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Many electrochemical energy-conversion systems are evaluated by polarization curves, which report the cell voltage across a
range of current densities and are a global measure of operation and state of health. Mathematical models can be used to
deconstruct the measured overall voltage and identify and quantify the voltage-loss sources, such as kinetic, ohmic, and mass-
transport effects. These results elucidate the best pathways for improved performance. In this work, we discuss several voltage-
breakdown methods and provide examples across different low-temperature, membrane-based electrochemical systems including
electrolyzers, fuel cells, and related electrochemical energy-conversion devices. We present best practices to guide experimen-
talists and theorists in polarization-curve breakdown analysis.
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List of symbols U Effective cell potential, V
vl Standard cell potential, V
Roman ' s Vv Cell voltage, V
a Specific surface area, cm“/cm Vo Open circuit voltage, V
a; Activity 2f species j AV, Voltage loss due to mechanism &, V
A Area, cm V Volume, cm®
b Tafel slope, 2.303 RT/a F, V z Charge of ion j
¢ Concentration of species j, M CJ}reek
D Binary Q1ffus1pn cgefﬁaent between Qo Effective water transport coefficient
£ species i and j, cm /s ] for membrane and ionomer
Standa}rd reduction potential, V e Anodic and cathodic charge transfer
E, Effectiveness factor coefficient
F Faraday’s constant, 96,485 C mol ™! v Reaction order
FE Faradaic efﬁglency s Ne Concentration overpotential, V
i Current density, A/cm. ) s Surface overpotential, V
io E?(c}}gnge current den:suy, A/crrzl nr Total overpotential, V
ilim Limiting current density, A/cm K Ionic conductivity, S/cm
Leou Cell current, A . ‘ ¢ Electroosmotic coefficient
k Rate constant for chemical reaction o Electronic conductivity, S/cm
Hp, Henry’s law constant for O, solva- ) Potential
tion, (Pa L)/mol L ) Superscripts and Subscripts
N; Molar flux of species e mol/(cm” s) a anodic
P Power density, W/cm aCL Anode catalyst layer
P Pressure, Pa c cathodic
P; Partial pressure of species j, Pa ¢CL Cathode catalyst layer
qr Coefficient related to voltage loss eff effective
mechanism k G gas
~1
R Gas law constant, 8.314 Jmol I Ionomer phase (including the mem-
R; Rate of reaction or phase transition i, brane)
3
mol/(cm” s) L Liquid (including liquid electrolyte)
R’ Cell resistance, 2 MEM Membrane
SSt Gas-phase and liquid-phase saturation ref Reference
T Temperature, K ) rxn (Electro)chemical reaction
U Equilibrium cell potential, V S Solid phase (electronically con-
ducting)
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Figure 1. A listing and comparison of the voltage breakdown methods used
in this work.

consumed by these electrochemical devices can drive down costs
and enable greater market penetration. Typically, polarization
curves (current-voltage curves) are used to evaluate device perfor-
mance under a wide range of experimental conditions. These
polarization curves are easily accessible experimentally but difficult
to interpret unambiguously.

Polarization curves can be qualitatively split into three regions:
kinetic, ohmic, and mass-transport limited. In the kinetic region,
which occurs at low current densities, the voltage loss increases
exponentially with current density due to the form of the electro-
chemical kinetics. In the ohmic region the cell voltage changes
linearly with current density in accordance with Ohm’s law. In the
mass-transport limited region the cell voltage again changes rapidly
as the limiting current density is approached. The limiting current
density is the current density at which one or more of the reactants
on either electrode are depleted, which may occur due to fuel
starvation or from cathode flooding in fuel cells. For galvanic cells,
the cell voltage decreases as current increases, whereas for electro-
lytic cells, the cell voltage increases as current increases.

Voltage-breakdown techniques are often used in both experi-
mental and modeling studies to identify and deconvolute the driving
forces behind voltage losses evident in the polarization curve. A
voltage breakdown is a method that takes as input a polarization
curve V(i) and returns a series of voltage losses AV, (i), each of
which can be assigned to one of the driving forces limiting
electrochemical device performance. This procedure allows the
kinetic, ohmic, and mass-transport regions of the polarization curve
to be quantified. In addition, it provides insight into changes during

operation when comparing different voltage curves.' Many sources
of voltage loss are intrinsically coupled together, which complicates
voltage-breakdown analysis. For example, increasing the conduc-
tivity of the ion-conducting phase in a porous electrode (that is, the
ionomer in fuel cells) will cause a more uniform reaction distribu-
tion in the porous electrode, which may increase the kinetic voltage
loss. Depending upon the method chosen these AV, (i)’s may or may
not sum to the total voltage loss Vyc — V(i) for all values of the
current i.

In this work, we delineate the various methods for voltage
breakdown analysis and discuss the interpretation of their results.
We begin with a review of experimental and mathematical voltage-
breakdown methods in the literature, followed by mathematical
descriptions of some popular methods. We compare the application
of several of these methods on a proton-exchange-membrane (PEM)
fuel-cell model, then demonstrate the wide applicability of voltage-
breakdown techniques to other low-temperature, membrane-based
electrochemical systems by extending one method to electrolyzers
and CO,-reduction cells.

A Brief Review of Voltage Breakdown Methods

There is no standardized method for constructing voltage break-
downs. Newman and Thomas-Alyea” provide a primer on voltage
breakdowns in general for electrochemical systems, sketching out
how one might compute kinetic, ohmic, and concentration voltage
losses for idealized systems such as concentric cylindrical elec-
trodes. Specific to electrolyzers and fuel cells, mathematical
modeling studies have been used to determine the individual
contributions of cell components (that is, membrane, anode,
cathode, gas diffusion layers, and so on) to voltage losses. For
example, Bernardi and Verbrugge developed a mathematical model
of a PEM fuel cell that calculates the cathode and anode over-
potentials using Butler-Volmer equations.®> Additionally, they were
able to separate the membrane and electrode contributions to the
ohmic losses of the cell. Marr and Li used a semi-empirical
approach to calculate the ohmic resistance of the membrane, catalyst
layers, and bipolar plates.* Baschuk and Li developed a model to
incorporate the effects of flooding in the polarization curve.’
Kulikovsky developed an analytical fuel-cell model to generate
polarization curves in PEM fuel cells fit to experimental data under a
variety of operating conditions.®™ An equivalent circuit model of a
PEM fuel cell was created by Yu and Yuvarajan to predict voltage
losses.” Baghalha et al. used a two-step deconvolution method in
which each voltage loss is determined by removing the associated
resistance and calculating the polarization curve.'® Then, the new
polarization curve is subtracted from the original polarization curve,
which contains all of the resistances. A similar approach is used by
Iczkowski and Cutlip'' to analyze losses in the fuel-cell cathode.
Secanell and coworkers '>'* used the heat dissipation or the power
loss from cell to estimate cell resistance and estimate corresponding
voltage losses.

