, porosimetry.
Specifically, Wu and co-workers found that their carbon fiber
cloth treated at 450 °C suffered in terms of stability after
applying static potentials [1.375, 1.454. 1.725, and 1.935 V vs
reversible hydrogen electrode (Vgyz)] for 1 h each.*’ As shown
in Figure 3, with increasing potential, the color of the electrolyte
became opaque and eventually turned a dark brown after being
held at 1.935 Vg for 1 h. They attributed this color change to
the loss of carbon from the carbon fiber cloth as carbon
nanodots. Transmission electron microscopy (TEM) images
confirmed the presence of these carbon nanodots in the
electrolyte. As shown in Figure 3, dots were visualized from each
sample of electrolyte taken after each static potential hold. The
detected lattice spacing of 0.247 nm confirmed these dots were
carbon, as this spacing corresponds to the (100) plane of
graphitic carbon (Figure 3a). As the potential increased, the size
of the carbon nanodots increased and the morphology
eventually changed to ultrathin graphene nanosheets. From
photoluminescence emission spectra of the electrolyte samples,
there was also a clear red-shift in peak position (511 to 530 nm)
with increasing static potential, indicative of an increasing size of
the nanodots with more positive potential, affirming the TEM
analysis of the electrolyte. Additionally, scanning electron
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Figure 2. Online-monitoring of carbon corrosion under alkaline OER conditions. (a) Schematic of carbon corrosion contribution to the OER
current, (b) Potential response of a graphite electrode at an applied current density of 5.5 mAecm™ under acidic and alkaline conditions, (c)
bar chart showing the corresponding ion charge detected for CO, indicative of the loss of C from the electrode at different pH. Reprinted with
permission under a Creative Commons CC-BY 4.0 license from ref 29. Copyright 2020 Wiley.
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Figure 3. Bulk carbon corrosion. TEM images and samples of the electrolyte after applying (a) 1.375, (b) 1.454, (c) 1.725, and (d) 1.935 Vgyg to
carbon fiber cloth treated at 450 °C, SEM images of the carbon cloth after applying (e,g) 1.375 Vgyg and (f;h) 1.935 Vyye. Used with permission
of Royal Society of Chemistry from ref 31. Copyright 2019 Royal Society of Chemistry; permission conveyed through CCC, Inc. (i) UV—vis
spectra of the electrolyte after oxidation of glassy carbon (GC) at 1.8 Vg in alkaline and acidic media, (j,1) pristine GC, (k;m) GC after
exposure to alkaline electrolyte. Reprinted with permission under a Creative Commons CC-BY 4.0 License from ref 28. Copyright 2017

Elsevier.

microscopy (SEM) images of the carbon fiber cloth taken after
static potential holds showed pore generation and the
emergence of nanosheets at the surface with increasing
potential, signaling that carbon degradation had occurred
(Figure 3e-h). This degradation was further confirmed by N,
porosimetry after applying 1.375 V for 1 h to the carbon fiber
cloth, as the pore volume and surface area increased 990x and
41x, respectively. This increase in pore volume and surface area
was a clear indication that the carbon surface had undergone
oxidation, leading to a more porous structure. Wu et al.
determined that the degradation increased with increasing
potential and resulted in nanosheets rather than carbon
nanodots because of the exfoliation of carbon nanosheets from
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the carbon fiber cloth. Specifically, hydroxyl radicals from the
oxidation of water first attacked edge sites and defect sites on the
carbon sheets making up the carbon cloth. At low potentials
(1.375 and 1.454 V), this resulted in the loss of carbon as
nanodots. With increasing potential (up to 1.935 V), the
abundance of hydroxyl radicals increased, leading to further
oxidation past the edge sites. This oxidation resulted in
increased d-spacing between the sheets until, eventually,
exfoliation occurred and graphene nanosheets were lost to the
electrolyte. Thus, by using a variety of techniques, Wu and co-
workers were able to trace the extent of carbon corrosion with
the applied potential and conclude that carbon corrosion can
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only be minimized at low overpotentials for the OER (~1.3—1.4
V).

