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for CO2 electrolysis†
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and Paul J. A. Kenis *a

In recent years, the electrochemical reduction of CO2 (ECO2RR) to value-added chemicals, fuels, and

intermediates has been proposed as a promising option for utilizing excess CO2 emissions. ECO2RR

could be integrated into existing CO2-emitting industrial processes to mitigate emissions. To get to that

stage, however, ECO2RR cells and systems need to exhibit lifetimes of thousands of hours, similar to

other commercially viable electrochemical systems. Accelerated durability testing (ADT) has been

employed to rapidly screen the stability of these other electrochemical systems. Currently, most ECO2RR

studies only report durability for tens of hours. Yet, once the ECO2RR field reaches longer system

lifetimes as a whole, ADT studies will become necessary. In this perspective, we evaluate accelerated

durability studies employed for fuel cells, water electrolyzers, and chlor alkali systems and apply the

knowledge to suggest an appropriate ECO2RR ADT protocol, which is currently lacking.
1. Introduction

Each year, the world releases an extra 14.7 Gt of CO2, meaning
natural processes and phenomena (photosynthesis, oceans,
etc.) have surpassed their CO2 uptake capacity.1,2 Additionally,
growing populations, especially in developing countries, will
contribute to an increase in the demand of energy (electricity
production), fuels (petroleum rening), materials (deforesta-
tion), amongst other resources, which collectively contribute to
total CO2 emissions.3 Electricity generation and transportation
alone make up 68% of all CO2 emissions.4 If le untreated, high
atmospheric (and oceanic) CO2 concentrations will continue to
negatively impact the earth's temperatures and various
ecosystems.5

Various solutions have been proposed to reduce CO2 emis-
sions such as carbon capture and sequestration, battery-electric
vehicles, and higher efficiency coal-red/natural gas power
plants. Over the last 30+ years, researchers have investigated the
electrochemical reduction of CO2 (ECO2RR) to value-added
chemicals, fuels, and intermediates such as carbon monoxide
(CO), ethanol, ethylene, formic acid, methane, and methanol.6
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Hori's work summarized which transition metal cathode cata-
lysts show activity for ECO2RR and the products they make.7 For
instance, Au and Ag produce CO at high faradaic efficiencies
(FE) while Cu is the only metal that makes hydrocarbons and
oxygenates. Although, more recent studies have investigated
nontraditional, carbon-based catalysts for ECO2RR.8

A variety of congurations such as three-electrode cells and
ow electrolyzers have been used to study promising catalysts
and operating conditions for ECO2RR.9–11 Regardless of the
conguration chosen, the lab-scale device must perform well in
all of the following metrics for the ECO2RR technology to be
considered for industrial-scale application. These metrics
include high current density (activity), low overpotentials (high
energy efficiency), high product faradaic efficiency (selectivity),
and extensive durability/stability. Technoeconomic analyses
have been carried out to dene benchmarks for all of the above
metrics.12–14 When considering economic feasibility, high
selectivities (>80%) become of high importance when needing
to purify products downstream as separations become less
expensive at higher concentrations. Moreover, high current
densities ($300 mA cm�2) when combined with high FE
correspond to a larger amount of desired products being
formed. Low overpotentials (at both the cathode and anode)
translate to high energy efficiency and therefore low energy
requirements for the entire reaction. As the energy input
declines, so does the costs. Finally, an unstable, non-durable
system requires frequent replacement of the catalysts and
other materials, which increases cost.

The vast majority of the work to date in the ECO2RR eld has
focused on developing selective and active catalysts for various
products with notable success.15–20 However, few publications
J. Mater. Chem. A, 2020, 8, 22557–22571 | 22557
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Fig. 1 Common electrode failure mechanisms observed by
researchers studying ECO2RR including carbonate formation, binder
dissolution, catalyst leaching, catalyst poisoning, and catalyst aggre-
gation. Binder dissolution can cause flooding in the entire electrode.
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have sustained these necessary selectivities and activities for
suitable lifetimes. Technoeconomic analyses on ECO2RR
concluded that a feasible electrolyzer should exhibit stable
performance for at least 3,000 h with some stating a need for at
least 20,000 h.12–14 Although these studies do not dene
a specic performance target when outlining these bench-
marks, staying within 25% of initial performance (i.e., energy
and faradaic efficiency) would be paramount for economic
viability and agrees with targets set for proton exchange
membrane (PEM) water-splitting electrolyzers and other
commercial electrochemical systems. Actually, end-of-life in
a fuel cell has been dened as performance dropping by more
than 10%.21 Yet, the denition for end-of-life is open to inter-
pretation. For ECO2RR, achieving higher durability can be
difficult due to an assortment of degradation mechanisms at
play that lead to a drop in performance. The majority of pub-
lished durability studies report lifetimes of less than 100 h.22–25

To date, only few studies have reported a system durability
(when considering a drop in performance of up to 10%) greater
than 1000 h, producing CO (or syngas) as the main product.10,20

Developing a durable, stable ECO2RR system requires
monitoring the reaction for countless hours; for example,
1000 h is equal to 1.5 months of testing. Testing a system for
this duration to determine its durability is impractical. To
characterize the durability of any electrochemical system in
a timelier manner, researchers have turned to accelerated
durability and stress tests (ADT and AST, respectively). In an
accelerated study, a certain aspect of the system (catalyst,
membrane, electrode, etc.) or the entire system is subjected to
conditions that expedite degradation and therefore shorten the
durability study. The system's lifetime can then be inferred
upon completing an ADT or AST. At times, ADT and AST are
used interchangeably. ADT specically assesses system dura-
bility at an accelerated rate while AST stresses systems by sub-
jecting them to extreme conditions to study robustness. ASTs
are commonly utilized to mimic variable load cycling systems as
fuel cell research when considering variable loads. Moreover,
ADTs are more relevant for technologies that operate at the
same rate over long periods of time like ECO2RR. A comparison
between ADTs and ASTs is given in Table S1.†

Several recent ECO2RR research efforts have focused on
identifying degradation mechanisms that hinder durability in
real time over a timescale of one to tens of hours.15,26,27 These
mechanisms hamper ECO2RR and eventually cause system
failure, as we discussed recently in a review.28 Upon recognizing
and understanding these failure mechanisms, better materials
can be selected and better electrodes or overall systems can be
designed to improve lifetimes. Once stability over tens of hours
is achieved across the ECO2RR eld, for instance retention of
90% of performance aer 48 hours, ADTs and standardized
ADT protocols are required.

The goal of this perspective is to arrive at an ADT protocol to
characterize the durability of catalysts and cathodes for
ECO2RR. First, we briey summarize catalyst- and electrode-
related causes for loss in performance. Then, we examine
ADTs and ASTs developed for other electrochemical systems,
such as fuel cells, chlor alkali electrolysis, and water electrolysis.
22558 | J. Mater. Chem. A, 2020, 8, 22557–22571
Based on this prior work and the specic characteristics and
demands of ECO2RR, we propose an ADT protocol for CO2

electrolysis.
2. Causes of ECO2RR performance
loss

A variety of issues can diminish the performance of an ECO2RR
system and subsequently can cause instantaneous or gradual
failure. Fig. 1 summarizes key issues that researchers have come
across whilst carrying out durability studies. These listed
mechanisms consider the use of a gas diffusion electrode (GDE,
i.e., a catalyst layer deposited on carbon paper or a gas diffusion
layer) since most ECO2RR studies that reach high current
densities use a GDE-based conguration.28 Several of these
mechanisms occur in other types of electrode substrates such as
glassy carbon, meshes, and carbon cloths, etc. In addition, other
components of a system, such as membranes, can experience
degradation.