An experimental method to deconvolute experimental polariza-
tion curves into kinetic, ohmic, and mass-transfer losses was shown
by Gasteiger'* for PEM fuel cells and adapted to anion-exchange
membrane fuel cells by Omasta.'” This method first uses impedance
spectroscopy to measure the resistance and extract the ohmic voltage
loss, then uses low-current data to fit a Tafel slope, which is used to
compute the kinetic voltage loss. The remaining voltage loss is
assumed to relate to mass transport. Although this method is a useful
diagnostic, it does not have a mathematical description of mass-
transport voltage losses, thus leaving little guidance as to how to
improve them (i.e., it is descriptive not predictive). Additionally,
this method lumps the cathodic and anodic overpotentials into a
single value. Detailed computational modeling can provide greater
insight into the ultimate causes of these overpotentials and how to
mitigate them.

Many experimental fuel-cell studies assume that the kinetic
losses occur solely in the cathode, thereby assuming negligible
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anode kinetic losses.'®° Later experimental studies sought to carry
out a deeper analysis of voltage-loss contributions in the cell, as had
been demonstrated in modeling studies. Williams et al.'® published a
method that deconvolutes the polarization curve into six cathode
voltage-loss sources. The ohmic and mass-transport voltage losses
are divided into electrode (that is, catalyst layer) and non-electrode
components, such as the gas-diffusion layer (GDL) and membrane,
accounting for four of the six sources. The kinetic voltage losses are
divided into Tafel and activity components, accounting for the
remaining two sources; anode electrode voltage loss is assumed
negligible. The Tafel component of the kinetic voltage loss is
assumed to scale logarithmically with current, whereas the activity
component accounts for the difference between the equilibrium
potential and the open circuit voltage (OCV) of a PEM fuel cell due
to the unavoidable presence of parasitic reactions and gas crossover.
Wood and Borup focused on separating the contributions of mass-
transport overpotential from the cathode catalyst layer and GDL.'®
Flick et al.'” reported the first measurement of anodic overpotentials
by building upon the techniques introduced by Gasteiger et al.'® and
Wood and Borup,'® and using a third electrically insulated reference
electrode.

Voltage Breakdown Methods

Many methods exist for identifying sources of voltage loss in
electrochemical systems through both models and experiments. In
the next sections, we elaborate on several classes of voltage-
breakdown methods and demonstrate their applications to several
electrochemical systems. First, we discuss simplified analytical or
zero-dimensional models of polarization curves that can be fit to
available data. Then, we discuss methods applicable to high-fidelity
multiphysics models, from which simple expressions for each
voltage loss are more difficult to derive. In these cases, one can
choose between multiple-simulation methods, in which voltage loss
mechanisms are identified by changing the input parameters that
define them, and single-simulation methods, in which the model
solutions are post-processed into a series of voltage losses. These
methods and their key features are summarized in Fig. 1.

Analytical and 0-D models.— Analytical models of polarization
curves usually report the cell voltage V as a function of current
density i and some fitting parameters. By fitting an analytical model
like those discussed below to experimental data, simple voltage
breakdowns can be rapidly obtained. The simplest voltage break-
down can be written as?’

V(i) = U - AWnetic (D) — AVohmic (0, [1]

where V is the cell voltage, U is the equilibrium cell potential, and
AViinetic and AV are the kinetic and ohmic voltage losses,
respectively. The kinetic voltage loss can be described mathemati-
cally using a Tafel kinetics expression,

i
AVkinetic = b log —, (2]
to
where iy is the exchange current density, i is the superficial current

density, and b is the Tafel slope, which is defined as

b = 2303 KL 3]

a.F

where R is the ideal gas constant, 7 is the temperature, F is
Faraday’s constant, and «. is the cathodic transfer coefficient. The
ohmic voltage loss can be described using Ohm’s law,

AVohmic = R'i, [4]

where R’ is the overall cell resistance. Replacing A Viipeiic and A Vopmic
in Eq. 1 with their definitions in Egs. 2 and 4 results in the following

equation for the cell voltage as a function of current density:
V=U -blogi-Ri [5]

where U' = U + blogip. The parameters b, iy, and R’ can be
determined by fitting the measured polarization curve.

Defining a mass-transport voltage loss is more challenging.
Chamberlin et al.*? and Kim et al.>® extended Eq. 5 to account for
mass-transport voltage losses by including the deviation from the
linear behavior predicted by ohmic losses:

V(@) = U —blogi— R'i — gexp (hi), (6]

where g and £ are fitting parameters. The overall voltage breakdown
equation becomes

V(i) =U + AVkinetic(i) + AVohmic(i) + AVmass transport(i)~ [7]
The mass-transport voltage loss is defined as
AVipass transport (i) = —g exp (hi). [8]

Lee et al. introduced an additional term to this equation to account
for the effect of gas pressure and oxygen concentration on the fuel-
cell performance,

V@G = U —blogi—Ri—gexp(hi) —b log[i), [9]
Po,

where P is the gas pressure and Py, is the partial pressure of
oxygen;>* the above assumed a first order dependence on oxygen.
Alternatively, mass-transport losses can be written in terms of the
limiting current density, i 2> 2

V(@) = U —blogi—R'i + blog(l - L], [10]

Uim

with the mass-transport voltage loss defined as

Avmasstransport(i) =b log(l - L] [11]

Uim

While this approach has a more physical basis and requires fewer
fitting parameters than Eq. 8, this model often results in a poorer fit
of experimental data due to the reduced number of fitting parameters
and implicitly assumes an easily measurable mass-transfer limiting
current density, which is not always the case since in fuel cells there
is a finite voltage window and in electrolyzers other effects such as
resistive heating occur at high current densities.