In addition to Wu and co-workers, the effect of potential on
carbon corrosion has been noted by others,”***~* specifically
that past a threshold potential (>~1.5 Vyy), instead of simply
oxidizing the surface of carbon, C atoms will be removed from
the surface as CO and CO, (CO5>” in presence of KOH). In a
study of the electrochemical oxidation of glassy carbon, Yi et al.
observed that carbon oxidation began at 1.2 V in 0.1 M KOH.
Additionally, they observed an increase in capacitance from 0.3
mF/ cngeo to ~ 1.0 mF/ cngeo from 0 to S h of exposure to
oxidizing potentials. The capacitance then stabilized around ~
1.1 mF/ cngeo from 5 to 25 h.*® This increase in capacitance
resulted from the generation of a porous surface via electro-
chemical oxidation. Additionally, the electrolyte turned brown
after extensive exposure to high anodizing potentials. Analysis of
the electrolyte using UV—vis confirmed that carbon had
dissolved into the electrolyte via detection of a peak at ~ 220
nm with a shoulder at 235 nm, which corresponds to that of
carbon nanodots (<10 nm in diameter) (Figure 3i). Scanning
electron microscopy images confirmed this dissolution via the
presence of pitting in the electrode after applying 1.8 Vg for
several hours (Figure 3j-m). Further characterization of the
glassy carbon electrode using Raman spectroscopy, infrared
spectroscopy, and X-ray photoelectron spectroscopy (XPS)
indicated that the oxidation of glassy carbon under alkaline
conditions was confined to the surface. Specifically, no changes
were observed between the Raman spectra or the IR spectra for
pristine GC and GC exposed to alkaline conditions. From
analysis of the high-resolution O1s XPS spectra, an increase in
the peak corresponding to carbonyl groups was observed,
indicating that oxidation was limited to within 8—10 nm of the
surface. Yi and co-workers hypothesized that the oxidation of the
electrode occurred via OH radicals interacting with alkyl chains
at the edges of graphitic domains in the glassy carbon. Thus,
increasing oxidation resulted in the disruption of #-7
interactions between graphitic sheets and the loss of carbon to
the electrolyte.”® Given glassy carbon is considered relatively
inert, the oxidation of its surface as confirmed here via a variety
of techniques indicates that protective carbon shells formed
around electrocatalytic cores are likely subjected to similar if not
more extensive oxidation.

In the literature, evidence of this instability of protective
carbon shells encapsulating OER electrocatalysts is hinted at;
however, rarely investigated or discussed in detail. For example,
Abbas and co-workers concluded that their N-doped carbon-
protected Fe;C nanoparticles (NP) were stable upward of 10 h
after performing chronoamperometry at 1.7 Vpye in 0.1 M
KOH."* Diffraction patterns before and after long-term testing
provided further evidence of this ‘protective’ carbon as there
were no changes in the diffraction patterns (Figure 4a).
Additionally, TEM images taken after long-term testing showed
that there was no change to the morphology of the electro-
catalysts, including no observable particle agglomeration
(Figure 4b). However, Abbas et al. did detect a small amount
of CO, at the surface of the electrode, which they attributed to
carbon oxidation. They did not explain how they detected this
CO,. From a C-site poisoning experiment of the Fe;C@C-N,
wherein they used an electrolyte of NaH,PO, (0.1 M) in
addition to KOH (0.1 M) to provide phosphate anions, which
have a preference for C atoms over OH, they observed a
dramatic drop in electrocatalytic performance. This result
implies that the N-doped carbon shell contributes to the
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Figure 4. Protective carbon shells on iron carbide cores. (a) XRD of
Fe;C@C-N before and after long-term testing, (b) HR-TEM of
Fe;C@C-N after stability testing, wherein the red dashed circles
indicate the Fe;C NPs. Reprinted from ref 14., Copyright 2021, with
permission from Elsevier. High-resolution XPS spectra of (c) Fe 2p,
and (d) O1s for FOg. Reprinted from ref 10., Copyright 2022, with
permission from Elsevier.