Leaching, poisoning, and aggregation are processes that are
specic to the catalyst layer and prompt a decline in electrolysis
performance via one or more of the four metrics mentioned
above. First, catalyst particles can detach from the layer and
leach into the electrolyte solution, thus losing their ability
participate in ECO2RR. Second, adsorbates (e.g. reaction inter-
mediates and impurities from the electrolyte) that bind strongly
to the active sites can poison the catalyst, in effect blocking the
active sites from ECO2RR. Third, upon electrolysis the particles
in the catalyst layer can begin to aggregate, decreasing the
amount of accessible active sites.

Beyond just the catalyst layer, binder dissolution can affect
the entire electrode. The binder holds the contents of each of
the layers in the GDE together and provides the hydrophobicity/
hydrophilicity needed to maintain ideal gas/liquid phase sepa-
ration. Typical binders include uorinated polymers that with
proper water management properties, such as Naon and PTFE.
However, when exposed to ECO2RR electrolytes, especially
alkaline electrolytes employed to improve reaction kinetics,
these binders can break down, leading to their dissolution.29,30

Flooding of the electrode oen stems from binder dissolution
(or binder degradation leading to dissolution) and loss of
hydrophobicity in the GDE. The aqueous electrolyte can then
seep into the gas diffusion layer and ultimately impedes CO2
This journal is © The Royal Society of Chemistry 2020
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from reaching the catalyst, therefore hampering ECO2RR. At
that time, unwanted carbonate formation and the hydrogen
evolution reaction (HER) can start to occur (discussed below).

Carbonate formation, which intensies when the electrode
has ooded, can affect all layers of the GDE. In aqueous solu-
tions, especially alkaline, CO2 will react with water or hydroxide
ions in an equilibrium reaction (eqn (1)–(3)) to form carbonate
(and bicarbonate), which can precipitate on the electrode
surface and in the pores; this can lead to blockages in the pores
and impede CO2 from reaching the catalyst layer.31

CO2 (aq) + H2O (l) # H2CO3 (aq) K ¼ 10�6 (1)

CO2 (aq) + OH� # HCO3
� (aq) K ¼ 4 � 107 (2)

HCO3
� (aq) + OH� # CO3

2� (aq) + H2O (l) K ¼ 103 (3)

Once initiated, all of the mechanisms depicted in Fig. 1 can
enhance HER. Hydrogen evolution decreases FE for desired
products by taking current meant for ECO2RR and producing
H2. For example, leaching, binder dissolution, and aggregation
expose the carbon of the GDE substrate to the aqueous elec-
trolyte, and thus can catalyze HER. Moreover, certain adsor-
bates on the catalyst surface may catalyze HER, e.g., trace metals
from the electrolyte solution. Either way, current devoted to
ECO2RR is lost to an unwanted side product. HER requires less
energy (lower equilibrium potential) than ECO2RR, and there-
fore is accompanied by an increase in cell potential (less
negative).
Table 1 Summary of accelerated durability tests performed for electroc
mechanism and the type(s) of tests and characterization methods used

Degradation
mechanism Result of degradation

Characterization me

Technique

Physical
Aggregation,
agglomeration

Decrease in ECSA SEM
Decrease in reaction rate/
activity

TEM
CV

Decrease in cell performance Electroanalysis
XRD

Delamination (MEA) Increase in high frequency cell
resistance

Milliohm meter

Membrane breaking Cell failure NMR
Fluoride emissions
Tensile tests

Electrode wetting Decrease in cell performance Electron probe
microanalysis

Chemical
Binder degradation Decrease in cell performance XPS

Carbon corrosion/
oxidation

Decrease in cell performance XPS

This journal is © The Royal Society of Chemistry 2020
Researchers utilize a wide range of characterization methods
to assess the behavior of catalysts and electrodes over time,
identifying which failure mechanisms occur during extended
operation.28 Similar characterization methods will need to be
employed in ADTs and ASTs.
3. Accelerated stress and durability
testing methods and protocols
developed for other major
electrochemical processes

The United States Department of Energy (DOE) has developed
and periodically updates ADT/AST protocols for testing the
various aspects of proton exchange membrane fuel cells
(PEMFC).32 In a similar vein, AST and ADT methods have been
developed for other electrochemical applications, including
water electrolysis and chlor-alkali electrolysis.33–40 ASTs and
ADTs help to determine the degradation mechanisms of
different parts of an electrochemical system, especially the
electrocatalysts, catalyst ionomer/binder, and ion exchange
membrane. Knowledge gained from such studies has improved
the performance in terms of durability, and therefore the
techno-economic feasibility, of several of the aforementioned
applications and has led to signicant strides towards achieving
their respective durability targets.

At present, the ECO2RR eld lacks common protocols for
ADT. As discussed above, ECO2RR systems have not met dura-
bility targets needed for their application at scale. In this
hemical process than ECO2RR. The table details the exact degradation
to identify them

thod

Type of accelerated
durability

Shape of
degradation curve References

In
situ

Ex
situ

3 Potential or current
cycling

Linear 36, 41 and
423

3

3

3

3 Steady state current or
potential

Step drop 35

3 Humidity cycling Step drop 43
3

3

3 Steady state current or
potential

Linear 37

3 Potential or current
cycling

Linear 42 and 44

Steady state current or
potential

3 Potential or current
cycling

Linear 40 and 42

Steady state current or
potential

J. Mater. Chem. A, 2020, 8, 22557–22571 | 22559
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section, we review the protocols and AST & ADTmethods for fuel
cells, chlor-alkali electrolyzers, and water electrolyzers, appli-
cations that are (well) ahead of ECO2RR in their development.
Table 1 summarizes common failure mechanisms, types of
testing, and the characterization techniques for these
applications.
3.1 Fuel cells

3.1.1 State of the art durability testing protocols for
PEMFCs. A major driver for fuel cell research and design was
the genesis of space programs and exploration in the 1950s.45

Today, PEMFCs are being designed for mobility and power
applications. With the goal of implementing PEMFCs for such
applications, labs under the U.S. Department of Energy (i.e.,
National Renewable Energy Laboratory, NREL) have established
durability targets (all >5000 h) for PEMFCs.21 Each year, NREL
releases progress reports compiling the relative published work
to compare to these targets. A majority of the data from these
reports was collected from accelerated testing studies. As a way
to regulate these accelerated studies and simplify data compi-
lation, DOE developed standard AST protocols to test different
aspects of a PEMFC including the electrocatalyst, catalyst
support, and membrane.32

The main components of the DOE protocols are the type &
number of cycles, applied potential or current, operating
conditions, and the fuels/reactants used. Table 2 summarizes
the electrocatalyst testing protocol including the specic oper-
ating conditions and performance metrics and targets. The
metric(s) that are measured during the durability tests depend
on the cell feature being studied. The type of a test cycle
employed for a PEMFC depends on whether the desire is to test
the system in startup/shutdown mode (i.e., car ignition), which
corresponds to triangle or step cycles, or run mode (i.e.,
driving), which corresponds to constant potential/current.46 In
a version of this AST/ADT protocol adapted for ECO2RR,
a constant potential/current (steady state) would be used for
continuous production, while step/triangle cycles would mimic
starting/stopping of CO2 electrolyzers. Metrics would include
faradic efficiency, energy efficiency, and activity.
Table 2 Summary of DOE ASTmethod for testing the stability of the elec
the test while the bottom half lists the metrics, frequency of measureme