In general, 0-D models are reliant upon fit to experimental data, and
few parameters can be extracted from these models. 0-D models give
poor predictions of cell performance outside of the fit conditions
because they exclude geometric effects and ignore the interdependence
of the various sources of resistance, such as the coupling between ionic
conductivity and electrochemical kinetics discussed above. These
methods are useful for an initial or empirical characterization of a
system, but they cannot provide much insight into the underlying
driving forces leading to voltage losses or identify the location in the
fuel cell at which these losses occur. Their predictive power remains
limited to similar conditions upon which they were fit.

Sequential limiting-case analysis.—A physics-based computa-
tional model of an electrochemical system can be used to generate
polarization curves and obtain voltage breakdowns. In these higher-
dimensional models, however, the voltage output is typically a
complicated, implicitly defined function of many input parameters,
rather than an explicitly defined function of current as in the 0-D
models described above. Thus, some ambiguity exists in deriving
the voltage breakdown, and several approaches are used.
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One common method of identifying the voltage loss associated
with a specific loss mechanism is to compute the polarization curve
twice: a “baseline” analysis including the performance-limiting
mechanism and a “limiting-case” analysis with the mechanism
removed, usually by setting the relevant transport or kinetic
coefficient to an arbitrarily high value. For example, to illustrate
the effect of oxygen diffusion, a simulation with arbitrarily large
oxygen diffusivity could be compared to a simulation under standard
conditions. The difference in cell behavior between the two analyses
is then attributed to the mechanism in question. Thus, the voltage
loss associated with a mechanism k can be given as

the original curve will show the voltage loss associated with
hydrogen transport. For the next simulation, hydrogen and oxygen
diffusivities can both be set to arbitrarily high values, and the
difference between this third polarization curve and the prior one
can be assigned to oxygen transport. The value of the oxygen-
transport voltage loss is conditional upon the removal of the
hydrogen-transport voltage loss. An example result of this method
can be seen in Fig. 2, in which each colored slice shows the voltage
loss associated with a particular-loss mechanism. In general, the
total voltage loss associated with a total of n mechanisms in a
cumulative limiting analysis can be given as

n
AV (i) = Z AV () = £V(i)|(ql=oo, Gt gy — VD, qz,q:‘,.”,qk,m,q”)z

k=1

~
I'mechanism loss

+ (V(l) I(ql=oo, =003 sG> -+rGp) V(i)|(ql=oo, 92:q35 -G “.,qn)l

~
2Mdmechanism loss

+ “ee

+ (V(l) |(q]=oo, Gr=00,43=00,...,4;=00, ...,q,=00) V(l) I(ql=oo, gp=00, q3=°0,-~,qk=°°,»-~,qn))
< _

nth

mechanism loss

[13]

Voc

AVi(@) = VDl..q=c0...) = VDl....qute0...)s [12]
where i is the current density and g is the coefficient associated with
the kth loss mechanism, typically a diffusivity, conductivity, or
exchange current density. The voltage breakdown is then a listing of
AV, values for all kK mechanisms. There are two popular methods for
performing a voltage breakdown using this limiting-case technique,
which we term the “cumulative” method and the “standalone” method.

In the following subsections, we show examples of performing
cumulative and standalone voltage breakdowns in PEM fuel cells
using an in-house developed 2-D physics-based model.?® The details
of the physics, mathematical framework and simulation parameters of
the model are given in the original article. Although most of the model
is used as described in the article, a few changes have been made for
this work: first, the cathode catalyst specific area (a.) has been
assumed to be humidity independent and fixed at 5 x 10* cm*cm?;
and second, the cathode oxygen-reduction-reaction (ORR) kinetics has
been changed from Tafel kinetics to Butler-Volmer kinetics since the
Tafel kinetics equation is only valid when the overpotential is large.
During limiting-case analysis, however, the ORR kinetics is increased,
resulting in relatively small overpotentials and non-physical results
using Tafel kinetics at low current density.

Cumulative limiting-case analysis.—The cumulative voltage-loss
analysis is based on performing cumulative limiting-case analyses
with each loss mechanism to obtain the total voltage loss. In this
method, a baseline polarization curve is obtained first, and one
voltage-loss mechanism is removed as described above (Eq. 12).
Then, another voltage-loss mechanism is eliminated, and the
simulation repeated, until all voltage-loss mechanisms are removed.
For example, for the removal of the first voltage-loss mechanism,
hydrogen diffusivity can be set to an arbitrarily high value to remove
hydrogen transport limitations, and the polarization curve can be
recalculated. The difference between the new polarization curve and

~
cell potential

It can be observed that all the different loss mechanisms AV,’s sum
to the total voltage loss AV. Note that AV} is dependent not only on
mechanism k, but on the choice of mechanisms removed or left in
place (i.e. order matters).

Using this method, cumulative limiting-case analysis of voltage
loss was performed as shown in Fig. 2. First, the polarization curve
was obtained with a base-case parameter set (that is, none of the loss
mechanisms were eliminated). Then each voltage-loss mechanism
was removed by increasing its associated coefficient to an arbitrarily
large value. The coefficient increment factors for each loss
mechanism and the sequence by which the mechanisms were
eliminated are shown in Table I. Ideally, the increment factors
should be infinitely large to eliminate the losses associated with that
mechanism, but that is not possible in a numerical model. In this
work, the coefficients were increased until the model outputs
showed an asymptotic behavior and changed negligibly, or if an
upper limit was reached for which the model showed numerical
instability. As shown in Table I, all the parameters except anode
exchange current density were increased by a factor of 10'°, where
any further increase showed negligible impact of model output. The
anode exchange current density was only increased by a factor of
10°, as any further increase resulted in numerical instability in the
model. For the cumulative analysis, removing all the limiting
mechanisms is also not possible, as it leads to singularities and
numerical instability. Therefore, for a n-mechanism based analysis,
only n—1 limiting mechanisms are cumulatively eliminated and the
rest of the losses can be attributed to the " mechanism as shown in
Eq. 13. Since different voltage-loss mechanisms dominate under
different operating conditions, the voltage-loss analysis was per-
formed under four sets of operating conditions where each loss
mechanism can be properly highlighted: dry, humid, oxygen-
limited, and flooded.