electrocatalytic activity of the catalyst via favorable OH™
adsorption. Bandal and co-workers reached a similar conclusion
via the poisoning of Fe sites using thiocyanate, followed by the
poisoning of C sites with PO,>~ of their N-doped carbon-coated
Fe,C NPs prepared at 800 °C."? Specifically, neither the Fe-sites
nor the carbon sites alone accounted for the activity of their
electrocatalyst. Rather, the interaction of the Fe;C core and
carbon shell made its low overpotential of 330 mV possible
because it led to an increase in the electron density for improved
charge transfer, as determined via Mott—Schottky analysis. The
adsorption of OH™ at C-sites indicates that oxidation of the
carbon layer is occurring. Additionally, Bandal ef al. found that
the Fe;C core of their material underwent surface oxidation
following a 50 h chronoamperometry test at 1.56 Viyyp.'® The
Fe(0) peak in the Fe 2p high-resolution XPS spectra disappeared
following chronoamperometry and all the peaks in the O 1s
spectra shifted to more positive binding energies, indicative of
oxidation (Figure 4c and d). Additionally, a new peak emerged
in the O 1Is spectra at 535.6 eV indicative of chemisorbed OH
(Figure 4d). And, while they did not observe a morphological
change in their material, it is still possible that carbon flaked off
as sheets into the electrolyte, leaving behind a similar surface to
that of the starting material. Thus, as for bulk carbon materials,
carbon layers surrounding electrocatalytic cores are also subject
to oxidation and the oxidation of these layers could eventually
lead to cracks such that the electrolyte will come into contact
with the electrocatalytic core.

Many reports point to the stability of electrocatalytic cores
protected by carbon shells solely on the basis of a stable
chronoamperometric or chronopotentiometric response. How-
ever, these ‘stable’ responses are often only observed over a short
period of time or do not capture possible material trans-
formation at the surface of electrocatalytic materials or
protective carbon shells encapsulating electrocatalytic
cores.”””! For example, Tao and co-workers found that a 7
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Figure S. Characterization results of NiFe alloy embedded in N-doped CNTs. (a) chronogalvanostatic stability measurements, (b) CA at 1.56
Vrup, TEM image (c) before and (d) after long-term OER testing, XRD patterns (e) before and (f) after long-term OER testing. Reprinted with
permission from ref 21. Copyright 2016 American Chemical Society.
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Figure 6. Microstructure and carbon stability. (a) Schematic of stacked graphite sheets, showing the edge and basal planes, TEM of (b) as-
prepared pCNF prepared at 2400 °C, (c) after 24 h of CA at 1.8 Vg, (d) after 48 h of CA at 1.8 Vyyg, (e) STEM image of pCNF prepared at
2400 °C, (f) corresponding C-K edge of core-loss EEL spectrum taken after 24 h of CA at 1.8 Vyyg. Used with permission of Royal Society of
Chemistry from ref 49., Copyright 2021 Royal Society of Chemistry; permission conveyed through CCC, Inc.

nm thick carbon shell imparted optimal stability for their FeNi
alloy NPs embedded in N-doped CNTs.”" This stability of the
core was; however, at the expense of the carbon shell. Post-
characterization using TEM, XPS, and XRD showed that there
was no transformation to the core after long-term testing via
chronogalvanostatic measurements at various current densities
and chronoamperometry at 1.56 V for 10 h (Figure Saand b). As
shown in Figure 5d, the TEM image post-long-term testing
indicated that the core—shell structure of the FeNi alloy NPs
embedded in N-doped CNT's was maintained. Then, as for the
pristine material, no signal was detected with respect to Fe or Ni
via XPS, providing evidence that the core was still completely
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covered by its carbon shell. In addition, all diffraction peaks for
the FeNi alloy and that corresponding to the (002) plane of
graphite were retained following long-term OER (Figure Se and
f). However, the (002) peak broadened following long-term
OER, indicative of a loss of crystallinity in the carbon shell
(Figure 5f), which was likely the result of carbon oxidation via
contact with the electrolyte. Further evidence of this carbon
corrosion is seen by the (002) peak shift to a lower 260 (from ~
25.5° to ~ 24.7°) after long-term testing (Figure Sf). This peak
shift means that the d-spacing increased between the graphitic
carbon sheets, likely owing to the breaking of 7-7 interactions
due to the presence of OHT, as postulated for bulk carbon by
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others.*’ In addition, this transformation of the carbon shell
could explain the 1% increase in the current response, which the
authors hypothesized could be the result of an activation process
(Figure Sb). Thus, the carbon shell protected the FeNi alloy core
from the oxidizing environment of the alkaline electrolyte, but at
the expense of its own structural stability.