Cycle Triangle
Number 30 000 cy
Cycle time 16 second
Temperature 80 �C
Relative humidity Anode/ca
Fuel/oxidant H2/N2 (H
Pressure Atmosph

Metric Frequency of measur

Catalytic mass activity At the beginning and
Polarization curve from 0 to >1.5 A cm�2 Aer 0, 1k, 5k, 10k, a
ECSA/cyclic voltammetry Aer 10, 100, 1k, 3k,

22560 | J. Mater. Chem. A, 2020, 8, 22557–22571
The same DOE report published protocols listing the exact
steps to run when determining cell or stack durability and
polarization curves.32 Such methods and protocols can be
optimized for durability testing of other electrochemical
systems. Indeed, the DOE has working groups and focus areas
for these other electrochemical process (water electrolysis, CO2

electrolysis, etc.) through its various offices, oen with signi-
cant involvement of the National Labs.47,48

3.1.2 Accelerated studies for fuel cells. PEMFCs have a wide
range of applications. Depending on the intended application,
AST/ADT will be performed under steady state or cyclic condi-
tions to determine relevant chemical and mechanical degra-
dation mechanisms.

Selection of appropriate characterization techniques,
whether in situ or ex situ, is also crucial for revealing what occurs
during operation. For example, Vaarmets et al. adapted the DOE
PEMFC protocol to run 30 000 cycles on Pt nanoparticle-
activated carbide derived carbon using scanning electron
microscopy (SEM), transmission electron microscopy (TEM),
cyclic voltammetry (for electrochemical surface area), and X-ray
diffraction (for crystallite growth) to determine the underlying
reason for any change in performance.41 Triangular cycles with
a potential range from 0.6–1.0 V and a scan rate of 30 mV s�1

were used. The characterization techniques revealed an
increase in average Pt particle diameter aer the 30 000 cycles
(Fig. 2), corresponding to a decrease in electrochemical surface
area (ECSA): a decrease of 21% alone in the rst 3000 cycles. The
authors concluded that the main degradation mechanisms
occur within the rst 10 000 cycles, aer which the ECSA of the
catalyst and electrode surface stabilized.

In earlier work, some of us carried out a cyclic accelerated
long-term stability study over 6000 cycles with a range of 0.535
to 1.035 V, but in an alkaline three-electrode fuel cell. Polari-
zation curves showed rst a rapid and then a gradual decrease
in reaction rate as more cycles were completed, presumably
indicating multiple degradation regimes over various time
scales (further analysis needed to determine which ones).49

Degradation regimes reveal the mechanisms occurring in any
electrochemical system including ECO2RR. Rather than using
a potential range, Zhang et al. executed a 300 h ADT of a PEMFC
trocatalyst in a PEMFC. The top half details the operating conditions for
nts, and desired performance targets. Adapted from ref. 32

sweep cycle: 50 mV s�1 between 0.6 V and 1.0 V. Single cell 25–50 cm�2

cles
s

thode humidity 100/100%
2 at 200 sccm and N2 at 75 sccm for 50 cm2)
eric pressure

ement Performance target

end of test minimum <40% loss of initial catalytic activity
nd 30k cycles <30 mV loss at 0.8 A cm�2

10k, 20k, and 30k cycles <40% loss of initial area

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 High resolution SEM of Pt nanoparticles subjected to acceler-
ated durability testing; (a) and (c) show particles before electroanalysis
and (b) and (d) after 30 000 cycles in a PEMFC. The average Pt particle
size increased after the completion of cycles. Reproduced with
permission from ref. 41.

Fig. 3 AST of a PEMFC performed by cycling between wet and dry
inlet gases with the corresponding open circuit voltage and high
frequency impedance. Reproduced with permission from ref. 43.
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using two current ranges.42 A single cycle involved running at
high current densities (0.6 to 1.0 A cm�2) for 60 min and then
lower current densities (0.2 to 0.5 A cm�2) for 60 minutes
separated by 10minute holds at open circuit voltage (OCV). This
study employed X-ray Photoelectron Spectroscopy (XPS) to
distinguish an overall decrease in uorine, especially in CFx>1
groups, due to ionomer degradation. Notably, an increase in
oxidized carbon species (C–O and C]O) was observed in XPS,
interpreted as oxidation of the carbon support of the Pt cata-
lysts. This oxidation can lead to separation of Pt from the
support and agglomeration, both of which decrease cell
performance. Unwanted hydrogen peroxide formation is
another issue that can occur at the cathode.50 Both carbon
supports and uorinated ionomers (binders) can be used to
create electrodes for use in ECO2RR, so such techniques can be
implemented for ECO2RR AST and ADT.

In a slightly different approach, Lim et al. performed a cyclic
accelerated stress test for a polymer electrolyte/membrane
electrode assembly fuel cell by cycling the water content of the
membrane (saturated vs. dry) instead of the potential.43 This
experiment monitored changes in OCV over time while varying
the humidity of the inlet gases to study the chemical and
mechanical degradation of the membrane (Fig. 3). Nuclear
Magnetic Resonance (NMR) spectroscopy and uoride emission
measurements helped to show side- and main-chain degrada-
tion of the membrane. In addition, tensile tests revealed that
the membrane became stiffer and more brittle over time. Ulti-
mately, the membrane failed aer 160 hours of operation when
a pinhole formed in the membrane caused by the repeated
swelling and shrinking of the membrane during the wet and dry
cycles, respectively. Membranes are utilized in MEA-based
electrolyzers and sometimes ow electrolyzers for ECO2RR.
This journal is © The Royal Society of Chemistry 2020
Moreover, the chemical makeup for such membranes is similar
to the binders/ionomers utilized in electrodes for ECO2RR.
Therefore, Lim's results give insight to possible membrane and
electrode degradation such as swelling and binder dissolution.

An ADT/AST can also be conducted under steady state (non-
cyclic) conditions by holding the current or potential constant
at extreme conditions such as high temperatures and/or pres-
sures and doubled or even tripled current/potential. Again,
steady state conditions are more suitable for industrial ECO2RR
systems as they would likely be implemented for continuous
production. Wagner et al. performed a durability test in an
alkaline fuel cell by applying a constant current density of 100
mA cm�2 for more than 2500 hours.44 By taking OCV electro-
chemical impedance spectroscopy (EIS) measurements at
specic experiment times, the authors were able to discern how
the degradation mechanisms/regimes were changing over time,
similar to the aforementioned work by Brushett et al.49 This
experiment also employed XPS to study the cathode and found
that the uorine concentration decreased during the experi-
ment, which was attributed to the decomposition of the poly-
tetrauoroethylene (PTFE) binder. Brushett et al. also
conducted a steady state ADT on an alkaline fuel cell by keeping
a constant cathode potential of 0.535 V vs. RHE for 24 hours.49

They concluded that the most signicant loss of activity
occurred within the rst 14 hours, viewing a similar electrode
stabilization as Vaarmets et al. over a longer time.41

3.2 Accelerated studies for water electrolyzers

Water electrolysis involves the splitting of H2O to obtain H2. The
ASTs and ADTs created for water electrolyzers are similar to
those for fuel cells. For example, Siracusano et al. ran a 1000 h
steady state durability test to determine the effect of two
different variables, catalyst loading and applied current density,
on the rate of catalyst degradation.34 Ir + Ru electrodes of
different loadings (0.34 and 1.27 mg cm�2) were submitted to
1000 h of operation at two different current densities (1 and 3 A
J. Mater. Chem. A, 2020, 8, 22557–22571 | 22561
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Fig. 4 Steady state durability tests of a water electrolyzer at a catalyst
loading of (a) 0.34 mg cm�2 and (b) 1.27 mg cm�2 at different applied
current densities. The slope from a linear fit of the curves can be
interpreted as a catalyst degradation rate. Adapted with permission
from ref. 34.