As seen in Fig. 2, the cumulative limiting-case analysis is sensitive to
operating conditions and can help identify causes of poor cell perfor-
mance. For example, comparing Figs. 2a and 2b reveals that the higher
RH case exhibits much lower ohmic voltage losses within the membrane
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Figure 2. Cumulative limiting-case voltage breakdown analysis of a PEM fuel cell model at different operating conditions. Voltage loss regions and labels are
color-coordinated. (a) Dry: 80 °C, 40% RH and air (21% O,) in cathode; (b) Humid: 80 °C, 80% RH and air in cathode; (c) Flooded: 80 °C, 100% RH and air in

cathode; (d) Oxygen-limited: 80 °C, 100% RH and 5% O, in cathode.

and cathode ionomer, resulting in a near-doubling of the current density
at 0.5 V and an increase of 1 A cm ™2 at 0.25 V when the RH is increased
from 40% to 80%. Interestingly, increasing anode and cathode bulk
diffusion coefficients in the 40% and 80% RH cases results in a predicted
voltage loss rather than a gain, causing the voltage breakdown to extend
below the initial polarization curve. This phenomenon can be attributed
to the increase in water transport away from the membrane and catalyst
layers due to faster water diffusion, which results in a slight drying out of
the membrane and ionomer relative to the base case. This drying out, in
turn, causes a voltage loss because the properties of the ionomer are
extremely hydration-dependent.?>>

By simulating flooding conditions, as in Figs. 2c¢ and 2d, mass-
transport losses can be accentuated. In these cases, ohmic losses are
significantly reduced because the membrane is well-hydrated, but

diffusion losses are increased due to the reduced pore space caused
by flooding at the cathode. The effects of slower oxygen transport
manifest as nonlinear cathode diffusion voltage losses at high
current density, and these losses are exacerbated at low oxygen
concentration as shown in Fig. 2d. The cumulative limiting-case
analysis breakdown allows researchers to quantify those mass-
transport losses and assign them to bulk cathode diffusion, which
is influenced by the structure of the catalyst layer, and agglomerate
diffusion, which is influenced by the properties of the ionomer and
the size of the agglomerates. Researchers can then choose which of
these effects is more important to mitigate and prioritize research
and development activities toward that effect. Thus, voltage break-
downs can help guide fuel-cell research and development at both
beginning and end of life.

Table 1. List of control parameters and their increase factors for different loss mechanisms. The order of elimination for the parameters in
different cumulative analysis is also shown. The voltage losses for last parameter (8) are estimated by eliminating the other 7 losses from total

voltage loss.

Sequence/order of removal

in cumulative analysis Increase factor for parameter

Parameter

Ist analysis

(infinity limit) qxe)/q.0)
2nd analysis

Oxygen diffusivity in agglomerate (Do, ,,) 1 6 10'°
Effective diffusivity in cathode porous media (D) 2 5 10"
10
Effective diffusivity in anode porous media (D,;{Z) 3 4 10
Effective cathode CL ionomer conductivity (xfgL 4 2 10'°
Effective anode CL ionomer conductivity (<) 5 3 10"
Effective membrane ionomer conductivity (k2 6 1 10'°
Cathode ORR exchange current density (i) 7 8 (remainder) 10%°
Anode HOR exchange current density (i 4) 8 (remainder) 7 10°
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Figure 3. (a) Cumulative limiting-case analysis for a PEM fuel cell under
identical conditions as Fig. 2c (80 °C, 100% RH, air), but with a different
sequence of limit removals. (b) Comparison of voltage breakdowns at two
different current densities for the two different sequences of limit removals.
Importantly, the sequence matters; removing the anode kinetic limit first
results in greatly increased estimation of anode kinetic voltage losses, for
example.

Care must be taken in performing and interpreting a cumulative
limiting-case analysis voltage breakdown. As discussed earlier, in a
cumulative limiting-case analysis, the voltage loss AV, due to
mechanism k depends on the choice of other mechanisms removed
or left in place. Therefore, the sequence in which voltage losses are
removed impacts the resultant voltage breakdown. For example,
cathode bulk diffusion losses appear much larger in Fig. 3, in which
those losses are removed before agglomerate diffusion losses, than
in Fig. 2c, in which agglomerate diffusion losses are removed first.
While both analysis were performed at same conditions, the
difference in the results arises from the different parametric
conditions under which cathode bulk diffusion losses are removed
in each figure: in Fig. 2c¢, the “cathode bulk diffusion voltage loss”
represents the voltage loss due to finite cathode bulk diffusion in the
presence of infinitely fast agglomerate diffusion, whereas in Fig. 3,
agglomerate diffusion is not infinitely fast when cathode bulk
diffusion losses are removed. These voltage losses are not necessa-
rily identical because the phenomena in question are significantly
coupled within the porous electrode. For example, improving
cathode bulk diffusion first artificially increases the concentration
of oxygen available to the cathode catalyst agglomerates, thereby
enhancing agglomerate mass transport without changing the oxygen
diffusivity within the agglomerate. The impact of limit removal
sequence on voltage loss due to other phenomena can also be
observed in Fig. 3b. In some sense, the dependence on which one is
removed first shows the coupling of the different resistances on the
aggregated behavior.
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Figure 4. Voltage breakdown calculated from standalone limiting-case
analysis for a PEM fuel cell under identical conditions as (a). Figs. 1c and
2a (80 °C, 100% RH, air) and (b). Figure 2a (80 °C, 40% RH, air). Note that
the predicted voltage losses do not sum to the total voltage loss.

