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in low-temperature CO2

electrolysis systems†

Jack R. Ferrell, ‡, III* Mathew Rasmussen ‡ and W. Wilson McNeary

Carbon corrosion has been widely documented in electrochemical systems such as fuel cells and water

electrolyzers. In these systems, CO2 is neither a reactant or a product, and CO2 produced from carbon

corrosion can be directly measured and attributed to the carbon corrosion process. In CO2 electrolysis,

the CO2 feed masks the detection of CO2 produced from anodic carbon corrosion, making the

quantification of carbon corrosion difficult. Additionally, current CO2 electrolysis systems operate in

a different chemical environment than fuel cells and water electrolysis systems, often employing

a carbonate-based anolyte. Understanding and quantifying failure modes is critical for the

commercialization of CO2 electrolysis, where a durability of multiple years is required. However, at

present, many published studies employ carbon-based materials on the anode. These carbon-based

anodes may corrode and deteriorate under the oxidative potentials present on the anode under normal

CO2 electrolysis operation. Carbon corrosion at the anode may also be convoluted with other common

degradation mechanisms, making quantification of specific degradation pathways more challenging.

Here, we have developed an ex situ carbon corrosion test for CO2 electrolysis that allows for the

quantification of mass loss from carbon corrosion. Using this test, significant carbon corrosion has been

quantified at realistic anodic voltages experienced in operating CO2 electrolysis cells. Based on these

results, and informed from the past experiences in the development of fuel cell and water electrolysis

systems, we provide a perspective on the use of carbon-based materials on the anode of CO2

electrolysis systems. The CO2 utilization community would benefit from rapidly transitioning away from

the use of carbon-based materials on the anode of CO2 electrolysis systems. If carbon materials are

used on the anode in CO2 electrolysis systems, it is only appropriate for short-term (<100 h) experiments.
1. Introduction

In recent years, it has become obvious that dramatic changes to
our fossil fuel-based economy are needed to limit global
warming to less than 2 °C.1 Decarbonization of electricity
generation alongside deep electrication of our current
economy is the leading strategy to accomplish this goal and
avoid the worst effects of climate change. However, many
sectors of our economy, such as aviation, chemicals
manufacturing, and marine shipping will require hydrocarbon-
based feedstocks for the foreseeable future.2 A prevailing
strategy to move away from fossil-based feedstocks is the use of
waste CO2 as a carbon source. By using CO2 that already exists
within the anthropogenic carbon cycle, fuels and chemicals can
be synthesized with a dramatically lower carbon footprint when
CO2 conversion is powered by renewable energy.3 Additionally,
013 Denver W Pkwy, Golden, CO 80401,

tion (ESI) available. See DOI:

d equally to this work.

24, 8, 3266–3278
CO2 is available in all regions of the world, at a scale that can
meet global demand for fuels and chemicals. This is advanta-
geous to other sustainable carbon sources such as biomass,
which can vary regionally and does not exist at a sufficient scale
to replace all carbon-based products used today.4

Of the many CO2 utilization pathways available, low-
temperature CO2 electrolysis has many advantages,5 including
the direct use of renewable electricity to drive the energy-
intensive conversion of CO2, potential for higher energy effi-
ciency as compared to thermochemical and biochemical
conversions, scalability and modularity (including the potential
for smaller-scale distributed deployment as compared to the
large-scale centralized facilities employed in fuel and chemical
production today), and the benet of shorter startup/shutdown
times allowing for coupling with the intermittency of renewable
electricity sources. Despite signicant recent interest in low-
temperature CO2 electrolysis, this technology remains at a rela-
tively low technology readiness level (TRL) of ∼3–5, and
advances are needed in performance (e.g., increasing current
density, single-pass conversion, product selectivity, and
lowering cell voltage), durability, scaling up to larger electro-
lyzer designs, and scaling out to larger electrolyzer stack sizes.6–8
This journal is © The Royal Society of Chemistry 2024
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Several electrolyzer designs have been studied over the years
for electrochemical CO2 reduction. Many initial, fundamental
studies utilized liquid phase batch type reactors (e.g., H-cells),
but due to a variety of issues, including signicant mass
transport limitations, it is widely understood that H-cells are
not practical for industrial-scale deployment.9 Continuous ow
electrolyzers are needed to achieve relevant current densities for
commercial adoption.6,9,10

Most continuous ow CO2 electrolyzer designs can be
broadly classied into three categories: membrane electrode
assemblies (MEAs), microuidic reactors, and solid oxide elec-
trolysis cells (SOECs).9 SOECs utilize an ion-conducting solid
oxide material, typically yttria-stabilized zirconia, and operate at
high temperatures (>600 °C) with gas-phase CO2 diffusing and
reacting directly on the cathode to form gas-phase products.11,12

Microuidic reactors and MEAs share many common charac-
teristics, including the use of gas diffusion electrodes (GDEs). In
essence, GDEs are porous electrodes that allow for diffusion of
gas phase CO2 to reaction sites. GDEs are usually designed with
two main components: a nanoparticle catalyst layer, and
a highly porous gas diffusion layer (GDL) support, which is
oen composed of carbon paper and a carbon-based micropo-
rous layer (MPL).13,14 The most common microuidic reactor
architecture relies on two GDEs separated by a owing elec-
trolyte solution, with gas-phase CO2 being fed continuously to
the cathode GDE.15 MEAs, on the other hand, typically utilize
two GDEs separated by an ion-exchange membrane, which may
consist of a proton exchange membrane (PEM) or an alkaline
exchange membrane (AEM). In one of the most common MEA
congurations, CO2 is delivered to the cathode GDE (oen as
a humidied gas) where it diffuses to the catalyst layer and is
reduced to the desired product, while pure water or an anolyte
solution is fed to the anode GDE as a source of electrons
Fig. 1 Cross section of a commonMEA used in CO2 electrolysis. Here,
an AEM membrane transports anions from cathode to anode, an Ag
cathode catalyst produces CO, and the IrO2 anode catalyst evolves
oxygen from the OER reaction and CO2 is produced from carbonate
crossover through the membrane.