In 1988, Ross and Sattler found that the microstructure of
highly graphitized carbon led to improved corrosion resistance
compared to non-graphitized carbon under OER conditions
(30% KOH, 55 °C).* They graphitized furnace carbon blacks at
2700 °C for 2 h under a helium atmosphere and subjected them
to long-term OER (15 h at 0.450 Vg0 followed by S h at
0.550 VHg/HgO) alongside their as-received counterparts. The
graphitized carbon blacks demonstrated a reduced corrosion
rate (0.02 to 0.5% h™') compared to the as-received carbon
blacks (0.1 to > 10%h™"), as determined by correcting the
anodic current for OER current contributions using mass
spectrometry and converting the corrosion current using
Faraday’s law. From TEM and XRD results, the graphitized
carbons demonstrated increased crystallinity and an increased
coherence length along (002) (L.) as compared to their non-
graphitized counterparts.44 Chemisorption experiments using
iodine indicated that the microstructure of the graphitized
carbon blacks explained their corrosion resistance. Graphitic
carbon consists of stacked graphite sheets consisting of basal and
edge planes (Figure 6a). When exposed to iodine, the
graphitized carbons with increased order, attributable to the
basal plane of graphite, had reduced iodine adsorption as
compared to the non-graphitized carbons. As the non-
graphitized carbon blacks had no basal plane area, increased
iodine adsorption and an increased rate of corrosion, Ross and
Sattler concluded that the iodine adsorbed preferentially to
favorable oxidation sites. And, as the non-graphitized carbons
consisted of amorphous domains and edge sites, a less ordered
microstructure was attributed to increased corrosion.

Recent studies have further explored the effect of the carbon
microstructure on stability under OER conditions with multiple
reports confirming that oxidation occurs initially at the edge
planes of graphitic carbon and/or at amorphous sites.*>*~**
With this knowledge, researchers have begun further investigat-
ing the oxidation at the basal plane vs the edge plane and
amorphous domains. For example, Sato et al. found that their
platelet-type carbon nanofibers (pCNFs), despite largely
consisting of edge planes of graphite, had reduced corrosion
resistance at the edge because of the passivation of the edge
planes with hydroxyl species.”” The pCNFs consisted of a
nanofiber with carbon sheets, or platelets, normal to the
nanofiber axis connected by carbon loops. This morphology
resulted in basal planes of carbon at the ends of the nanofibers,
exposed to the electrolyte, and edge planes along the fiber
(Figure 6b). As Ross et al. and others have found, Sato and co-
workers observed that the corrosion rate decreased with
increased graphitization of the pCNFs. Specifically, they found
that as the heat treatment of the pCNFs went from 2000 to 2400
to 3000 °C, the spacing between the stacked carbon sheets
(dgoz) decreased, approaching that of graphite at ~ 0.34 nm.
From an identical-location scanning electron microscopy
technique, wherein they compared SEM images of the same
point on the pCNFs before and after long-term testing at a
potential of 1.8 Vpyp for 24 and 48 h, they were able to
determine the corrosion rate at the basal plane via monitoring
changes in pCNF length. For the samples prepared at 2000,
2400, and 3000 °C, respectively, the basal plane corrosion rates
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were 0.62, 042, and 0.34 nmeh™.. Interestingly, the same
measurements at the edge planes showed only negligible
corrosion, contrary to previous reports.”>*> TEM and scanning
transmission electron microscopy (STEM)/electron-energy
loss spectroscopy (EELS) provided an explanation for this
phenomenon. As shown in Figure 6b-d, the carbon loops that
initially covered the edge planes disappeared following long-
term OER testing. However, after the loss of the carbon loops,
further dissolution of the edge planes was not observed with
increasing anodization time (Figure 6d). STEM/EELS detected
peaks for the pCNFs at 26 and 16 eV, corresponding to graphite
and sp>-type carbon or oxygen, indicating that functional groups
containing oxygen could be retained at the surface. From the K-
edge EELS spectra of pCNF prepared at 2400 °C, it was
determined that hydroxyl groups were present at the carbon
surface via the detection of a peak at 286 eV (Figure 6e and f). As
a result, the authors concluded that the lack of corrosion at the
edge planes was because of the formation of a passivation layer
made up of hydroxyl groups, protecting the carbon underneath.
This passivation layer seemed to be unique to the platelet
nanofiber structure, evoking the need for additional analysis of
the microstructure and its effects on carbon corrosion under
alkaline OER conditions.