Standalone limiting-case analysis.—One way to avoid ambigu-
ities associated with the order in which voltage losses are explored is
to consider only one voltage loss mechanism at a time. This voltage
breakdown method, which we call standalone limiting-case analysis,
focuses on the individual impact of each mechanism on the cell
potential. This analysis is similar to that of Baghalha et al.'® and
Iczkowski and Cutlip.'' With this method, the voltage loss due to a
mechanism k is always obtained in comparison to the normal
polarization curve:

AV () = V(i)|(q1,q2,q3, =00, qy) T V(i)|(q1,q2,q3,~-~,qk,m,q,,)~
[14]

The standalone method ignores coupling between different loss
mechanisms, such as a change in electrochemical kinetics causing a
shift in the reaction zone affecting mass transport. Therefore, the

sum of voltage losses Z AV, computed by the standalone method

may not equal the total voltage loss Vo — V(i). Essentially, the
standalone method demonstrates the maximum voltage change upon
removing each single limit, whereas the cumulative method demon-
strates the expected change in performance upon removing a
sequence of limits. Thus, the former is perhaps better at explaining
single phenomena whereas the latter considers the interactions and is
perhaps better for understanding the sensitivity of the system.
Examples of voltage breakdowns produced using the standalone
method are shown in Fig. 4. In this case, the sum of predicted
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voltage losses is larger than the total simulated voltage loss,
indicating that the different mechanisms are interrelated and there-
fore cannot be linearly superimposed. Thus, increasing a single
coefficient does not necessarily impact only a single limiting
mechanism. For example, when ionomer proton conductivity is
increased, ionomer ohmic losses decrease, which in turn reduces the
kinetic overpotentials, thereby decreasing the kinetic losses.
Similarly, increasing diffusion coefficients decreases the bulk
diffusion losses as well as kinetic losses. Adding all the individual
voltage losses therefore overestimates the total voltage loss as some
of the losses are overcounted.

Additionally, the standalone analysis gives quantitatively
different voltage loss values than the cumulative analysis. For example,
Fig. 4a shows the standalone voltage breakdown under identical
conditions to Figs. 2c and 3a. The cathode kinetics losses, anode
kinetics losses and agglomerate losses in the standalone analysis are
much higher, due to the interrelation mentioned previously. Similarly,
Fig. 4b shows a standalone voltage breakdown under identical
conditions to Fig. 2a. For this case as well, cathode and anode kinetics
losses are higher in the standalone analysis than in the cumulative
analysis. In both cases, ohmic losses are generally lower for standalone
analysis compared to the cumulative cases. From these comparisons it
can be inferred that increasing the protonic conductivity of the CLs and
membrane has less impact by itself than in conjunction with gas
diffusion properties (Fig. 2). When the gas diffusion coefficients are
increased, the reactions move closer to the membrane/CL interface,
thereby reducing the ohmic losses in the CLs. Then, increasing the
membrane and ionomer conductivities eliminates any remaining ohmic
losses. In summary, the standalone analysis demonstrates which single
parameter limits the cell performance most, whereas the cumulative
analysis can find which combinations of parameters limit performance
improvement.

Power-loss post-processing method.—In principle, voltage
breakdowns can be obtained from the output of a single simulation
without running any additional simulations, because all sources of
voltage loss are implicitly defined within the model framework. In
practice, the deconvolution of the overall voltage loss into its
various sources using postprocessing methods is challenging,
because each source of loss must be clearly defined and appro-
priately averaged over space. This approach was first applied in
terms of resistance breakdown and heating by Secanell and
coworkers.'>!?

One framework for enumerating the voltage losses in an
electrochemical system is to consider power losses (i.e., rates of
energy loss). These power losses can then be normalized by the cell
current to define a voltage loss. The power-density vector at any

point in the cell is defined as the product of current density and the

potential difference from that point to a reference potential ¢,

P = i@ — ¢, [15]
where ¢/' is often set to the anode or cathode current collector
potential. The divergence of power density, V-py, is the “loss” of
power, with units of volumetric power, and represents generation of
waste heat. The power losses for each hypothesized mechanism & is
the integral of V-p; over the relevant spatial volume v,. From this
integral, the voltage loss due to mechanism k can be derived if the
cell current /.. is known,

B wa-pkdvk

AV,
I cell

[16]

From the divergence theorem, the net power loss across the volume
is equal to the power density leaving v, integrated over the surface

of v, Si,

[ v+ [ @ - pFOVidve = [ pudsi= LadVi
Vi Vk Sk
[17]

where n is the vector unit normal to S;. If v, is a layer of the cell
sandwich, all of the cell current passes through S; and we arrive at
the second equality. From Eq. 15, the voltage loss due to mechanism
kis defined as AV, = /
Sk

volume with two parallel sides at constant potentials, AV, reduces to
the potential difference between the two sides. This method robustly
defines voltage drops across interfaces with non-uniform potentials
and is valid for complex or rough surfaces. Furthermore, this method
can easily be simplified from the 3-D derivation given here to lower-
dimensional models, and has been used with 1-D and 2-D models as
well as a 2-D model with a channel-stepping algorithm to study
down-channel effects.**~?

Contrary to the limiting-case methods described above, which
require multiple runs of a simulation, this power-loss analysis-based
method demands derivation of mathematical expressions for the
voltage loss contributions but only requires a single simulation.
Typically, these expressions come from constitutive equations that

relate i to V¢ and V-i to ¢ — ¢, such as Ohm’s law or the
Butler-Volmer equation, respectively. Following Eq. 17, the indivi-
dual voltage-loss contributions are defined as follows. In these
definitions, we use terminology typically associated with fuel cells
and electrolyzers, such as “catalyst layer (CL)” and “membrane” to
describe the relevant volumes v;. In other electrochemical systems,
these are sometimes called “electrode” to denote a reacting surface,
and “electrolyte” to denote an ion conductor. The Supplemental
Information lists details and explicit derivations of the power-loss
terms used in each model in this work.