This journal is © The Royal Society of Chemistry 2024
through the oxygen evolution reaction (OER).16,17 Shown in
Fig. 1 is a common architecture for MEA based electrolyzers.

Proving the long-term durability these low-temperature CO2

electrolysis MEAs remains a critical challenge for commercial-
ization of this technology. The vast majority of published
studies on CO2 MEAs do not report durability data; those that
do typically report a durability of <100 hours.18 However,
techno-economic analyses that estimate the minimum selling
price of products from CO2 electrolysis typically assume anMEA
lifetime of >4 years.6,19 This large discrepancy in MEA lifetime
must be met by targeted research efforts focused on under-
standing and mitigating failure modes.20 Numerous failure
modes exist, including membrane failure, MEA delamination,
salt precipitation, catalyst degradation, poor water manage-
ment, binder degradation, and carbon corrosion.21

Carbon corrosion, in particular, has been identied as
a persistent problem for all types of low-temperature electro-
chemical devices, including fuel cells and electrolyzers. In
proton exchange membrane fuel cells (PEMFCs), carbon
corrosion occurs rapidly during voltage excursions caused by
fuel starvation, poor ow distribution, gas blockages, sudden
current changes, and startup/shutdown processes.22,23 The
PEMFC community has studied the effects of these voltage
excursions through a variety of different carbon corrosion
accelerated stress tests (ASTs), including voltage holds24 as well
as voltage cycling.25 Overall, the PEMFC community has docu-
mented multiple degradation pathways resulting from carbon
corrosion, including reduced catalyst layer thickness and
porosity, catalyst agglomeration, reduction in electrochemical
surface area (ECSA),26 water ooding, reduced capillary pres-
sure, increased electrical resistance,27 and loss of mechanical
strength.28 Anion exchange membrane fuel cells (AEMFCs) have
shown performance and durability improvements in recent
years, but still suffer from many of the same adverse effects of
carbon corrosion observed in PEMFCs.29 Water electrolyzers, on
the other hand, experience higher anodic voltages for longer
periods of time than fuel cells, due to the high onset potential
(1.23 V vs. SHE in acidic media) for the anode reaction – the
oxygen evolution reaction (OER). As a result, strict material
requirements have been put in place for these electrolysis
systems. Alkaline water electrolysis (AWE) systems have
employed nickel and stainless-steel materials for the past 100
years.30 Similarly, PEM water electrolyzers rely on materials that
are highly resistant to corrosion, such as platinum group metal
catalysts, titanium bipolar plates,31 and various types of non-
carbon porous transport layers (PTLs).32

CO2 electrolyzers rely on the same electrochemical reaction
on the anode (i.e., OER) as water electrolyzers, so similar anodic
material requirements are expected. However, at present, many
published studies in CO2 electrolysis employ carbon-based gas
diffusion media on the anode.33–43 In contrast to the research
literature, most industrial CO2 electrolysis startups (Det Norske
Veritas,10,44 Mantra Energy,10,45,46 Dioxide Materials,43,47,48

Siemens/Evonik,49–53 Liquid Light/Avantium,54–58 and Twelve/
Opus 12 59–63) have already switched to alternative materials on
the anode, such as stainless steel or TiO2. This dichotomy
represents a gap between fundamental research and practical
Sustainable Energy Fuels, 2024, 8, 3266–3278 | 3267
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application that should be addressed with focused research
efforts. Thorough characterization of carbon corrosion under
conditions relevant to CO2 electrolysis is needed to understand
the impact of carbon corrosion on electrolyzer lifetime and to
identify compatible anode materials.

Several challenges exist for quantifying and mitigating carbon
corrosion in CO2 electrolyzers. For one, long-term durability
testing is time-consuming and resource-intensive, and as a result,
may be infeasible for many research institutions. ASTs and
accelerated durability tests (ADTs) are needed to rapidly screen
the stability of materials and components under relevant condi-
tions. Some ADT and AST protocols have already been developed
for other low-temperature electrochemical devices such as proton
exchange membrane fuel cells (PEMFCs)64 and water electro-
lyzers,65 and these learnings can be leveraged to quickly develop
ADT/AST tests relevant to CO2 electrolysis.18 Another challenge
with measuring carbon corrosion in CO2 electrolyzers is related to
the presence of alkaline media. Many CO2 electrolysis systems
employ an alkaline exchange membrane (AEM) to improve fara-
daic efficiency, but carbon exhibits low thermodynamic stability
in alkaline conditions. Pourbaix diagrams show that carbon is
thermodynamically stable only between −0.23 and 0.00 V (vs.
SHE) at pH= 7,66 and the kinetics for carbon corrosion accelerate
in alkaline environments due to OH-anions being efficient
nucleophiles. Quantication of CO2 as a marker for carbon
corrosion in basic solutions is challenging, because alkaline
electrolytes tend to convert gaseous CO2 into solvated (bi)
carbonate anions, which cannot be detected by gas chromatog-
raphy (GC).67 Additionally, quantication of CO2 in operating
AEM MEAs is particularly difficult due to the presence of CO2 at
both the cathode (as a feed gas) and at the anode (from CO2

crossover), thereby masking the CO2 that is produced from the
carbon corrosion process. As a result of these factors, relatively
few studies have been published on the mechanism and rate of
carbon corrosion in alkaline environments, such as for AEM-
based CO2 electrolyzers.67

In this work, we report on the development of a simple,
accelerated ex situ test to study anodic carbon corrosion for CO2

electrolysis. This ex situ test can easily be operated as an AST or
a long-term durability test by adjusting the oxidative voltage at
the working electrode. Additionally, this test avoids the chal-
lenges with quantifying carbon corrosion in an operating MEA
by removing the CO2-fed cathode from the system, thereby
minimizing convolution of the CO2 corrosion product. Finally,
by employing multiple quantication techniques (mass loss,
CO2 evolved, and total current passed), we are better able to
measure and verify the rate of carbon corrosion during each
experiment.26