Fig. 5 Linear correlations derived from both long-term and acceler-
ated durability data of various Ag electrodes for chlor-alkali electrolysis
to estimate the life of certain electrode configurations. Reproduced

Journal of Materials Chemistry A Perspective

Pu
bl

is
he

d 
on

 1
9 

O
ct

ob
er

 2
02

0.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
Il

lin
oi

s 
U

rb
an

a-
C

ha
m

pa
ig

n 
on

 8
/2

1/
20

22
 1

1:
04

:0
8 

PM
. 

View Article Online
cm�2). Catalyst loading also plays a large role in ECO2RR in
determining whether a system is in a kinetically or mass
transport limited regime. As shown in Fig. 4, linear ts of the
resulting curves provided degradation rates, revealing that
degradation was faster at lower loadings and higher current
densities. Combining this experiment with subjecting the
electrodes to a corrosive electrolyte, Siracusano suggested three
main variables that drive electrode corrosion: operating pH,
operating temperature, and applied potential/current, all of
which are important to ECO2RR as well.

Leng et al. showed that the catalyst layer ionomer and the
water feed conguration play a signicant role in the durability
of a solid-state water electrolyzer.35 A constant 200 mA cm�2 (at
50 �C) was applied for more than 535 h while using a robust
poly(sulfone) backbone-based ionomer in the catalyst layer and
a water-fed (humid) anode. Measuring the high frequency cell
resistance detected delamination of the catalyst layer from the
membrane. A similar ADT can be applied to ECO2RR experi-
ments conducted with solid oxide electrolysis cells (SOECs) or
membrane electrode assembly-(MEA) based cells.10,19,51,52

As mentioned previously, accelerated stress testing involves
subjecting a cell component to extreme conditions, and such
testing can be done outside of normal electrochemical cell
congurations. For example, Paciok et al. employed an alter-
native setup to study electrode degradation.36 In their AST
experiments, a Pt-coated TEM grid was submerged in an acidic
electrolyte for either 24 or 168 hours while 0.0, �0.1, or �0.2 V
vs. RHE was applied. TEM measurements helped the authors
observe cathode degradation via the mobility of carbon-
supported Pt. Post-experiment TEM images revealed that
when potentials were applied, the Pt particles migrated from
their carbon supports and agglomerated, therefore lowering the
ECSA and catalyst activity. They concluded that hydrogen
22562 | J. Mater. Chem. A, 2020, 8, 22557–22571
absorbs on Pt and forms a monolayer, which encourages release
of Pt particles from their carbon supports. Utilizing an AST
based on this study for ECO2RR can allow one to observe the
robustness and degradation modes of a catalyst or electrode
outside of a traditional ECO2RR electrolyzer.

In summary, several ADTs and ASTs developed for water
electrolysis, regardless of the conguration and operating
conditions, offer potential techniques for ECO2RR application.
3.3 Accelerated studies for chlor-alkali electrolysis

Chlorine has been produced for use in the textile and paper
industries via the electrolysis of an aqueous chlorinated salt
(i.e., NaCl) since the mid-19th century.53 Therefore, the dura-
bility and degradation of chlor-alkali processes has been
studied extensively. Sugiyama et al. conducted experiments to
study the degradation of GDEs in a chlor-alkali ow electro-
lyzer.37 The electrode consisted of a Ag/carbon catalyst layer,
a carbon gas supply layer, and a Ag mesh current distributing
layer. The rst experiment was a normal long-term durability
test at constant current (300 mA cm�2) that monitored the cell
overpotential (h) over 1200 days (3 years). Using electron probe
microanalysis to identify Na+ ions in the electrode, the authors
found that the observed rise in h was related to the wetting
depth of the electrode by the electrolyte. Next, the authors
pursued two approaches to accelerate the standard long-term
case. In one accelerated case running for 62 days, the temper-
ature, current density (600 mA cm�2), and catholyte concen-
tration were increased, while in the other accelerated case
running for 32 days, the O2 concentration of the cathode gas
feed was lowered. O2 depolarized cathodes reduce energy
consumption for chlor alkali electrolysis compared to H2

evolving cathodes.38 In both accelerated cases, h increased over
time, but by different amounts. Wetting depth was the source of
degradation for both cases. In addition, higher potentials
favored H2O2 formation, which can oxidize (degrade) the carbon
materials in the gas supply layer. Three correlations were
created using the results from all of these experiments: Dh vs.
with permission from ref. 37.

This journal is © The Royal Society of Chemistry 2020
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wetting depth (linear), h vs. O2 concertation (logarithmic), and
nally, estimated lifetime vs. initial h (linear, Fig. 5). This last
correlation allowed the electrode lifetime (time for Dh to reach
0.75 V) for the latter accelerated case to be estimated as 630 days
(1.7 years).

Progressive electrolyte wetting can also be an issue for
ECO2RR ow electrolyzers, as it is the rst step towards cell
ooding, leading to similar failure modes as observed by
Sugiyama et al. in chlor-alkali electrolysis. Moreover, correla-
tions that relate degradation rate vs. an electrode property (like
wetting depth for chlor-alkali) and electrode lifetime vs. degra-
dation rate would be desired results of accelerated durability
studies for ECO2RR.

The durability of various chlor-alkali electrolyzers was dis-
cussed in a review by Moussallem et al.38 One major takeaway
was the exceptional stability observed for Ag-based electrodes
when directly compared to standard Pt-based electrodes, which
was reiterated in many of the included studies. For example, in
one of the studies mentioned, Ag electrodes proved to be more
stable, lasting over three times longer than Pt (>1000 days vs.
350 days).39 Another study concluded that Ag outperforms Pt
because Pt also catalyzes the oxidation of the carbon substrate,
leading to a loss in contact between Pt and C.40 Catalyst choice is
imperative for all electrochemical processes including ECO2RR,
and studying catalyst stability aids in rening catalyst and
support design to improve overall performance.

In an swashbuckling accelerated aging test, Sudoh et al. rst
ran polarization-curves and AC impedance measurements with
the working electrode (1 hour) and then proceeded to boil it in
30 wt% NaOH (2 h); these steps were repeated for up to 22 h.46

Over the 22 h testing period, both the charge transfer resistance
(related to catalyst consumption) and double-layer capacitance
(related to wettability) increased. From this experiment, the
authors were able further understand the stabilities of their
catalyst's active sites and their electrode's hydrophobicity. Here
again we see an example of an AST performed outside of
a typical cell conguration that supplied key information
regarding catalyst and/or electrode stability.