The first term on the left side of Eq. 17 accounts for power losses
due to ohmic resistances that introduce a voltage gradient. If V¢ is

i-n¢dSy /1.y For the case of a rectangular

replaced with E, as would be expected for an ohmic resistor, the

integrand represents the power dissipated by such a resistor. Thus,
the voltage loss due to ohmic resistances within the membrane and
ionomer can be estimated as

f nl g
——=ay
CL+MEM K‘eﬂ CL+MEM
AVomic = P [18]

I cell

where i is the local ionic current density in A cm~2 and ° is the
effective ionic conductivity of the ionomer. In the models studied
here, a coupled ion- and water-transport approach is used, meaning
that electroosmosis also influences the potential gradient.>* Thus, in
the calculations of AV, in this work, we use

Faeg

i[‘i[ 5 . f PR
/CL+MEM[K€“ - (ll'NH20,| - F(ll'll)):ldVCLJrMEM
AV{ hmic = .
7 Icell

[19]

In Eq. 19, a. represents the effective water transport coefficient,™
Nu,0,1 is the molar flux of water within the membrane and ionomer,
and ¢ is the electroosmotic coefficient.

The second term on the left side of Eq. 17 accounts for kinetic
and mass-transport losses associated with an electrochemical reac-
tion. By considering both electronic and ionic currents and referen-
cing the potentials to the standard reduction potential of the
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Figure 6. Comparison of different voltage loss breakdown methods in the
PEM fuel cell model at 2 A cm 2.

electrochemical reaction, the integrand can be shown to equal 1yi,.,,
where 1 _ ¢s — ¢y — E° is the overpotential. Thus, a “total” voltage
loss can be defined that encompasses all kinetic and mass-transfer
effects at the given electrode:

-/(.JL irxn nr dVCL

AViptar = [20]

I cell

To gain further insight into the voltage-loss mechanisms, the
overpotential 7 can be split into a kinetic portion and a mass-
transport portion.

npr = Mg + 1 [21]

These portions are often called the surface overpotential 75 and the
concentration overpotential, 7.

The kinetic voltage losses are defined by integrating the power
loss due to the surface overpotential ns over the volume of each
catalyst layer and dividing by the total current density:

/ Irxn Mg dvcr
CL

AViinetic = — [22]
cell

where iy, is the local volumetric current source. The surface
overpotential ng is determined by the expression for electrochemical
kinetics used in the model and is the difference between the local
potential of the electrode and the equilibrium potential of an

identical electrode given the same local reactant and product
concentration without any flowing current.

The mass-transport voltage loss is the voltage loss associated
with the change in reactant concentration from a reference concen-
tration ¢; ¢ to its value at the electrode surface c;. The reference
concentration ¢;,.r is usually the value of ¢; at the cell inlet
boundary. The mass-transport voltage loss can be calculated by
subtracting the kinetic voltage loss in Eq. 22 from the total voltage
loss. Usually, the mass-transport voltage loss takes the form:

/ RT (( ; )r)

bon —— In

CL aF Cloref

AVinass transport,j — I > [23]
cell

for each chemical species j, where c¢; and c; . represent the local and
reference concentration, respectively, and ~ represents the reaction
order. For ideal gaseous reactants, the partial pressure P; of each
species can be used in place of the concentrations c;.

A common feature in many fuel-cell models, including the one
used as a demonstration in this work, is the use of an agglomerate
model,** which considers the cathode catalyst layer comprised of
spherical agglomerates of catalyst particles sheathed in a layer of
ionomer that inhibits oxygen transport. This agglomerate model
assumption adds a mass-transport related voltage loss arising from
diffusion within the agglomerate and through the ionomer film
surrounding the agglomerate. This voltage loss can be expressed as

A Vagglomerate =

. RT coy.refHo, €0, film| gas 1
—iyy—— In —
CcL acF Poy.ref C0y.corelfilm E,

I cell

; [24]

where E, is the effectiveness factor, co, s and Pop, s are the
reference concentration and pressure of oxygen, Hp, is the Henry’s
law constant for dissolution of oxygen into the ionomer film, and the
remaining terms are the oxygen concentration at the gas/film
interface and the film/core interface. If one desires an even more
fine-grained approach, each fraction within the natural logarithm can
be broken out into its own voltage loss.

An example of a power-loss analysis voltage breakdown is
shown in Fig. 5a. Like the standalone method, the power-loss
analysis method does not depend on the sequence of limit removals.
Furthermore, it does not require multiple simulations, which can
reduce computational time and cost. However, this method focuses
on the instantaneous operation of a cell rather than defining the
expected improvement in cell performance upon removing a specific
limit, which could obscure some of the synergistic or coupled
interactions between phenomena and variables. Thus, this method
has quantitatively different predictions than either of the limiting-
case analyses. This method also requires derivation of explicit
mathematical definitions of the voltage losses, which can be
challenging, if not impossible, depending upon the equations used
in the model.

Finally, as noted in Fig. 1 and above discussions, there are
several different ways to accomplish the voltage-loss breakdowns,
with the cumulative being more predictive or similar to sensitivity
analysis and the power loss being more descriptive. A more detailed
comparison is shown in Fig. 6, which also highlights the dependence
of the cumulative method on the order of limit removal.

Voltage Breakdowns in Other Electrochemical Systems

The voltage breakdown methods are not limited to fuel cells and
can be applied to a wide variety of electrochemical energy-
conversion technologies. This section illustrates some examples of
voltage breakdowns in PEM electrolysis, anion-exchange-mem-
brane (AEM) electrolysis, and electrochemical CO, reduction using
the power-loss methodology. Each approach adds certain nuances to
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Figure 9. Power-loss analysis voltage breakdown for an AEM electrolyzer.
The bottom section indicates the voltage loss corresponding to ion-exchange
between the liquid electrolyte and ionomer.

the analysis and it is shown how to adapt the above methodology to
account for these additional phenomena.

Proton-exchange-membrane electrolysis.—The key differences
between a PEM electrolyzer and a PEM fuel cell are the use of
liquid water as a reactant in the PEM electrolyzer and the reversal of
the reactions. Accordingly, the hydrogen electrode becomes the
cathode and the oxygen electrode becomes the anode, which is
reflected in the definitions of the various voltage losses. Therefore,

the anode kinetic losses typically become the largest contributor to
voltage loss, rather than the cathode kinetic losses. As shown in
Fig. 7, the anode kinetics and the ohmic losses within the membrane
are the largest losses within the PEME, which coincides with
experimental findings. Mass-transport losses are negligible in
PEM electrolyzers due to the use of liquid water as the reactant
and currently used highly loaded anode catalyst layers
(>0.5mg cm %)%

The power-loss analysis can provide further insight for vapor
electrolysis, in which membrane hydration effects become much
more important. Fig. 8, adapted from Fornaciari et al.,*' shows a
voltage breakdown of a 2-D model of a vapor electrolyzer indicating
mass-transport losses throughout the current-density range. For fuel
cells, mass-transport voltage losses typically appear significant only
at higher current densities, at which the oxygen concentration in the
catalyst layer drops to zero. In Fig. 8, the mass-transport losses
appear earlier due to water-vapor transport within the porous,
heterogeneous catalyst layers. Understanding the loss as mass
transport provides essential information on how to ameliorate it in
the catalyst layer, design better electrodes, and provide more
reactant to the system.