2. Experimental
2.1. Carbon corrosion testing

Ex situ carbon corrosion experiments were conducted using
a three-electrode setup in a Gamry Eurocell. Corrosion samples
were cut from a carbon paper-based gas diffusion layer (AvCarb
GDS 5130, Sigracet 39BB, or Toray Paper 120 with MPL) an IrO2-
coated carbon paper-based gas diffusion electrode (Dioxide
3268 | Sustainable Energy Fuels, 2024, 8, 3266–3278
Materials, CO2 Anode), or a non-carbon porous transport layer
(Titanium Fiber Felt 0.2–0.3 mm, Fuel Cell Store) depending on
the experiment. Samples were cut consistently using a rigid, 3-D
printed stencil to a size of 5 cm × 1.9 cm (9.5 cm2 total area)
with a 2 cm × 0.9 cm tab on the end for clipping to the
potentiostat (BioLogic SP-300). The threaded sample rod
(Gamry Eurocell Kit) was modied with a toothless alligator clip
for clamping onto the corrosion sample. A saturated Ag/AgCl
electrode (36% w/w, Gamry) was used as the reference and
was introduced to the cell solution through a bridge tube. The
counter electrode for each experiment was a Pt wire with Pt
mesh. The electrochemical cell was lled with an electrolyte
solution containing either potassium bicarbonate (KHCO3) or
potassium phosphate (KH2PO4/K2HPO4) solution, depending
on the experiment. The concentration and pH of the potassium
phosphate electrolyte was matched to the concentration and pH
of the potassium bicarbonate electrolyte, typically 5 mM and pH
z 8. N2 was continuously bubbled through the airtight cell with
a fritted bubbler at 15 sccm, pushing gas-phase products to the
downstream micro gas chromatograph (Agilent 490 mGC). Each
experiment was conducted in potentiostatic-mode, holding the
corrosion sample at a given oxidative potential for a period of
time long enough to detect changes in the sample mass. All
potentials are reported versus the Ag/AgCl reference electrode.

2.2. Electrode mass loss calculations

Mass loss through carbon corrosion was quantied through
several methods. The actual net mass loss was determined by
weighing the corrosion sample before and aer each experi-
ment on a mass balance. Samples were rinsed thoroughly with
DI water and dried in an oven at 110 °C for 30 minutes before
each weight measurement.

Estimates for the expected mass loss during each experiment
were calculated based on measurements at the potentiostat and
gas chromatograph (GC). Gas phase products were carried to
the GC by a continuous ow of 15 sccm N2 through the cell. The
only gas-phase carbon corrosion product detected was CO2 (i.e.,
no CO was detected by the GC). This is consistent with the
unfavourable thermodynamics for carbon oxidation to CO
compared to CO2.68,69 The total mass loss was calculated by
summing the CO2 detected during each GC injection according
to the following equation:

GC mass loss estimate ¼
X

CCO2
� n

�

N2
� Dt� MC

MCO2

where CCO2
represents the molar CO2 concentration for

a particular GC injection, _nN2
represents the molar owrate of

N2 through the cell, Dt represents the time between GC injec-
tions, and MC/MCO2

represent the ratio between the molar
masses of carbon and carbon dioxide.

Mass loss via carbon corrosion was also calculated based on
the current measured at the potentiostat throughout the
experiment according to the following equation:

Potentiostat mass loss estimate ¼
X iPS

F
� 1 mol CO2

4 mol e�
� Dt

� FE
This journal is © The Royal Society of Chemistry 2024
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where iPS represents the current measured by the potentiostat at
a given timepoint in amps, F is Faraday's constant (96 485.3 C
mol−1), Dt represents the time between potentiostat measure-
ments, and FE is the faradaic efficiency (FE) for carbon corro-
sion to CO2. For carbon-based GDL samples, the faradaic
efficiency for carbon corrosion to CO2 was assumed to be unity.
No gas-phase corrosion products other than CO2 were detected
during any experiment, and no oxygen was detected, indicating
that the OER reaction was negligible for GDLs without a cata-
lyst. For experiments involving carbon-based GDLs with an IrO2

catalyst, the FE value was calculated based on the molar ratio of
CO2 : O2 detected by the GC near the end of the experiment, due
to the substantial rate of OER.
2.3. Corrosion sample characterization

Physicochemical changes in the electrode from carbon corrosion
were visually analysed through scanning electron microscopy
(SEM) using an FEI Quanta 400 FEG instrument under high
vacuum operating with the Everhart Thorney Detector. Samples
were prepared for imaging by mounting on aluminum stubs
using carbon tape with conductive silver paint applied to the
sides to reduce sample charging. Imaging was performed at beam
accelerating voltages from 20 to 30 kV. An EDAX element energy
dispersive spectroscopy (EDS) system was utilized to create
spectral maps of the front and back of electrode samples. All EDS
spectral maps shown in this paper (including the ESI†) were
corrected in PowerPoint with +40% saturation and −40%
contrast to make the coloring more apparent. The Elements
soware was utilized to determine approximate weight percent-
ages of each element detected in each spectral map. These weight
percentages were utilized to calculate ratios of certain species
(such as a C : F ratio) for comparison between different samples.

Changes in the elemental composition of electrodes and
electrolytes were determined through inductively coupled
plasma optical emission spectroscopy (ICP-OES) using an Agi-
lent 5110 ICP-OES. Solid samples were digested in 4 mL of aqua
regia solution (3 : 1 – HCl : HNO3). Elements quantied
included iridium, potassium, phosphorus, and copper.
3. Results

The rate of carbon corrosion was tested over a variety of
oxidative voltages (1.0–2.0 V vs. Ag/AgCl) for a commercial,
carbon-based GDL from AvCarb. The AvCarb GDL is comprised
of a carbon ber layer (CFL) backbone, a polytetrauoro-
ethylene (PTFE) treatment, and a MPL on one side.