In summary, these various AST and ADT efforts for chlor-
alkali electrolysis provided highly useful insights and ideas
towards developing proper acceleration techniques and data
analysis approaches for ECO2RR.
4. Accelerated durability testing
protocol for ECO2RR

Examining the accelerated studies for fuel cells, water electro-
lyzers, and chlor-alkali electrolyzers exposed a broad range of
methods, techniques, and experiments that can be applied for
the accelerated testing of ECO2RR electrolyzers. Both ECO2RR
and the other electrochemical processes examined in Section 3,
however, have been studied in a variety of different cell
congurations. Thus, tests for one conguration may not apply
or will not be comparable to others. As a result, having a single
ECO2RR accelerated testing protocol applicable to any system
becomes paramount. In addition, being able to accurately
This journal is © The Royal Society of Chemistry 2020
compare results of both standard and accelerated ECO2RR
durability tests across various research groups would further
help drive the eld to standardized assessment of different
options, enabling commercialization. In this section, we rst
present a durability operating procedure for benchmarking
a system prior to running ADTs studies along with performance
goals for standard durability (Table 3, Table S2†). Taking into
account both the knowledge gained from AST/ADT for other
electrochemical technologies (Section 3) and our understanding
of ECO2RR systems, we then propose an accelerated durability
testing protocol for ECO2RR (Table 4), heavily inspired by the
DOE fuel cell protocol. The subsequent sections will outline the
options for acceleration in addition to ways of characterizing
the various failure mechanisms during and aer testing.
4.1 Benchmark standard durability test for setup validation

As stated in the introduction, the ECO2RR eld must reach
longer durability lifetimes as a whole before ADTs/ASTs are
commonly integrated into regular lab-scale setups. Such life-
times should also be exhibited under industrially relevant
current densities ($200 mA cm�2) and ideally using scalable
ECO2RR cell congurations (ow cell, MEA). Basically, an
ECO2RR conguration should try and meet a preestablished
durability performance benchmark before beginning to
undergo routine ADT testing. With this, comparing ECO2RR
performance across various labs becomes easier and more
impactful. Like the standard durability protocol described in
our literature review,28 here we lay out a standard operating
procedure for benchmarking one's ECO2RR system to ensure it
is suitable for accelerated studies.

Table 3 species materials, operating conditions, and steps
to follow before, during, and aer durability testing. A ow
chart of these steps is provided in Fig. S1.† The table is divided
by characterization, conditioning, and durability testing. Prior
to running the durability test, the electrode and electrolyte
should be characterized to obtain information on morphology
and composition as a reference for post-testing characteriza-
tion. The electrode and membrane have to be conditioned prior
to the test as well. The membrane needs to be soaked in
a hydroxide-based electrolyte to exchange any pre-doped anions
with OH�, which is generated during ECO2RR and shuttled to
the anode. In situ or ex situ conditioning of the cathode rids the
catalyst surface of any pre-formed oxides that may sully results.
The durability test involves holding the assembled cell at
a constant current (or potential) while continuously monitoring
performance. Once the durability test has concluded, the initial
characterization techniques should be repeated in addition to
data analysis to measure CO2 conversion and crossover, if
applicable.

When benchmarking a system for accelerated studies, we
propose achieving stable cell operation for 50 h with a <10%
drop in performance before pursuing ADT studies. As an
example, we used a MEA-based electrolyzer to conduct a stan-
dard durability test (See ESI† for methods). The materials and
operating conditions listed in Table 3 are those we used for this
test. The benchmark performance metrics are specic product
J. Mater. Chem. A, 2020, 8, 22557–22571 | 22563
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Table 3 Standard operating procedure for running a regular ECO2RR durability test to benchmark a cell configuration prior to the pursuit of ADT
studies

Cell conguration and materials Operating conditions

Cell type MEA Cathode feed: 100% CO2

Gas diffusion layer: Sigracet 31BCa Relative humidity: 100%
Catalyst deposition: Spray-coating FCO2

: 17.5 mL min�1

Cathode catalyst: 2 mg cm�2 Ag NP w/2–4 wt% Sustainion binder PCO2
: 10 psigb

Anode catalyst: IrO2 Felectrolyte: 1 mL min�1

Catholyte: N/A Catholyte recycling: N/A
Anolyte: 0.1 M KHCO3 Anolyte recycling: Yes
Membrane: Sustainion 37-50 AEM Temperature: 25 �C

Pressure: 1 atm
Applied current density: �200 mA cm�2

Pre-testing characterization and preparation
1. SEM EDS/EDX. Take SEM images of the entire cathode at least from a top view. The voltage may vary, but use magnications around 25�, 1000�,
and 10 000� to obtain pictures of the catalyst layer as a whole along with layer morphology. At the median magnication, collect an EDS/EDX map
of the cathode surface
2. Solid state XRF. Measure XRF of the cathode to collect information on catalyst layer composition as a reference for post-test characterization
3. Prepare electrolyte. Dissolve enough electrolyte salt in deionized (>18 mU cm) water to get at least 250 mL of electrolyte and cool to room
temperature before continuing
4. Electrolyte XRF. Measure XRF of the electrolyte to check the electrolyte for impurities and to obtain a reference for post-test characterization
Pre-testing conditioning and preparation
5. Soakmembrane. If using a membrane, be sure it has been properly conditioned prior to use. The anion exchangemembrane should be soaked in
1 M KOH for at least 24 h
6. Electrode conditioning. Soak cathode in 1 M KOH for 1 h to exchange Cl� ions in Sustainion with OH�

7. Assemble cell. Put cell together using cathode, anode, membrane, gasket(s), ow chambers, current collectors, and tubing
Pre-testing electrochemical conditioning
8. LSV (if using easily oxidized catalyst). Run an LSV from 0 to �0.40 V vs. RHE to get rid of any oxides that might be present in the catalyst layer
Pre-testing electrochemical characterization
10. Potentiostatic EIS. Conduct an EIS experiment to measure cell and charge resistance. Set the cathode potential to �0.25 V vs. RHE and the
frequency range at 10 kHz to 0.1 Hz
Durability test
11. Begin applying the current
12. Wait for the cell potential to equilibrate and for effluent gas to ll volume from cell through GC
13. Take the rst GC injection. This marks t ¼ 0. Ensure the FE of the main product is at expected value
14. Set GC to take an injection every hour or manually take injection every hour while applying current for a total of 50 h. Collect individual electrode
potential data every hour as well, if possible
15. Stop applying the current, but do not disassemble cell or disconnect
Post-testing electrochemical characterization
16. Potentiostatic EIS. Conduct an EIS experiment to measure cell and charge resistance. Set the cathode potential to �0.25 V vs. RHE and the
frequency range at 10 kHz to 0.1 Hz. Aerwards, disassemble cell being careful not damage the cathode
Post-testing characterization
18. SEM EDS/EDX. Take SEM images of the entire electrode at least from a top view. Be sure to use the same conditions and magnications as the
initial SEM images. At the median magnication, collect an EDS/EDX map of the cathode surface
19. Solid state XRF. Measure XRF of the electrode using the same conditions as the pre-testing measurements
20. Electrolyte XRF. Measure XRF of the electrolyte using the same conditions as the pre-testing measurements
21.Mass balance. Using GC data from the entire testing period, complete carbon mass balances to determine CO2 crossover across the membrane
and CO2 conversion at the cathode

a Sigracet 31BC has since been discontinued and has been replaced with Sigracet 39BB in our experiments. b CO2 pressure can vary; should
represent value needed to maintain proper pressure balance within cell.
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faradaic efficiency, which should start at >80%, and cell
potential (energy efficiency), which are reported in Fig. 6. We
also include CO2 crossover into the electrolyzer, a common
issue with ow-based electrolyzers, and CO2 conversion. The
FECO remains stable over the 50 h of testing, staying between
96% and 99% and well within our <10% performance drop goal.
Fig. 6b highlights the cell potential over time, which hovers
around �2.92 � 0.02 V throughout testing (complete graph in
ESI†). The CO2 conversion remains at �41.5%, which reiterates
the stability of the catalyst and MEA depicted by the FECO.
22564 | J. Mater. Chem. A, 2020, 8, 22557–22571
When completing this benchmark test or accelerated studies
(discussed next), one should be sure to report these metrics and
compare them to our durability study here. One should list all
materials, operating conditions, and acceleration methods
utilized for proper comparison as well.
4.2 Proposed ECO2RR acceleration methods