In addition to Sato and co-workers, Filimonenkov et al. also
reported a contrary finding to that of Ross and Sattler, and
others. From their study of the carbon corrosion of a furnace
black (Vulcan XC-72R), acetylene black, and pyrolytic carbon
(Sibunit-152) they determined that more ordered carbons
experience more corrosion when they are active for OER
electrocatalysis. In the comparison of their three carbons, the
order increased from Vulcan XC-72R to Sibunit-152 to
acetylene black as determined by XRD. Additionally, acetylene
black had the largest basal plane coverage followed by Sibunit-
152 and Vulcan XC-72R (0.76, 0.62, and 0.48, respectively), as
determined from pseudocapacitance measurements. By using a
rotating ring disk electrode (RRDE), they were able to isolate
current from carbon corrosion and the OER and, as a result,
calculate OER efliciency. They found that carbon corrosion
increased with decreased structural order only when OER
efficiency was low, which occurred at potentials below 1.63 Vg
and above 1.93 Vyy;. At intermediate potentials, wherein OER
efficiency was high, the opposite trend occurred owing to the
increased activity of the carbon toward the OER. TEM images
taken after 5 h of OER testing at 1.63Vyyyg showed degradation
of the most ordered material, acetylene black, but negligible
changes to the least ordered carbon, Vulcan XC-72R. Addition-
ally, from TEM, there was an increase in dy, from 0.35 to 0.5 nm
with electrochemical testing time, indicating a clear loss of
structural order via oxidation of the carbon from its electro-
catalysis of the OER. The authors hypothesize that the less
ordered Vulcan XC-72R did not experience extensive oxidation
from the OER due to the blocking of its pores via the generation
of intermediate species during the OER, as confirmed by the
reduction in capacitance with anodization time. Interestingly,
when they prepared a composite of their carbons with a metal
oxide, they did not detect any material corrosion after 5 h of
long-term OER testing. This finding reaffirms the idea of
oxygen-containing functional groups as protective against
carbon corrosion, as aforementioned in the context of Sato et
al’s work and reported by Han and co-workers.”® Additionally,
they postulate that the electrocatalyst employed may affect the
durability of carbon. Evidence of this electrocatalyst effect has
been demonstrated by Yang et al. and their study of MnCo,0,
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with carbon black. Specifically, they determined that carbon
corrosion could be suppressed when highly active electro-
catalysts for the OER are employed, as the fast kinetics of the
OER will outcompete the carbon corrosion.”

While the analysis of bulk carbon materials has and continues
to show that carbon corrosion under alkaline OER conditions
will occur, few reports have considered the corrosion of
‘protective’ layers of carbon encapsulating OER electrocatalysts.
Typically, even if post-characterization using techniques such as
TEM, XRD, and XPS is performed on these materials, it is only
with respect to the core and not the carbon shell.'"”"**' While
the maintained stability of the core is important, that of the
carbon ‘protecting’ the core is also noteworthy because, if the
protective layer is not stable, then the long-term stability of the
electrocatalytic core is questionable at best. The corrosion of
these carbon shells needs to be determined to truly gauge the
durability of these materials.

Techniques used to study bulk carbon corrosion need to be
applied to the study of these carbon shells to determine their
true stability, such as DEMS for CO,?" detection, XPS to gauge
oxidation at the surface via detection of oxygen-containing
functional groups, SEM and TEM to observe changes in the
morphology, TEM and XRD to track alterations in the
microstructure,”*’ and STEM/EELS to identify oxygen-
containing groups at the surface on the basal vs edge plane of
ordered carbon.”> The analysis of carbon shell—core structures
using these techniques will provide clear evidence supporting
either carbon stability or, more likely, instability. However, these
techniques each have challenges associated with them. For
example, DEMS can only detect volatile species and special care
needs to be taken with regard to calibration of the instru-
ment.”">* Concerning XPS, it may also be difficult to discern
increased oxidation at the surface because either (1) oxidation of
the carbon has resulted in CO, evolution that immediately
converts to CO,>” because of the high applied potential and
long-term testing or (2) the change in the peaks corresponding
to C-O bonds before and after OER testing is minute due to the
presence of adventitious carbon.”®>® Thus, XPS cannot be
implemented alone as a post-characterization technique for
determining the stability of carbon shell—core OER electrode
materials and a combination of techniques should be enlisted.
Emphasis should be placed on employing online monitoring,
such as through DEMS, or through the use of in situ techniques,
especially TEM, as this technique would enable the study of
microstructure changes during testing and has demonstrated
previous success in the study of structural changes to
electrocatalysts.” >