Shown in Fig. 2 is a semi-log plot of the current density (as
measured by the potentiostat) and CO2 evolved (as measured by
the GC) over the course of a series of corrosion tests in phos-
phate electrolyte. These two measurements represent different
strategies for quantifying the rate of carbon corrosion. Lower
voltage tests were held for longer periods of time to obtain
measurable mass losses: 24 h at 2.0 V vs. Ag/AgCl (Fig. 2A), 72 h
at 1.6 V vs. Ag/AgCl (Fig. 2B), 128 h at 1.2 V vs. Ag/AgCl (Fig. 2C),
and roughly 1300 h at 1.0 V vs. Ag/AgCl (Fig. 2D). At the two
lower corrosion potentials, 1.2 V and 1.0 V vs. Ag/AgCl, the rate
This journal is © The Royal Society of Chemistry 2024
of CO2 production was below the detection limits of the GC, so
no CO2 owrate is displayed for those tests.

The corrosion current measured the potentiostat varied by
nearly three orders of magnitude between the highest (2.0 V,
Fig. 2A) and lowest voltages (1.0 V, Fig. 2D) explored in this
study. Generally, the rate of carbon corrosion increased over the
course of each experiment. This may be due to carbon corrosion
creating imperfections in the electrode surface, thereby
increasing the surface area in contact with the electrolyte. For
experiments where CO2 was detectable, the CO2 owrate grad-
ually increased to a steady-state value at the beginning of the
experiment. This transient behavior was likely due to the
equilibrium between CO2 and bicarbonate in basic solutions:

CO2(g) + OH−(aq) # HCO3
−(aq)

The normalized mass loss per day calculated for the GDLs in
these experiments are reported in Table 1. In general, the mass
loss exhibited an exponential relationship with the oxidative
potential with 0.1%, 0.3%, 2.8%, and 10.9% of the initial GDLs
mass being lost per day at 1.0 V, 1.2 V, 1.6 V, and 2.0 V vs. Ag/
AgCl, respectively. Clearly, for any electrochemical system
using carbon-based GDLs, it is essential to minimize the
oxidative potential experienced at the anode to avoid the irre-
versible loss of carbon by the carbon corrosion process.

Typically, potassium bicarbonate (KHCO3) electrolyte is
utilized for operation of AEMMEA electrolyzers, rather than the
potassium phosphate (KH2PO4/K2HPO4) utilized in this study.
However, bicarbonate electrolyte makes quantication of
carbon corrosion more difficult, due to the potential decom-
position of the bicarbonate into CO2(g), thereby convoluting the
corrosion-based CO2(g) signal detected by the GC. This issue
can be avoided by using a similar electrolyte, such as potassium
phosphate, which does not contain carbon as a potential source
of CO2 during the experiment. To determine the validity of
corrosion experiments conducted in phosphate electrolyte,
a series of corrosion tests were conducted in potassium bicar-
bonate solution (5 mM) and compared to identical tests in
potassium phosphate solution (5 mM, pH = 8) at 2.0 V vs. Ag/
AgCl for 24 h (Fig. S2A†) and 1.6 V vs. Ag/AgCl for 72 h
(Fig. S2B†). The potentiostat, GC, andmass balance estimates of
mass loss were similar in both electrolyte solutions, but the GC-
estimated mass loss was slightly higher for the bicarbonate
electrolyte compared to the phosphate electrolyte at both 1.6
and 2.0 V vs. Ag/AgCl. This result was expected and was likely
due to convolution of CO2 produced through carbon corrosion
and CO2 produced through decomposition of KHCO3. The
normalized daily mass loss was similar for both electrolytes
(Table 1); phosphate solution gave 10.9% mass loss per day at
2.0 V and 2.8% mass loss per day at 1.6 V, while bicarbonate
solution gave 9.1% mass loss per day at 2.0 V and 2.9% mass
loss per day at 1.6 V. Overall, these results demonstrate that
phosphate and bicarbonate electrolytes exhibit similar rates of
carbon corrosion, but the phosphate electrolyte allows for more
detailed corrosion measurements via reliable detection of CO2

produced from the carbon corrosion process.
Sustainable Energy Fuels, 2024, 8, 3266–3278 | 3269
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Fig. 2 Carbon corrosion rates of a GDL held at oxidative potentials of 2.0 V (A), 1.6 V (B), 1.2 V (C), and 1.0 V (D) with respect to a saturated Ag/
AgCl reference electrode. Electrolyte was a phosphate solution (5 mM, pH = 8). Black markers represent the current density (measured by the
potentiostat) while red markers represent the flowrate of CO2 evolved from the GDL (calculated from the online GC).
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Another control experiment in 5 mM KHCO3 was conducted
with Pt mesh as the working electrode rather than a carbon-
based GDL to determine whether the bicarbonate solution
was electrochemically active. This experiment generated
measurable amounts of CO2, particularly at highly oxidative
potentials (i.e., 2.0 V vs. Ag/AgCl). This experiment highlighted
Table 1 Compiled carbon corrosion test results for an AvCarb GDS 5130
(vs. Ag/AgCl)

Voltage
(vs. Ag/AgCl)

Voltage
(vs. SHE)

Corrosion
time (h)

Electrolyte
type

Initial electrod
mass (mg)

2.0 2.197 24 Phosphate 83.2
KHCO3 82.6

1.6 1.797 72 Phosphate 82.1
KHCO3 81.9

1.2 1.397 168 Phosphate 82.1
1.0 1.197 1293 Phosphate 80.5

a Estimated from the potentiostat-measured current. b Estimated from the
measurements before and aer corrosion experiment.

3270 | Sustainable Energy Fuels, 2024, 8, 3266–3278
the benet of using electrolytes other than bicarbonate when
quantifying and characterizing carbon corrosion.

The replicability of this corrosion testing protocol was
investigated via a triplicate experiment in phosphate electrolyte
(5 mM, pH= 8) at 2.0 V vs. Ag/AgCl for 24 h using smaller, hand-
cut 7.5 cm2 AvcCarb GDL electrodes (Fig. S1†). Electrodes were
GDL in phosphate and bicarbonate electrolyte solutions at 1.0–2.0 V

Mass loss (mg)

% Mass loss
per dayc

e Potentiostat
estimatea GC estimateb

Mass balance
measurementc

11.3 10.0 9.1 10.9%
11.6 11.2 7.5 9.1%
7.9 7.0 7.0 2.8%

10.7 10.0 7.1 2.9%
1.1 — 1.5 0.3%
1.7 — 2.2 0.1%

GC-measured CO2 owrate.
c Reported value comes from mass balance

This journal is © The Royal Society of Chemistry 2024
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weighed before and aer each experiment to determine the
relative weight loss due to carbon corrosion. The relative mass
loss as a percentage of the initial GDL mass was calculated as
12.37% ± 0.04% for this triplicate study. This low standard
deviation demonstrates the high degree of reproducibility for
the corrosion tests utilized in this study.