4.2.1 Current and total charge.When conducting a normal
ECO2RR durability test, researchers typically choose a constant
This journal is © The Royal Society of Chemistry 2020
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Table 4 Details and instructions for the proposed accelerated durability testing protocol for ECO2RR systems. The top portion explains the
operating conditions for the experiment and the bottom portion specifies characterization techniques for monitoring the performance and
degradation of the system as a whole

Operating conditions

Values

Base case (benchmark) Accelerated case 1 Accelerated case 2

Current density 200 mA cm�2 500 mA cm�2 1 A cm�2

Experiment time (simulated time) 50 h 20 h (50 h) 10 h (50 h)
Cycle type and duration (optional) None
CO2 stream relative humidity 100%
CO2 stream contaminants None
Electrolyte(s) 0.1 M KHCO3

Temperature 25 �C
Pressure 1 atm

Suggested metrics Characterization method Frequency of measurement Failure mode(s) to observe

Cell potential Potentiostat Every 30 min All
Faradaic efficiency of main
product(s)

Gas chromatograph and/or 1H NMR Every 30 min

Electrode morphology SEM Before and aer testing Agglomeration
Micro-CT Leaching

Cell resistance EIS Before and aer testing All
Electrolyte composition 19F NMR Every 30 min Binder dissolution

XRF Leaching
ICP-OES

ECSA CV Before and aer testing Agglomeration
Leaching

Electrode composition XPS Before and aer testing Poisoning
EDS/EDX Carbonate formation
XRF Binder dissolution

CO2 conversion GC and mass balance During testing All
CO2 crossover GC and mass balance During testing Membrane failure
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current (or potential) to run their cell at. In addition,
researchers can choose a total time to run for or simply record
how long the system lasts. Using these parameters and data,
one can then determine the total charge passed (coulombs)
throughout an entire durability experiment. Then, the same
total charge can be passed using a shorter timescale while
Fig. 6 Results from our 50 h, 200 mA cm�2 benchmark durability test c
faradaic efficiency, CO2 crossover through the membrane into the anoly
testing at �200 mA cm�2.

This journal is © The Royal Society of Chemistry 2020
applying a higher current density. For example, if one were to
perform an experiment where a current density of 100 mA cm�2

was applied for 48 h, then the total charge passed over that time
period would be 17 280 C. To accelerate that experiment and
complete it in 6 h, one would hold the current at 800 mA cm�2

to pass the same charge across the system. This approach can
onducted in a MEA-based ECO2RR electrolyzer. (a) Carbon monoxide
te, and CO2 conversion at the cathode. (b) Cell potential over 50 h of

J. Mater. Chem. A, 2020, 8, 22557–22571 | 22565
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be adopted for any cell conguration and does not require
a more complex setup. Increasing current is therefore a simple
acceleration method and is listed rst in our suggested
protocol. Unlike fuel cells (Table 2), this protocol for ECO2RR
does not focus on cycles, so cycle time is not important here; yet,
we leave cycles in the protocol since cycling can be a method of
accelerated stress testing, which we will briey discuss below.

4.2.2 High temperatures and pressures. Most researchers
perform ECO2RR experiments at ambient temperatures (�25
�C) and pressures (�1 atm) because ECO2RR does not require
increased temperatures or pressures to produce signicant
activity. With more complicated setups, however, a few labs
have explored ECO2RR at high pressure and/or temperature,54–61

motivated by current industrial practices. For example, the
direct feed of hot ue gasses to a ECO2RR cell from CO2 point
sources (at �20–350 �C and ambient pressure) has been
explored to offset costs related to purifying the CO2 feed stream,
while at the same time possibly accelerating the ECO2RR
process.61–63

Prior work has shown that increasing pressure improves
overall ECO2RR activity and faradaic efficiency towards CO,
formate, and hydrocarbons.54,55,57,58,61 Higher operating
temperatures reduce energy requirements (cell voltage).61

Nonetheless, temperature inuences product selectivity: higher
temperatures led to an increase in H2 production.56,60,61 Also,
CO2 solubility in aqueous electrolytes is affected, with a small
trade-off: increasing pressure improves CO2 solubility, while
increasing temperature does the opposite. Further studies of
ECO2RR as a function of temperature and pressure are ongoing.
Ultimately, altering temperature and/or pressure offers two
other means of accelerating system degradation.

Suggesting specic temperature and pressure ranges
becomes difficult since the eld lacks studies that report the
exact rate constant of ECO2RR to a certain product and its
dependence on these parameters. Yet, one can infer an expo-
nential relationship between temperature and ECO2RR activity
by using the Arrhenius equation and assuming most of the
intermediate steps for ECO2RR to be endothermic.64,65 As for the
relationship with pressure, one can make assumptions based
on classical kinetics including equilibrium constants and Le
Chatelier's Principle. Like increasing current, increasing
temperature and pressure can trigger degradation over shorter
time scales due to increased activity, and so we include both as
operating conditions in Table 4, using room temperature and
pressure as baseline values.

4.2.3 CO2 feed contaminants. Contaminants in the
ECO2RR feed stream can cause poisoning and fouling of the
electrode, as well as electrode corrosion and electrolyte degra-
dation. When considering the gaseous feed stream, most
modern industrial processes emit CO2 as a side product along
with other gases (i.e., ue gas), usually at high temperatures
and/or pressures as mentioned previously. The exact composi-
tion and concentrations of the ue gas will depend on the CO2

point source (e.g., cement and steel plants, petroleum rening,
and power plants).66 Yet, we can expect a combination of water
vapor/droplets (humidity), N2, NOx, SOx, hydrocarbons, H2S, etc.
(contaminants) mixed within the CO2.66 Stream impurities such
22566 | J. Mater. Chem. A, 2020, 8, 22557–22571
as SOx and NOx can be detrimental to ECO2RR as they can
poison the cathode catalysts, although further studies need to
be conducted to fully understand their effects.67,68 Therefore,
the presence of stream contaminants would expectedly trigger
faster degradation rates. For this protocol, however, we state the
use of CO2 streams without impurities to maintain simplicity
for lab setup sake.

4.2.4 Electrolyte feed. In a laboratory setup for ECO2RR,
aqueous electrolytes are prepared using salts that typically
contain trace metals despite their purity. When using electro-
lytes at scale, these metal impurities only become more prob-
lematic. Some of these electrolyte impurities can poison the
catalyst, thus harming ECO2RR. Using electrolyte salt impurity
as an acceleration method is tricky though since most
researchers purchase commercial salts for ECO2RR; the impu-
rity composition can vary signicantly between batches and
different electrolytes chosen, making it difficult to control and
monitor across various ADT experiments and labs. As a result,
for the proposed protocol we leave the choice of electrolyte to
the researcher but suggest electrochemically purifying or
chelating the solution prior to running the accelerated test.69,70

If desired, researchers can articially create and therefore
control impurities in commercial electrolytes to study their
effects.