In addition to post and in situ OER testing characterization of
the carbon shell—core electrocatalysts, the electrolyte should
also be analyzed following long-term testing. Techniques that
could aid in the analysis of carbon corrosion products in the
electrolyte are DEMS as aforementioned, TEM of degradation
products in the electrolyte and spectrophotometric measure-
ments.”**’ Regarding spectrophotometry, carbon nanodots
with photoluminescent properties have been detected as carbon
degradation products, which can be detected using fluorimetry
and UV—vis spectrophotometry.”**"*® In addition to these
methods, inductively coupled plasma mass spectrometry (ICP-
MS) has also been employed to detect dissolution products in
the electrolyte of oxidized OER electrocatalysts. However, for
the study of carbon corrosion, ICP-MS is not recommended
because C-species are difficult to detect accurately due to
possible environmental contamination during sample prepara-
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tion and because carbon exists as an impurity in the plasma.”” An
alternative method that could be implemented to indirectly trace
sample loss to the electrolyte is combustion analysis, which
enables the quantification of carbon content via the combustion
of a solid material. However, this method, as with ICP-MS, is
subject to carbon contamination from the environment.’® Thus,
if this technique were to be implemented, only the ratio of C to
another detectable element using this technique, such as N,
should be compared before and after long-term testing. In
general, analysis of the electrolyte can be challenging, as detected
CO,* could also originate from the electrocatalytic core for
materials such as metal carbides.® To circumvent this challenge,
it is recommended to prepare control samples without a carbon
shell as a standard for comparison.

Because many carbon shells form around a metal or transition
metal core in situ,® the synthesis of control samples without a
carbon shell is challenging, but vital. Such controls are needed to
gauge the extent to which carbon shells can suppress
electrocatalytic core oxidation and to measure the oxidation of
the shell itself, as aforementioned. Thus, methods wherein the
carbon shell formation occurs in a separation step or can be
prevented while preparing the same core material should be
implemented. For example, Pan and co-workers used the
solvothermal method to prepare CoS, NPs encapsulated in N-
doped carbon and bare CoS, NPs.” Specifically, they added
Co(CH;C00),-4H,0 and thiourea to ethylene glycol, stirred
the mixture (0.5 h, S0 °C), added the surfactant CTAB as a
structure guiding agent, and then added glucose as the carbon
source. After stirring (10 min), they heated the solution in a
stainless-steel autoclave (12 h, 180 °C). Sulfur was then
incorporated into the structure via calcination using sulfur
powder to generate the CoS, NPs encapsulated in N-doped
carbon. The bare CoS, NPs were prepared using the same
procedure without the inclusion of glucose. XRD and Raman
confirmed that a carbon layer was not present on the bare CoS,
NPs, as the typical peak at ~ 26° for carbon was not observed in
the diffraction pattern and the D and G-bands indexed to carbon
were not observed in the Raman spectrum. Thus, Pan et al. were
able to prepare a control for comparison to their N-doped CoS,
NPs.