SEM-EDS images of a fresh and corroded GDL were collected
to obtain a visual representation of the effects of carbon
corrosion (Fig. 3). The corroded electrode was exposed to harsh,
accelerated corrosion conditions at 2.0 V vs. Ag/AgCl for 48 h in
bicarbonate electrolyte. The measured mass loss for the GDL
during this experiment was 11.0 mg, or 19.7% of its initial mass.

Aer corrosion, the CFL (Fig. 3B) showed clear signs of
degradation, with the interstitial region between individual
bers exhibiting signicant erosion. Evidence for fracturing of
carbon bers can also be seen within the eroded region in the
middle-le of Fig. 3B. Indications of corrosion on the MPL
(Fig. 3D) were more difficult to discern through SEM, although
the corroded sample appeared to exhibit some pockmarking.
Very similar SEM results have been reported in PEMFCs for the
CFL and the MPL.27 EDS elemental mapping of the MPL (Fig. 3E
and F), however, revealed dramatic signs of carbon corrosion.
Before corrosion, the SEM-EDS map is dominated by red
Fig. 3 SEM images and EDS mapping for a fresh (A, C and E) and
corroded (B, D and F) carbon-based GDL. Corrosion conditions were
48 h at 2.0 V vs. Ag/AgCl in bicarbonate electrolyte solution. SEM
images of the carbon fiber layer (A and B) are displayed. SEM images of
the microporous layer (C and D) are displayed along with the corre-
sponding EDS map (E and F) for those images.

This journal is © The Royal Society of Chemistry 2024
(carbon) pixels, whereas aer corrosion, the EDS map displays
amuch higher proportion of orange (uorine) pixels. In fact, the
weight-based ratio of C : F detected in the EDS maps dropped
from 3.0 : 1.0 before corrosion to 1.1 : 1.0 aer corrosion. This
change is caused by carbon particles oxidizing into the gas
phase as CO2, thereby revealing the underlying uorine-based
PTFE. The post-corrosion sample also exhibited detectable
amounts of oxygen and potassium in the EDS map. The pres-
ence of oxygen in the sample aer corrosion may indicate that
surface oxide intermediates were formed on the way to
complete oxidation to CO2. The potassium detected in the
sample was likely due to precipitation of the KHCO3 electrolyte
on the MPL. Similar changes were seen in the EDS map of the
CFL, as shown in Fig. S3,† with the weight-based ratio of C : F
dropping from 3.0 : 1.0 before corrosion to 1.6 : 1.0 aer
corrosion.

Another series of experiments were conducted on commer-
cially available GDLs from various manufacturers to determine
whether any specic GDL properties are related to the rate of
carbon corrosion. The AvCarb GDS 5130 results (Fig. 1 and 2)
were compared to Sigracet 39BB, Toray Paper TGP-H-120 w/
MPL, and a TiO2 Fiber Felt all purchased from the Fuel Cell
Store. Relevant properties for each anode material are compiled
in Table S1.† Triplicate corrosion tests were performed for each
GDL in potassium phosphate solution (5 mM, pH = 8) at 2.0 V
vs. Ag/AgCl for 24 h. The TiO2 Fiber Felt anode was tested only
once under the same conditions. Shown in Table 2 are the
averaged results from these experiments.

The various GDLs tested for carbon corrosion exhibited
a range of physical properties, including different area densities
and PTFE loadings (Table S1†). Regardless, the measured mass
loss from corrosion at 2.0 V for 24 h was similar for all GDLs
(within error) regardless of manufacturer. The overall measured
% mass loss per day (Table 2) for each GDL was inversely
correlated with the area density (Table S1†) and initial electrode
mass. This result suggests that electrodes with a greater thick-
ness and area density may last longer in corrosive environ-
ments, simply because there is a larger amount of carbonaceous
material that must be oxidized before the anode fails. The
impact of GDL properties on electrolyzer performance has only
recently gained attention for the CO2 reduction reaction.70 On
the cathode, studies have found that thicker MPLs and GDLs
help suppress electrolyte ooding,71 maximize selectivity to the
desired reduction product (particularly at high current densi-
ties),70,71 and improve long-term electrolyzer performance.70 On
the anode, Schwartz et al. found that thicker GDLs exhibited
superior performance and attributed this to the their ability to
retain water within the membrane and catalyst layers.72 Further
research in this area is needed to develop structure–perfor-
mance relationships for GDLs and rationally design anodes for
CO2 electrolysis. It is possible that carbon-based anode GDLs
with reasonable lifetimes could be developed in the future, but
they are not currently on the market today.

Metal-based diffusion layers are widely utilized on the anode
for water electrolyzers73 and represent an interesting alternative
to carbon-based anode GDLs in CO2 electrolysis. Titanium,73–76

stainless-steel,77,78 and nickel-based73,79–81 materials have been
Sustainable Energy Fuels, 2024, 8, 3266–3278 | 3271
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Table 2 Comparison of carbon corrosion test results for various anode materials conducted in phosphate electrolyte solution at 2.0 V (vs. Ag/
AgCl)

Mass loss (mg)

% mass loss
per daycAnode material

Voltage vs.
Ag/AgCl

Corrosion
time (h)

Electrolyte
type

Initial electrode
mass (mg)

Potentiostat
estimatea GC estimateb

Mass balance
measurementc

AvCarb GDS 5130 2.0 24 Phosphate 65 � 5 12 � 2 11 8 � 1 12.37 � 0.04%
Sigracet 39BB 2.0 24 Phosphate 105 � 1 18 � 5 15 � 4 11 � 4 10 � 4%
Toray paper
(TGP-H-120 w/MPL)