Electrolyte ions also can cause degradation of the electrode
and/or membrane materials. Highly concentrated electrolytes
are used because they improve overall ECO2RR activity through
increased conductivity which helps shuttle ions between the
cathode and anode. Also, the cations and anions in the elec-
trolyte as well as electrolyte pH have shown to play a role in
stabilizing ECO2RR intermediates and/or inuencing product
selectivity.18,29 Yet, high molarity of certain ions may accelerate
degradation by further dissolving the binder and/or corroding
the catalyst. Moreover, increasing the molarity of some salts
may result in an increase or decrease in electrolyte pH, possibly
leading to conditions that are too harsh for the electrode/system
materials. If using a hydroxide-based electrolyte, increased
concentration can also enhance carbonate formation (eqn (2)).
As stated in Section 2, hydroxide ions can also attack the uo-
rinated binders that keep the electrode together.30 Conse-
quently, increasing electrolyte molarity can be used as an
approach to accelerate degradation.

We should state that both overall electrolyte molarity and
impurities become relevant when considering directly feeding
seawater as the electrolyte to lower process costs. Some ECO2RR
labs have begun investigating using seawater as an electro-
lyte.11,71 Also, corrosion studies have been conducted to under-
stand the effect of seawater on the lifetime of metals and alloys
such as stainless steel,72 oen used as the current collector for
ECO2RR cells.

Newer tests for ECO2RR have been conducted in SOECs,
which do not require an aqueous electrolyte.19,51 Therefore, the
aforementioned electrolyte feed acceleration methods would
not apply to SOECs. The other acceleration methods mentioned
in the protocol are more suitable for a SOEC setup.

4.2.5 Feed humidity. CO2 stream humidity is another
element in our ADT protocol since different humidity levels too
This journal is © The Royal Society of Chemistry 2020
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can prompt and accelerate degradation.14,73 For regular accel-
erated tests, one would omit humidifying CO2, but again it
becomes very relevant when considering industrial CO2 feeds.
Humidied CO2 streams are used for MEA-based CO2 electro-
lyzers and SOECs, since they characteristically do not use
a liquid electrolyte at the cathode.10,19,52,74 Though, having water
in the CO2 stream can still promote degradation mechanisms
such as binder dissolution, catalyst restructuring, and
carbonate formation (to various extents depending on the
humidity level). Moreover, as we saw in Section 3, one can
switch between a dry and humidied CO2 feed in a polymer
electrolyte/membrane electrode assembly fuel cell to observe
membrane degradation or other effects.43

4.2.6 Stress testing via cycling. In Section 4.1.1, we
mentioned potential or current cycling as an accelerated stress
testing method. With this, the potential or current is repeatedly
ramped up and down (in step or triangular patterns) between
two set values. In fuel cell research, cycling is used mimic start/
stop operation in its application for transportation. In ECO2RR
research, cycling can mimic variable loads. Essentially, cycling
reveals how stable and robust an electrode (or a system) is under
extreme conditions.
4.3 Characterization of failure modes

As with regular durability tests, system and component char-
acterization can be done before, during, and aer accelerated
durability testing to give a sufficient picture of how and when
failure occurs.28 Ideally though, a ECO2RR ADT would be
combined with an in situ characterization technique, such as
Fig. 7 Carbonmonoxide faradaic efficiency and cell potential plots for ea
in an alkaline flow electrolyzer. (a and b) 0.5 mg cm�2 Ag cathode and (c a
(e) SEM images on the far right show the surface of the 0.5 mg cm�2 Ag e

This journal is © The Royal Society of Chemistry 2020
Raman spectroscopy, to obtain real time degradation data
during the experiment. Some labs have already manufactured in
situ spectroscopy cells to obtain mechanistic insights.75 Exam-
ining Section 3, we can come up with the best methods and
steps for observing failure modes if they occur. The methods
listed in the table, such as SEM, energy-dispersive X-ray spec-
troscopy (EDX/EDS), and XPS should be conducted prior to
running the accelerated test to get a complete picture of elec-
trode composition and morphology. Moreover, measuring both
cell resistance via EIS and ECSA via CV before running the ADT
tells how well the cell passes charge and reveals active site
availability on the electrode, respectively.76 Pb underpotential
deposition (UPD) is a more accurate method for measuring
ECSA, but renders the electrode useless as remnant Pb poisons
the catalysts layer prior to use. CV is a much simpler technique
that gives a sufficient estimate of ECSA.

During accelerated testing, it is important to monitor the cell
potential specic to ECO2RR; if over time HER, which requires
lower potentials, takes over, then the cell potential (absolute
value) decreases and may correspond to a deceptive improve-
ment in energy efficiency. Along those lines, the FE of the main
ECO2RR product of interest is monitored constantly as it is the
main cue for the inception of one or more failure modes.
Finally, if an aqueous electrolyte is being utilized (unlike
SOECs), collecting samples for performing analysis in addition
to 1H NMR (for product quantication) such as 19F NMR, X-ray
uorescence (XRF), and inductively coupled plasma optical
emission spectrometry (ICP-OES) would verify the issues of
binder dissolution and catalyst leaching. As discussed in
Section 3, some catalyst layer binders are uorinated polymers,
ch case in the total charge passed ECO2RR accelerated test conducted
nd d) the 1 mg cm�2 Ag cathode. The legend is the same for all images.
lectrodes before (unused) and after testing under each current density.
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Fig. 8 Plot of degradation rate vs. the applied current density revealing
an exponential relationship.
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and therefore 19F NMR can be used to measure any free F� ions
and C–Fx bonds, similar to work performed by Lim et al.43 If any
catalyst nanoparticles are coming off of the layer and leaching
into the electrolyte, then either XRF or ICP-OES measurements
would detect trace concentrations of metal in the solution.

Once the ADT has been nished, performing the same
techniques from before running the test will reveal or further
validate failures in the catalyst layer: agglomeration from SEM
and ESCA measurements, leaching from SEM, and binder
dissolution, poisoning, and carbonate formation from XPS or
EDS.41,42,44 The nal EIS measurement will depict the communal
effect of these failure mechanisms on the cell, like current
density and FE do as well. Using the collected GC peak data,
a mass balance can be performed to calculate the CO2 conver-
sion and CO2 crossover into the electrolyte.
4.4 ECO2RR ADT protocol validation

In the absence of thorough accelerated degradation and dura-
bility studies in the ECO2RR eld, it is difficult to verify the ADT
approaches presented here. Thus, we collected our own exper-
imental data for validation of two acceleration methods: (1)
passing the same total charge over different time periods and
(2) increasing electrolyte molarity. In all tests, we used a Ag
cathode of varying loading, and a 1 mg cm�2 IrO2 anode in an
alkaline ow electrolyzer reported earlier (ESI†).29

4.4.1 Validation of total charge passed method. For our
base case, we held the current density at �100 mA cm�2 for 4 h
(equalling a total passed charge of 1440 C). We then created two
accelerated cases by doubling (�200 mA cm�2) and then
quadrupling (�400 mA cm�2) the current density, therefore
cutting the observation time by 2 (2 h total) and 4 (1 h total),
respectively. All three experiments were carried out once with
a 1 mg cm�2 Ag cathode and then with a 0.5 mg cm�2 Ag
cathode to determine whether loading had an effect on degra-
dation rate, as perceived by Siracusano et al. for water elec-
trolysis.34 An additional accelerated case (�300 mA cm�2, 113 h)
was carried out with the 0.5 mg cm�2 Ag cathode as well.