In both liquid and vapor electrolyzers, voltage breakdowns
provide insight on better cell operation. Process conditions such as
temperature, humidity, and flow rate can change the breakdowns
accordingly as the kinetic, ohmic, and mass transport regimes are
dependent on these inputs. Understanding and mitigating these
losses could provide better long-term performance by decreasing
overpotentials within the cell. As shown in Fig. 8, the vapor
electrolyzer has an increased anode mass transport voltage loss
relative to the liquid electrolyzer shown in Fig. 8. This voltage loss
could be alleviated if better water transport were achieved by using
different porous transport layers, more uniform catalyst layers, or
more water. This mass transport voltage loss is unique to the vapor
electrolysis system and provides an area to improve the technology
that may not have been as easily identifiable from the polarization
curve alone. Additionally, if new catalysts, thinner membranes
tolerant to high differential pressure, or better catalyst layers can
be achieved, voltage breakdowns could be used to quantify the
improvement.

Anion-exchange membrane electrolysis.—The addition of an
electrolyte salt to electrolysis cells has been used to reduce voltage
losses, particularly in AEM electrolyzers, in which various salts
have been shown to improve performance over that of pure
water.**=® The additional electrolyte salts are thought to improve
ionic conductivity within the catalyst layer and enable the reaction at
the catalyst/liquid-electrolyte interface, effectively increasing elec-
trochemically active surface area and reducing kinetic voltage loss.
The chemical composition of the electrolyte and its concentration
may affect the exchange current density of the electrochemical
reactions in the electrolyzer as well.*

One of the challenges in modeling AEM electrolyzer perfor-
mance is the existence of multiple parallel ion-conducting pathways
with differing environments that may lead to differing ionic
potentials within each pathway. Accurately accounting for the
voltage losses due to parallel ion-conduction pathways is critical
for understanding and optimizing performance. One source of
voltage loss comes from ion exchange between the liquid electrolyte
and ionomer. The ion-exchange rate between the ionomer and liquid
electrolyte is derived from Donnan equilibrium,*®

45F (& = dp)
Rexchange = kexchange(cjl exp(# - ch s [25]

in which k.ycpange is an arbitrarily large rate constant, ¢; and ¢,

represent the ionomer and liquid electrolyte potentials, le and ch

represent the concentration of ion j in the ionomer and liquid
electrolyte, and z; represents the charge of ion j. The voltage loss
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corresponding to this ion-exchange process is given by

/(RexchangerF(¢] - ¢L))

Icell

AVipn —exchange = [26]

Figure 9 shows the power-loss analysis voltage breakdown for a
1-D model of an AEM electrolysis cell using 1 M KOH solution as
the liquid electrolyte. The grey section indicates the voltage loss
induced by ion-exchange power loss. By adding this power loss, the
energy conservation is complete, and the voltage losses sum to the
total voltage loss. This framework can be extended to other
electrolyzers using other electrolytes, such as potassium carbonate.

The power-loss post-processing method breaks down the total
voltage loss into different processes in the AEM electrolyzers and
provides insight on performance optimization. However, when inter-
preting the results from this method, one should keep in mind that a
larger voltage loss from a single process does not necessarily mean a
decrease in performance as all the processes are coupled. For example,
the ion-exchange voltage loss increases when the KOH concentration
in the liquid electrolyte increases because more current is conducted
through the liquid electrolyte, increasing the amount of ion-exchange
between the ionomer and the liquid electrolyte. However, the high
concentration of KOH in the liquid electrolyte also helps to deliver ions
through the catalyst layer, which reduces the catalyst layer ohmic loss.
More importantly, the high KOH concentration in the liquid electrolyte
facilitates the reaction at the catalyst/liquid-electrolyte interface, which

largely reduces the anode kinetic loss. As a result, increasing the KOH
concentration benefits the overall electrolyzer performance, even
though it increases the ion-exchange voltage loss. Nevertheless,
accurately accounting for this ion-exchange loss is essential for
understanding the parallel ion-conduction pathways in the AEM
electrolyzers.

CO;-reduction electrolysis.—Understanding the mechanisms of
voltage loss in MEA-based systems for electrochemical CO,
reduction is critical to developing optimized devices that can convert
CO, to value-added products. The power-loss analysis described
above was also applied to a 1-D model of an electrolysis device for
the electrochemical reduction of CO, using a vapor-fed anode. The
model, which is described more fully in the prior work by Weng
et al.,30’40 differs from the fuel-cell and electrolyzer models
discussed earlier in that multiple electrochemical reactions are
possible and expected at the cathode. When performing CO,
reduction on a copper catalyst, a wide variety of different hydro-
carbon products can be formed, and the reactions to form these
products are thus in direct competition in the cathode catalyst
layer.*' In electrochemical CO, reduction systems, or any electro-
chemical system with multiple competing electrochemical reactions,
there can be significantly more kinetic and transport parameters than
the traditional hydrogen fuel cell or water electrolyzer. Therefore,
postprocessing methods are particularly well-suited to these systems
because they can deconvolute voltage losses from each electro-
chemical reaction without recomputing the model for each reaction.

The power-loss method described above can be easily adjusted to
separate the kinetic and mass-transport losses associated with each
reaction as follows. First, the thermodynamic cell voltage U° must
be adjusted to reflect the free energy change for the product mixture
at the cathode,

anode

UO = EO - Ec('zlthude = EgHE - Z (FE)mEr(r)u [27]
m

where E? is the standard reduction potential of reaction m, (FE)m

represents the Faradaic efficiency for reaction m, and Edy is the
standard reduction potential for the hydrogen reduction reaction,
which can also be replaced by a mixture of standard reduction
potentials if multiple reactions are expected at the anode.