In addition, Gao et al. were also able to prepare Fe;C NPs with
and without a carbon shell, while also regulating the thickness of
the carbon shell via changing the Fe precursor identity.” They
prepared Fe;C NPs on carbon nanotubes (CNTs) using three
separate precursors: ferrous carbonate, iron acetylacetonate, and
iron phthalocyanine via microwave-assisted pyrolysis referred to
as Fe/Fe;C-C@CNT, Fe/Fe;C-A@CNT, and Fe/Fe,C-P@
CNT, respectively. Of the three samples, Fe/Fe;C-C@CNT did
not have a carbon layer coating its Fe;C NPs while Fe/Fe;C-A@
CNT had a carbon layer with ~ 1.77 nm thickness and Fe/Fe;C-
P@CNT had a carbon layer thickness of ~ 9.31 nm. A carbon
layer was not observed for Fe/Fe;C-C@CNT because iron
carbonate easily decomposed to CO, gas during pyrolysis at 800
°C.” They found that Fe/Fe;C-A@CNT, with a thinner carbon
shell, exhibited decreased overpotential by ~ 50 mV as
compared to Fe/Fe;C-P@CNT with a thicker shell and Fe/
Fe;C-C@CNT without a carbon shell. However, because their
Fe;C NPs with and without a carbon layer varied in size (S nm to
over 200 nm), it is difficult to exclude NP size effects on
performance. This work highlights the need for a study in which
NP size is held constant while the carbon thickness is varied (or
vice versa) to independently determine carbon layer thickness
effects with respect to core and shell oxidation under OER

https://doi.org/10.1021/acsmaterialslett.4c00688
ACS Materials Lett. 2024, 6, 3190—3201


www.acsmaterialsletters.org?ref=pdf
https://doi.org/10.1021/acsmaterialslett.4c00688?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Materials Letters

www.acsmaterialsletters.org

conditions. This NP size difference emphasizes the difficulty of
making controls without a carbon shell, and introduces
additional questions that necessitate further exploration.
Specifically, how thick should the carbon layer be to ensure
sufficient coverage of the core long-term despite possible carbon
corrosion? And then, does increased thickness eventually lead to
complete blocking of core active sites?

Reports conflict with regard to the optimal carbon thickness
with some reporting a thickness of ~2—2.5 nm as being best,”"”
while others indicate that a thicker layer is preferable, but still
does not result in complete prevention of oxidation of the
electrocatalytic core.”’ For example, Yoo and co-workers
observed that a carbon layer thickness up to 3.5 nm led to
active site blocking for electrocatalysis,® while others have
observed decreased overpotential with thicknesses nearing 10
nm (see Table S1). These opposing observations are a result of
differing levels of post-characterization analysis of these carbon-
coated OER electrocatalysts and long-term testing duration
times, which range from hours to hundreds of hours, making it
difficult to draw general conclusions with regard to optimal
carbon shell thickness.”''*'”*>** If a long-term test is only
carried out for a few hours and post-characterization is limited,
detection of corrosion of both the core and carbon shell could be
missed and, as a result, active site blocking via the carbon shell.
For example, if only SEM were used, the morphology could go
unchanged but changes to the microstructure detectable via
XRD and TEM would be overlooked as would the loss of carbon
to the electrolyte as CO,*". Given the corrosion of carbon has
most definitively been traced via monitoring of microstructure
changes and the detection of CO;*", it is recommended that
post-characterization after long-term OER consist, at minimum,
of TEM, XRD, and analysis of the electrolyte using DEMS or
other aforementioned techniques. As DEMS is typically not
readily available, other methods such as using a RRDE to track
the corrosion of the carbon with time as Filimonenkov and co-
workers demonstrated could also be implemented.** Addition-
ally, long-term testing using techniques such as chronoamper-
ometry and chronopotentiometry needs to be extended beyond
five to tens of hours.”'#'”** As recommended by Chen et al. and
demonstrated by others,”* ~°” these materials should be tested
for at least several hundreds if not thousands of hours to
compete with current best-performing OER electrocatalysts in
the literature such as NiOOH and porous cobalt phosphide
foam, which have demonstrated chronopotentiometric stability
up to ~ 260 and 4000 h, respectively.”"*” After all, alkaline
electrolyzers have lifetimes upward of a decade,’ meaning for
electrocatalysts to be considered ‘stable’ they should demon-
strate lifetimes for at least several weeks to months at the lab
scale.