The 1 mg cm�2 Ag cathode did not exhibit any major
performance degradation (in FECO or cell potential) when tested
in both base and accelerated cases (Fig. 7). This result is likely
due to the high cathode loading in combination with the short
experimental time relative to durability tests done in the
past.77,78 The results we obtained when running the 0.5 mg cm�2

Ag cathode further support this conclusion as the FECO

decreases in all four cases over the testing period (Fig. 7a). Data
from pre- and post-test SEM revealed that carbonate formation
contributed to the drop in performance (Fig. 7e). In each case,
the average cell potential (Fig. 7b) did not alter signicantly
during the experiment time, conrming that the cell potential is
a sensitive metric as any changes may correspond to increased
rates of HER and not to better energetic efficiency. Complete
cell potential graphs are provided in the ESI (Fig. S3†).

Looking closer at Fig. 7a, we noticed that each applied
current density degrades the 0.5 mg cm�2 Ag cathode at
a different rate; the degradation rate here is dened as the slope
of the linear t for the FECO plot. Plotting the degradation rate/
22568 | J. Mater. Chem. A, 2020, 8, 22557–22571
slope for each case vs. the applied current density reveals an
exponential relationship between the two (Fig. 8). These
differences in the degradation rates are likely linked to Butler–
Volmer kinetics; current density and cell (or cathode) potential
are known to possess an exponential relationship.79 The higher
cell potentials needed to sustain each applied current density
lead to an increase in rate of degradation (Table S3†). Moreover,
increased activity produces higher amounts of OH� and
product gas bubbles, which encourages carbonate formation
and can physically erode the catalyst surface, respectively.28

4.4.2 Validation of electrolyte molarity method. The base
case for electrolyte molarity tests was the same for that of the
total charge passed:�100mA cm�2 for 4 h with 1M KOH. In the
accelerated cases, the cell was also subjected to �100 mA cm�2

for 4 h, but the electrolyte molarity was increased to 2 M, 4 M,
and 8 M KOH. Here, the Ag cathode loading was 0.5 mg cm�2.

Increasing the concentration of the KOH electrolyte does
improve the overall kinetics and energy efficiency of our
ECO2RR ow electrolyzer, but only to a certain point. The CO
faradaic efficiency and the cell potential for all cases are dis-
played in Fig. 9. When increasing [KOH] from 1 M to 2 M, we
observed a decrease (less negative) in cell potential, and the
FECO is stable at �100% throughout the 4 h of testing. Even
though 1 M KOH is a less harsh electrolyte, we measured
a slight decrease in the FECO because the average cell potential
was higher than that when using 2 M KOH. As in Section 4.3.1,
this effect can be explained by Butler–Volmer kinetics. When
moving from 2 M to 4 M and 8 M KOH, we begin to see
a detrimental effect on the FECO; within 2 h for 4 M KOH and
40 min for 8 M KOH, the CO FE begins to drop off from its
starting value. The FECO drops to 0% in about 3 h when using
8 M KOH as an electrolyte. These results can be explained via
cell potential plots (Fig. 9b and S4†). The average cell potential
for the 1 M KOH case is about �2.80 V and just by switching to
2 M KOH, we improved to � –2.35 V. Surprisingly, the cell
potential did not further improve when using the 4 M and 8 M
KOH, suggesting that we reached a limiting electrolyte
conductivity in our system. Once we passed this limiting
conductivity, the high [OH�] and alkalinity took their toll on the
Ag cathode by way of binder dissolution, catalyst leaching, and
This journal is © The Royal Society of Chemistry 2020
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Fig. 9 Results from the electrolyte molarity ECO2RR acceleration test conducted in an alkaline flow electrolyzer. (a) The faradaic efficiency of
CO and (b) cell potential over 4 hours of testing. The legend is the same for both images.
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carbonate formation, all of which we determined from post-test
SEM images (Fig. S5†). The catalyst surface is covered in dark
[carbonate] patches, and the catalyst layer has begun to detach
from the GDL. As mentioned before in Section 2, high amounts
of OH� shi the equilibrium in the carbonate formation reac-
tion (eqn (2) and (3)) and degrades the uorinated polymers
oen used as the binder. Once the binder fails, then the Ag in
the cathode is much more susceptible to leaching.

Our attempt to validate a few of the methods from the ADT
protocol is only a rst step to understanding accelerated
degradation trends and relationships for ECO2RR. Moving
forward, a full study should be done examining each operating
condition as an accelerated condition and how they relate to
base case durability and degradation studies. Of course, all of
the values and characterizationmethods listed in Table 4 can be
changed and manipulated to better serve a specic cell,
purpose, or aspect of an ECO2RR system. Specically, we would
also consider membrane degradation and delamination as
failure modes when testing with a MEA-based cell or a SOEC.
Again, the DOE has provided multiple fuel cell protocols, each
for a different component of the fuel cell. Yet, having one
general ECO2RR protocol becomes benecial when comparing
the durability of systems and cells across various labs.
5. Conclusions

The electrochemical reduction of CO2 is projected (based on
technoeconomic and life cycle analyses) to hold promise for
combatting CO2 emissions by using CO2 as a feedstock and
replacing highly carbon positive processes in the
manufacturing of chemicals and fuels. The eld has rapidly
grown and taken massive steps toward satisfying several
performance metrics required for industrial feasibility. Yet,
insufficient durability of electrodes as well as cell congurations
and associated operating conditions has been identied as
a prominent roadblock standing in the way of application at
scale. Once the ECO2RR eld as a whole achieves longer system
lifetimes (i.e., <10% performance drop over >48 h), then
This journal is © The Royal Society of Chemistry 2020
accelerated durability testing becomes necessary as a way to
determine a system's lifetimes in a shorter amount of time.

To date very few accelerated durability and stress studies
have been reported for ECO2RR, but other electrochemical
technology elds (fuel cell, water electrolysis, and chlor-alkali
electrolysis) have long since employed ADTs and ASTs to
study systems and system components for long-term robust-
ness. Conducting a detailed review of ADTs/ASTs for these other
electrochemical applications provided guidance for the ECO2RR
ADT approaches proposed here. Before beginning ADT studies
on ECO2RR systems, researchers should benchmark their
systems to ensure they meet standard durability (50 h) at high
activity ($200 mA cm�2) and product selectivity (>80%).

To validate some of the proposed ADT approaches for
ECO2RR, we conducted preliminary experiments for the total
charged passed and electrolyte molarity approaches. When
passing the same amount of total charge, the results revealed
that the observed degradation rates exhibit an exponential
trend with respect to applied current. We observed a limiting
conductivity when increasing the electrolyte concentration,
aer which cathode degradation hastened. These tests repre-
sent an initial step toward understanding how accelerated
conditions affect various ECO2RR cells and identifying corre-
lations for estimated lifetimes and other characteristics. We did
not validate the other acceleration approaches (high T&P, feed
contaminants, humidity, and cycling). Undoubtedly, several of
these other approaches may nd utility for standard as well as
accelerated ECO2RR durability studies.

Application of accelerated durability testing protocols only is
warranted once ECO2RR setups achieve reasonable lifetimes in
un-accelerated durability testing; e.g., less than 10% perfor-
mance loss over 2–4 days. Also, different in situ or ex situ char-
acterization methods should be incorporated in setups for
lifetime testing. Indeed, now is the time to design and build
sophisticated setups dedicated to studying both standard and
accelerated durability, setups that are equipped with various
analytics and characterization techniques.80 Such test congu-
rations not only will help understand and subsequently improve
lifetime determining factors of electrode and cell design, they
J. Mater. Chem. A, 2020, 8, 22557–22571 | 22569
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will also enable the testing of ever-better congurations for
resiliency under ‘real-world’ conditions, e.g., contaminants ex-
pected to be present in CO2 feeds from different point sources.
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