2.0 24 Phosphate 286 � 5 22 � 12 18 � 10 12 � 6 4 � 2%

Titanium ber felt 2.0 24 Phosphate 563.5 1 0 −1 0%

a Estimated from the potentiostat-measured current. b Estimated from the GC-measured CO2 owrate.
c Reported value comes from mass balance

measurements before and aer corrosion experiment.
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studied as anode materials, depending on the pH and envi-
ronment at the anode. Titanium-based PTLs are the most
common diffusion media for polymer electrolyte membrane
water electrolyzers,77 so we briey explored the corrosion
behavior of a titanium ber felt. The Ti ber felt exhibited no
measurable mass loss from corrosion aer exposure to the same
conditions (2.0 V vs. Ag/AgCl for 24 h) as the various carbon-
based GDLs (Table 2). This result does not suggest that Ti-
based PTLs are strictly superior to carbon-based GDLs but
does demonstrate that they are mechanically and structurally
resistant to corrosion even at high oxidative voltages. However,
utilization of Ti on the anode comes with a unique set of chal-
lenges. For example, Ti-based materials are signicantly more
expensive than carbon or stainless-steel components.77,78 Addi-
tionally, exposure of Ti to anodic voltages encourages the rapid
growth of an insulating TiO2 layer on the surface.77,82 More
research in this area is needed to determine the suitability of
various metal PTLs as anode diffusion layers in CO2

electrolyzers.
While the above experiments were performed on catalyst-free

GDLs, AEM CO2 electrolyzers include an OER catalyst layer on
the anode to facilitate the generation of electrons at low
oxidative voltages. IrOx-based electrocatalysts are the most
commonly used OER catalyst due to their high activity and
stability.83,84

IrOx-based catalysts have also been investigated in the
PEMFC literature to limit the effects of carbon corrosion during
extreme events such as startup/shutdown or anode fuel starva-
tion.68,69 Typically, PEMFCs employ Pt-based catalysts on both
the cathode (oxygen reduction reaction) and the anode
(hydrogen oxidation reaction).85 However, when H2 fuel starva-
tion occurs, the anodic hydrogen oxidation reaction is halted
and replaced with water electrolysis and carbon corrosion. In
response, the anode swings to high oxidative potentials to
supply sufficient protons and electrons to maintain operation of
the cell at a given current density.22,23 At these elevated oxidative
potentials, carbon-based GDLs corrode and fail rapidly. Some
groups have developed “reversal tolerant anodes” (RTAs) to
combat this degradation pathway, primarily by adding an OER
catalyst, such as IrOx, to the anode.22,23,86–88 During fuel starva-
tion events, these RTAs provide an alternative reaction pathway
3272 | Sustainable Energy Fuels, 2024, 8, 3266–3278
for generating electrons and protons through OER at lower
oxidative voltages. While carbon corrosion still occurs, the rate
is minimized due to the lower oxidative potential experienced
by the GDL.

Despite the popularity of IrOx as an OER catalyst, the effect of
IrOx on the kinetics of carbon corrosion is not well understood.
Other noble metal electrocatalysts, such as Pt, have been shown
to accelerate the rate of carbon corrosion compared to catalyst-
free GDLs under a given set of conditions.67,68,89–91 In contrast,
IrOx-coated GDLs have been shown to limit carbon corrosion
during operando PEMFC cell operation.22,23,86–88 However, the
corrosion resistance imparted by IrOx comes about by removing
the external driving force of the corrosion reaction (the oxida-
tive potential), not necessarily by affecting the kinetics or
mechanism of the reaction itself. More fundamental studies,
including cyclic voltammetry, constant potential corrosion
experiments, and other tests performed for Pt-based electro-
catalysts, are needed to fully characterize the effect of IrOx-
based catalysts on carbon corrosion in electrochemical devices.

In this work, we explored the effect of an OER catalyst layer
on the rate of carbon corrosion using a Dioxide Materials IrO2-
coated carbon-based GDL.34 Experiments were conducted in
phosphate electrolyte solution at 2.0 V for 72 hours (Fig. 4A) and
1.6 V for 168 hours (Fig. 4B) and compared to corrosion tests
performed on catalyst-free GDLs. The catalyst-coated GDLs were
held under corrosive conditions for longer periods of time than
the catalyst-free GDLs to obtain measurable mass losses.

At both potentials (1.6 V and 2.0 V), the IrO2-coated GDLs
generated higher current densities than the catalyst-free GDL,
due to the enhanced OER kinetics (Fig. 4). Despite the increase
in total current density, catalyst-coated GDLs also exhibited
lower rates of CO2 generation via carbon corrosion than the
catalyst-free GDLs. This result suggests that the presence of the
catalyst layer assists in suppressing the rate of carbon corrosion
under a given set of conditions. This conclusion could be
convoluted by the fact that the two samples utilized two
different carbon-based GDLs – the catalyst-free GDL was an
AvCarb GDS 5130 while the IrO2-coated GDL was supported on
Sigracet 35 BC. However, our corrosion tests of catalyst-free
AvCarb GDS 5130 and catalyst-free Sigracet 39BB (the most
similar commercially available substitute for Sigracet 35 BC)
This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Comparison of carbon corrosion rates for an IrO2-coated GDL (purple) and AvCarb GDS 5130 GDL with no catalyst layer (black). Current
density (lines, left axis) and CO2 evolved (dots, right axis) are plotted against time for experiments held at (A) 2.0 V and (B) 1.6 V vs. Ag/AgCl for
24 h.
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showed little or no difference between the overall rate of carbon
corrosion for these two GDLs (Table 2). Perhaps more impor-
tantly, the IrO2-coated GDL from Dioxide Materials was
synthesized by spray coating an IrO2 ink with a PTFE binder.34

The presence of an additional PTFE layer on the MPL could
enhance the corrosion resistance of the IrO2-coated GDL
compared to the native GDL. Overall, IrOx-based catalyst layers
appear to enhance the corrosion resistance of carbon-based
GDLs under oxidative conditions, but the source of this corro-
sion resistance is currently unclear. Further fundamental
research and controls are needed to determine the role of each
component of the catalyst layer in suppressing carbon corro-
sion, thereby enabling the design of better corrosion resistant
GDLs in CO2 electrolysis and other electrochemical
applications.