Beyond stability at lab scale in three-electrode systems, the
integrity of these carbon shell—core OER electrodes on a larger
scale require further evaluation. For future application, scale-up
both in terms of the material synthesis and the implementation
of these carbon shell—core structures into water electrolyzers
warrant investigation. With regard to synthetic scale-up,
especially concerning NPs, reproducibility between batches
must be considered, as their adaptation into other fields has been
limited by variability in their physiochemical properties.®®
Additionally, the reproducibility of the carbon shell must be
explored, especially with respect to the microstructure and
thickness, as these parameters have implications toward long-
term stability of the shell and prevention of the oxidation of the
OER electrocatalytic core.
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Concerning the incorporation of these carbon-shell core OER
electrocatalysts into larger scale devices, specifically lab-scale
water electrolyzers, it is likely that carbon corrosion would
change under these new conditions. After all, electrocatalytic
stability has been shown to chan§e drastically from three-
electrode cells to electrolyzers.””® Additionally, as alkaline
electrolysis is performed at 80—160 °C,%° and it has been
reported that carbon corrosion is accelerated at elevated
temperatures (65 and 90 °C), the study of corrosion with
increasing temperature is vital within the context of possible
industrial application of protective carbon shells. And, given
some carbon corrosion is expected as detailed above, the effect
of carbon degradation products on other cell components such
as the membrane should also be considered in future work.

The key to the potential implementation of carbon shell—core
OER electrocatalysts into water electrolyzers is an under-
standing of the mechanism of the carbon corrosion at the lab-
scale and beyond. As the reports discussed herein indicate,
carbon corrosion is unique to the carbon structure and the
extent to which it participates in OER electrocatalysis. Thus, as
aforementioned, the stability of carbon shells must be
thoroughly evaluated in future studies. To summarize, these
future studies should incorporate extensive post-character-
ization (e.g, TEM, XRD, XPS, etc.), incorporating online
monitoring and in situ studies (e.g, DEMS, in situ TEM) when
possible, and testing of carbon core—shell electrocatalysts in
both three-electrode cells and lab scale electrolyzers under more
relevant industrial conditions (e.g,, weeks to months of long-
term testing at 80—160 °C). Additionally, the role of the carbon
shell in OER electrocatalysis should be considered, as reports
have indicated that carbon can act as an active site."”' > It is
recommended that future work perform C poisoning experi-
ments via the inclusion of phosphate ions into the electrolyte to
gauge the extent that C sites contribute to the OER
performance, as demonstrated by Abbas et al. and Bandal et al.
and discussed above.'”** This work is instrumental, as carbon is
used in other alternative energy devices such as metal-air
batteries.”® In these batteries, the air electrode flips between
catalyzing the OER and oxygen reduction reaction for charge
and discharge, respectively. Thus, carbon corrosion will occur
via exposure to the alkaline electrolyte, the applied potential, and
as a result of battery cycling. In Zn-air batteries, this carbon
corrosion has been reported to lead to flooding such that the cell
efficiency is greatly decreased.”” Thus, the study of carbon
corrosion in electrochemical systems has far-reaching implica-
tions.

From both experimental findings and thermodynamic
considerations, the inevitable corrosion of carbon under alkaline
OER conditions is irrefutable. Thus, when implemented as a
‘protective’ coating covering OER electrocatalysts, while carbon
may prevent oxidation of the electrocatalytic core, this
protection is only temporary. The carbon itself will undergo
oxidation, likely dissolving completely into the electrolyte as
CO5>” within a matter of weeks.”” As demonstrated by Sato and
co-workers, this oxidation can be suppressed, but not prevented,
depending on the microstructure of the carbon. Simply put, just
because a carbon layer is graphitic does not mean it will be stable
under alkaline OER conditions. The carbon consisting almost
entirely of ‘corrosion resistance’ basal planes will also not
provide this stability, as recent studies have shown. The
‘protective’ carbon layers that have been used to encapsulate
OER electrocatalysts need protection from the harsh alkaline
electrolyte themselves. Future work should focus on the
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Future work should focus on the
minimization of carbon shell oxidation
via structural engineering and the
creation of passivation layers at the
carbon surface to ensure that these
shells can act as long-term protective
layers for OER electrocatalytic cores.

minimization of carbon shell oxidation via structural engineering
and the creation of passivation layers at the carbon surface to
ensure that these shells can act as long-term protective layers for
OER electrocatalytic cores. Additionally, when carbon is
employed as a coating on electrocatalytic OER materials, it
must be strenuously analyzed using post-characterization
techniques to definitively determine its role in OER electro-
catalysis and the interplay between the carbon and electro-
catalyst both in terms of stability and activity.
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