The deconvolution of the cathodic voltage losses from each
electrochemical reaction is shown in Fig. 10, which depicts the
voltage breakdown (Fig. 10a) for the 1-D CO,-electrolyzer model
and a further breakdown of the kinetic voltage losses at the cathode
into the normalized voltage-loss contributions (Fig. 10b) resulting
from the competing CO, reduction reactions modeled. Interestingly,
when compared to plots of the Faradaic efficiency (defined as the
partial current density for a given reaction divided by total current
density in the cathode catalyst layer) of the various reactions
(Supporting Fig. S1 available online at stacks.iop.org/JES/168/
074503/mmedia), the normalized kinetic voltage loss of a given
reaction correlates well with its selectivity. In modeling the
electrochemical reduction of CO, over a copper catalyst, the relative
contributions of each reaction to the cathodic kinetic voltage loss are
sensitive to the experimental dataset from which the kinetic
parameters (exchange current densities and cathodic transfer coeffi-
cients) are fit. Thorough models of these systems should use
parameters fit across multiple experimental datasets to ensure
generalizability of observed trends in the voltage efficiency and
selectivity of the individual reactions. The voltage breakdown and
selectivity trends shown here use kinetic parameters fit from work
by Ebaid et al.,** and the trends observed were found to be
generalizable over multiple kinetic datasets in the original work
by Weng et al.*°

Additionally, due to the dependence of the thermodynamic cell
voltage on the FEs of the individual CO,-reduction reactions, the
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Figure 11. (I) The effect of reducing the cCL thickness from 5 to 0.5 pm on the IV-characteristics of a CO, electrolyzer utilizing a copper catalyst. Overall
polarization curve from original 5 ym cCL is shown in red dashes. (II) ) Faradaic efficiencies to various hydrocarbon products (a)—(f) as a function of applied
current for both 5 ym (red dashed lines) and 0.5 pm (black dashed lines) thick cCL.

thermodynamic cell voltage will vary with total current density to containing two or more carbon atoms) increase. These products
reflect changes in the product distribution at the cathode. As the typically have more positive standard reduction potentials, and, thus,

current increases, the FEs for C,, products (that is, products Efhoqe increases and U° decreases.! This change of the
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thermodynamic cell voltage with applied current is unique to
electrochemical systems with multiple competing reactions and
can be observed in Fig. 10 as a decrease in the thermodynamic
contribution to the voltage breakdown.

Lastly, while voltage-breakdown analysis is typically used to
assess the mechanisms of voltage loss in an electrochemical system,
when applied to an electrochemical system with multiple competing
reactions, this analysis can also be used to explain changes in the FE
for certain products that the polarization curve alone cannot assess.
For example, as shown in Fig. 11, decreasing the cathode catalyst
layer (cCL) thickness from 5 to 0.5 um results in only a minimal
change in the polarization curve (Fig. 11(I)) but significantly
improves the selectivity for C,, products (Fig. 11(II)). This
improvement in selectivity can be attributed to the increased kinetic
overpotential (~100-150 mV) due to the lower catalyst loading of a
thinner ¢cCL' and can be observed in the voltage breakdown in
Fig. 11(I). The increase in the kinetic overpotential disproportio-
nately improves generation of C,, products because their reactions
have larger cathodic transfer coefficients, and thus, their FEs
increase at a faster rate with increasing kinetic overpotential in
comparison to hydrogen or C; products (products with only one
carbon atom).*® Again, the voltage-breakdown analysis provides
insights to the selectivity and performance of a CO, electrolyzer that
would be difficult to intuit when only considering the polarization
curve.

Conclusions

Many electrochemical systems can be characterized by polariza-
tion curves, which report the overall cell voltage as a function of
applied current. Generally, the cell voltage deviates from its ideal
thermodynamic value when the applied current is nonzero.
Minimizing this voltage deviation maximizes the efficiency of the
electrochemical system. These voltage deviations can be under-
stood, and their mechanisms identified, by using mathematical
models or guided experiments to generate voltage breakdowns.

In this work, we reviewed several voltage-breakdown methods.
Each method has advantages, but no method is unquestionably
superior in all situations. Analytical 0-D methods are best suited to
rapid analysis or quick fitting of experimental data but cannot
provide the in-depth insight or predictiveness of high-fidelity
multiphysics simulations. Computational models can be analyzed
using a limiting-case approach, in which models are re-computed
with new values for the coefficients controlling each type of voltage
loss, or they can be analyzed using a post-processing approach, in
which an energy balance is used to calculate power losses and
thereby calculate voltage losses. Limiting-case methods quantita-
tively answer design questions, such as “what would be the cell
performance if the resistance from mechanism k was eliminated?”
and thus have embedded sensitivity analysis. Each limiting-case
method has its drawback, however. The cumulative limiting-case
method cannot unambiguously determine the voltage breakdown
when loss mechanisms are coupled, because the order of removing
the loss mechanisms affects the result. On the other hand, the
standalone limiting-case method ignores coupling, and therefore
cannot quantify the cumulative effect of each mechanism on the cell
voltage and hence is more single phenomenon rather than system of
phenomena. The power-loss method rapidly analyzes simulations
and unambiguously quantifies voltage loss, provided the voltage-
loss mechanisms can be clearly defined mathematically. From the
perspective of cell engineering, however, the instantaneous value of
the voltage loss is less important than understanding what would
happen if a material property or cell process was altered. Thus, the
power-loss method is descriptive or diagnostic in nature, whereas
the limiting-case methods are predictive. With these different
approaches, the analysis, albeit complicated, can provide different
insights on diagnostics or design criteria. Given the ambiguity of
voltage-loss breakdowns in literature, we hope that this work can
serve as a common guide and reference for experimentalists and

theorists regardless of which method they choose. To illustrate the
diagnostic power and flexibility of the post-processing approach, we
calculated voltage breakdowns for a variety of electrochemical
systems. These breakdowns enrich the discussion of the polarization
curves and allow for more intuitive understanding of the limitations
of a given electrochemical system.
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