The measured and estimated mass losses during corrosion
of the IrO2-coated electrodes are displayed in Table 3. During
these experiments, a signicant portion of the total current
density was generated through the OER, rather than the carbon
corrosion reaction. In alkaline solutions, the OER is understood
to proceed through the following 4-electron process:92

4OH− / O2(g) + 2H2O(l) + 4e−
Table 3 Compiled IrO2 coated GDL mass loss estimates and measurem

Voltage
(vs. Ag/AgCl)

Voltage
(vs. SHE)

Corrosion
time (h)

Initial electrode
mass (mg)

Corrosio
(%)

2.0 2.197 72 213.3 2.3%
1.6 1.797 168 213.9 1.1%

a Calculated based on molar ratio of CO2 : O2 detected by GC near end o
corrected using the calculated faradaic efficiency. c Estimated from the G
measurements before and aer corrosion experiment.

This journal is © The Royal Society of Chemistry 2024
Both carbon corrosion and the OER are 4-electron processes
that generate one molecule of gas-phase product, CO2(g) or
O2(g) respectively. As a result, a faradaic efficiency was calcu-
lated for the IrO2-coated GDLs based on the molar ratio of CO2

to O2 detected by the GC near the end of each experiment. This
FE was then used as a “correction factor” for the potentiostat-
based mass loss estimate.

ICP-OES was performed for IrO2-coated and catalyst-free
electrodes (Table S2†) and electrolyte solutions (Table S3†)
from various corrosion experiments to characterize changes in
chemical makeup resulting from carbon corrosion. Spent
electrolyte solutions from corrosion tests involving IrO2-coated
electrodes did not exhibit detectable concentrations of iridium
(Table S3†), suggesting that iridium did not leach into the
solution at signicant quantities during those corrosion tests.
This is consistent with our mass loss calculations, which also
did not consider any mass losses associated with dissolution of
catalyst particles. ICP results also revealed that the spent
electrodes contained high levels of potassium and low levels of
phosphorous (Table S2†), likely caused by precipitation of the
potassium phosphate electrolyte. SEM images and EDS spectra
were collected for fresh and spent IrO2-coated electrodes
(Fig. S5†), but no obvious changes were seen in these samples.
ents in phosphate electrolyte solution

Mass loss (mg)

% mass loss
per dayd

n FEa Potentiostat
estimateb

GC
estimatec

Mass balance
measurementd

4.0 3.1 3.8 0.6%
2.6 2.2 2.9 0.2%

f experiment. b Estimated from the potentiostat-measured current and
C-measured CO2 owrate. d Reported value comes from mass balance

Sustainable Energy Fuels, 2024, 8, 3266–3278 | 3273
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This is consistent with the ICP-OES results, which showed no
evidence of iridium leaching and is likely due to the small
overall amount of corrosion (∼2% total mass loss) that
occurred during those experiments. At higher total mass loss
percentages, we expect that the carbon-based MPL support
would begin to disintegrate, as evidenced by SEM images of the
highly corroded catalyst-free MPL (Fig. 3), resulting in signi-
cant mass losses from degradation and leaching of the catalyst
layer.

4. Discussion

The mass loss results from the ex situ carbon corrosion test
represent a signicant and irreversible loss of carbon from the
electrodes. For both bare GDLs and IrO2-coated GDLs, the
estimates of mass loss by both the total current passed
(potentiostat estimate) and the CO2 detected (GC estimate)
closely match the actual mass loss as measured before and aer
each experiment (see Tables 1–3). This conrms the utility of
the ex situ carbon corrosion test for quantifying rates of carbon
corrosion in the alkaline CO2 electrolysis environment. In
operating AEM MEAs used in CO2 electrolysis, the CO2

produced from carbon corrosion is not able to be detected
because CO2 is present on both anode and cathode. CO2 is fed
to the cathode as a reactant, and a signicant amount of CO2

crosses over to the anode. Additionally, mass loss from carbon
corrosion in AEM MEAs is very difficult to accurately measure,
as the MEA must be disassembled following testing. This MEA
disassembly oen induces physical changes to theMEA, such as
catalyst delamination. These physical changes prevent an
accurate measurement of weight loss from carbon corrosion
and make characterization of the spent MEA components more
challenging. As such, we believe that ex situ corrosion tests,
such as the one outlined in this manuscript, are best suited to
characterizing and quantifying rates of carbon corrosion under
conditions relevant to CO2 electrolyzers.

Based on the mass loss results presented in Tables 1–3
anodic carbon corrosion is clearly a signicant degradation
pathway for CO2 electrolysis systems. At an extreme anodic
voltage of 2.0 V, 10% of the mass of the bare GDL is lost per day.
This represents an accelerated degradation condition, as this is
much higher than the anode voltage in operating MEAs.
However, it is not straightforward to determine the anode
voltage in operating MEAs, and most MEA tests only report cell
voltage via a 2-electrode measurement where cell voltages
around 3 V are typically reported. To determine the actual
voltage experienced by the anode, membrane, and cathode in
operating CO2 MEAs, the Berlinguette group developed a cell
with two reference electrodes, the rst in contact with the
membrane, and the second in contact with the anode GDE.93 At
200 mA cm−2 and an overall cell voltage of 2.73 V, the measured
voltages were −1.43, 0.71, and 0.58 V vs. Ag/AgCl for the
cathode, membrane, and anode, respectively. To compare these
results to an MEA operating with a lower pH anolyte, the
potential of the OER must be corrected for pH. The OER occurs
at lower potentials at higher pH, and the standard reduction
potential is 0.36 V lower at pH = 14 (1 M KOH) than at pH = 8
3274 | Sustainable Energy Fuels, 2024, 8, 3266–3278
which was used in the ex situ carbon corrosion test in this study.
Therefore, accounting for the lower pH, the anode voltage ex-
pected when using 5 mM KHCO3 as the anolyte is 0.94 V (0.58 V
+ 0.36 V) vs. Ag/AgCl. A similar study that integrated reference
electrodes into operating MEAs for AEM water electrolysis re-
ported anode voltages between 0.9 and 1.2 V vs. Ag/AgCl at 200
mA cm−2, depending on the GDL used.94 These results justify
the use of 1 V as a realistic, or even optimistic anode voltage for
operating AEM MEAs used in CO2 electrolysis. While the
corrosion mass loss is reduced at lower anodic voltages, even
the relatively mild 1.0 V corrosion test (Table 1) exhibited 0.1%
GDL mass loss per day. This would result in a loss of 5% of the
mass of the GDL in 50 days. Similar levels of mass loss have
been reported for PEMFCs, with 5%mass loss in 2000 hours (83
days) at 0.75 V.21 Clearly, even at realistic anode voltages, carbon
corrosion is too signicant to lead to an acceptable MEA life-
time of at least 4 years.

Currently, a gap exists between CO2 electrolysis anode
materials employed by commercial entities and research insti-
tutions. In the literature, many studies the use of carbon-based
gas diffusionmedia on the anode.33–43 Contrastingly, most scale-
up efforts have relied on metal-based anodes, such as Ti-based
porous transport layers (PTLs). Shown in Table 4 is an overview
of some industrial CO2 electrolyzer technologies, patents, and
publications with a particular focus on the design of the anode.

Early adoption of PTLs on the anode of CO2 electrolyzers will
allow for issues related to PTL-MEAs to be addressed sooner,
which will ultimately lead to a quicker path to commercializa-
tion. PTL MEAs have not been sufficiently studied by the CO2

research community, and optimization of the anode PTL for
CO2 electrolysis represents an area of impactful opportunity.
Moving past the use of carbon materials on the anode for CO2

electrolysis, there could still be corrosion concerns for the non-
carbon PTLs used. While these PTLs are signicantly more
resistant to corrosion than carbon GDLs, the oxidative poten-
tials experienced on the anode can still lead to durability
concerns, particularly for reaching the very long lifetimes (e.g.,
>4 years) needed for commercialization.22,23

Given the signicant anodic carbon corrosion reported here,
as well as reported carbon corrosion issues in low-temperature
fuel cells and water electrolyzers, the CO2 electrolysis commu-
nity would benet from rapidly transitioning away from the use
of carbon materials on the anode. CO2 electrolysis systems
should leverage the experience in water electrolysis, as the
anodic environment is similarly harsh in CO2 electrolysis.
However, it is likely that for specic short-term experiments,
many in the CO2 utilization eld will continue to use carbon-
based materials on the anode, as carbon GDLs have advan-
tages including familiarity with researchers, facile mass trans-
port of reactants and products, good electrical conductivity, low
cost, and stability under mild conditions.77 Here, we recom-
mend that carbon materials are only appropriate on the anode
for short-term experiments (<100 hours) that are not probing
system durability. This follows prior recommendations from
PEM water electrolysis systems, where it is not recommended to
use carbon on the anode for experiments longer than 20
hours.31 Most commercial and pilot scale CO2 electrolyzers
This journal is © The Royal Society of Chemistry 2024
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Table 4 Summarized info on industrial CO2 electrolyzers

Company name Target product
Electrolyzer
architecture

Stack surface
area (cm2) Conversion rate Anode material and info

Haldor Topsoe CO95 SOEC95 — ∼4500 kg CO2 per day
(96 Nm3 CO2 per h)

95
(Not a low temperature
electrolyzer)

Det Norske Veritas Formate44 Filter-press reactor44 600 (ref. 10) 1 kg CO2 per day
10 Ti-based with Ta2O5

and IrO2 coatings
44

Mantra Energy Formate45 Trickle bed reactor96,97 — 100 kg CO2 per day
10,45 Stainless steel mesh96

Dioxide Materials Formic acid43 MEA43 5 (ref. 43) — IrO2 on toray paper or
IrO2 on expanded Ti43

CO48,98 MEA48,98 250 (ref. 98) — IrO2 on 5% carbon
ber paper98 or Pt
catalyst coated membrane48

Siemens
and Evonik

Syngas (CO + H2)
49,50,99 GDE in

“ow-by Mode”99
3000
(ref. 49 and 99)

∼10 kg CO2 per day
(0.25 Nm3 CO per hr)99

IrO2 coated Ti expanded metal50

Liquid Light/
Avantium

Formate
(to oxalic acid)55,58

3-Chamber
conguration58

2000 (ref. 58) 6 kg CO2 per day
58 Electroless plated

nickel sulde on Cu
foam58 or Ti-based54–57

Twelve/Opus 12 CO59 MEA60–62 — Few kg CO2 per day
59 Titanium mesh

or titanium felt60–62
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already avoid the use of carbon on the anode, due to the
stability-limiting effects of carbon corrosion. Moving forward,
to better align research experiments with industry best prac-
tices, CO2 electrolysis MEA studies aimed at scale-up and
commercial relevance should also move away from the utiliza-
tion of carbon-based GDLs on the anode.
5. Conclusions

In this work, an ex situ carbon corrosion test has been developed
to quantify anodic carbon corrosion in the CO2 electrolysis
environment. Using this test, extensive carbon corrosion has
been quantied at realistic anodic voltages experienced in
operating CO2 electrolysis cells. The mass loss from carbon
corrosion measured in the ex situ experiments was found to
closely match mass loss estimates from both the total CO2

detected from the experiment and from the total current
passed. An unacceptably high mass loss has been quantied for
both IrO2-coated and catalyst-free carbon GDLs. Given the
carbon corrosion results presented here and following guidance
from scaled-up industrial CO2 electrolyzers, we recommend that
the eld moves away from using carbon-based materials on the
anode of CO2 MEAs. If carbon materials are employed on the
anode of CO2 electrolysis systems, it is only appropriate for
short-term experiments at low cell voltages. However, for
longer-term experiments (>100 hours) and experiments inves-
tigating durability of CO2 MEAs, carbon-based anodes should
be avoided entirely.
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