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ABSTRACT: Density functional theory (DFT) modeling has
been useful to electrocatalyst research, yet simulating the @ £ 1 | sensitivity

complexities of the electrode—electrolyte interface hinders progress @ -

+ | dielectric constant
in understanding reaction mechanisms and the underlying kinetics. L r | cleeetie constan
Though many approac.hes to incorporating electrochemical double 4 | itz
layer (EDL) features in DFT calculations have been developed,
uncertainty in interfacial solvent properties and the distribution of m

O

AQ¥| activation barrier
ions leave the impact of the EDL on electrocatalytic kinetics
unclear. Elucidating the sensitivity of DFT predictions to the EDL
properties and model is crucial. Herein, we use an analytical Grand
Canonical DFT framework (aGC-DFT) to quantify the sensitivity
of potential-dependent activation energies to parameters of the
EDL, incorporating a Helmholtz EDL model with varying
dielectric constant (&) and EDL width (d). We compute the activation barriers for OC—H, CO—H, and OC—CO bond
formation from CO* on Cu. These elementary reactions are critical within the heavily debated reaction mechanism of CO,
reduction and are likely to impact overall activity and product selectivity. We show the aGC-DFT method produces consistent
results with explicit GC-DFT calculations, while enabling probing of the EDL model sensitivity at a much lower computational cost.
Reaction steps with significant dipole moment changes (i.e, CO—H bond formation) are highly sensitive to the chosen EDL
parameters, such that the relative barriers of the OC—H, CO—H, and OC—CO bond formation steps depend significantly on EDL
properties. Without knowledge of the interfacial properties of the EDL, there is substantial uncertainty in activation barriers and
elementary reaction rates within a DFT analysis of electrocatalytic kinetics.

dipole change

polarizability change

1. INTRODUCTION in modeling electrocatalytic reactions has impacted mecha-
nistic understanding of the carbon dioxide reduction reaction
(CO,RR) on copper, where the mechanism is still heavily
del;gted despite numerous atomistic modeling studies (Figure
1).

Different DFT approaches have led to different conclusions
about the dominant reaction pathways for the CO,RR on Cu.
Focusing on the reaction mechanism to C; products, Nerskov
and co-workers (red in Figure 1) predicted from their
thermodynamic analysis (within the computational hydrogen
electrode framework) that adsorbed CO* preferentially
reduces to CHO* and that the (O)C—H bond formation

Density functional theory (DFT) modeling has been very
useful in determining electrocatalytic reaction mechanisms and
guiding the design of electrocatalytic materials.'~® However,
major challenges exist in modeling the complex potential-
dependent interplay between solvent, ions, and adsorbates at
the electrode—electrolyte interface, which hinders progress in
making accurate predictions of electrokinetics.”~'* Changes in
the composition and structure of the electrode—electrolyte
interface, the electrochemical double layer (EDL), impact
electrocatalytic activity and selectivity.''~>* Despite advances
in modeling the electrocatalytic interface, uncertainties in the
solvent properties and ion distributions within the EDL pose
challenges in modeling EDL effects. Representing the EDL Received: March §, 2024
within a DFT model inherently requires approximations Revised:  May 14, 2024
because DFT cannot sample the dynamic ensemble of Accepted: June 4, 2024
atomistic structures at the interface.”® Thus, different Published: June 25, 2024
mechanistic predictions can be reached depending on the

DFT and EDL model approximations chosen. This challenge
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W ACS PUblicationS 10837 J. Phys. Chem. C 2024, 128, 1083710847


https://pubs.acs.org/page/virtual-collections.html?journal=jpccck&ref=feature
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrew+Jark-Wah+Wong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bolton+Tran"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Naveen+Agrawal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bryan+R.+Goldsmith"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+J.+Janik"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.4c01457&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c01457?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c01457?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c01457?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c01457?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c01457?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jpccck/128/26?ref=pdf
https://pubs.acs.org/toc/jpccck/128/26?ref=pdf
https://pubs.acs.org/toc/jpccck/128/26?ref=pdf
https://pubs.acs.org/toc/jpccck/128/26?ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpcc.4c01457?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org/JPCC?ref=pdf

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

Carbon atoms ——

Black:

1 [A] Hori et al, 1994 (s2e)
m [B] Hori et al, 1997 (>2e’)
o | | Red:
o 0 [C) Peterson et al, 2010 (C1)
o (D] Kuhl et al, 2012 (C2)
2 (E] Montoya et al, 2015 (C1-C2)
[ng | | Blue:
31 [F] Kortlever et al, 2015
3 Purple:
w [G] Cheng et al, 2015 (C1)
) { { [H] Lum et al, 2018 (C2)
=1 Ovenge:
3 2 orang
Q
Green:  —
3 [K] Garza et al, 2018 (>2e¢’)
[L] Chernyshova et al, 2018 (s2e’)
4 %
R
R
N
| R
5 N
oH ¥ 0
[ A
H \ '\ o M H
6 o % o ¥ b U O g
X700 e Sc-C-oH W~ o=,
' it 5 .
HHH HH H / H
7 8 ey e X=c_
o ~(—-0 HO™" "o
—_— A [E——
8 H OH lop.s
€ a2l
HCCoy HeC A
~ 1
\ Concerted proton-electron transfer | | |
I
10 — No electron transfer i
">\ No proton transfer !
I
11 <.\ Chemical coupling reaction i
!
AN

“*..  Multiple electron transfers

12 \ Limiting step

=T

CoH, CH;CH,0

Figure 1. Reaction network of CO, electrochemical reduction to C, and C, products on Cu postulated from different experimental and theoretical
studies. Each colored line is a different concluded mechanism from its respective author as shown in the top right legend. Citations of the reaction

schemes in the top right legend are denoted here.**™

Figure 1 is reproduced from ref 23. Copyright American Chemical Society.

pathway is more favorable than (C)O—H bond formation.*®
They also concluded that the path through the CHO*
adsorbate led to methane formation. However, Schouten et
al.** demonstrated via an electrochemical mass spectrometer
experiment that CH,O%, present along this C—H pathway,
primarily produces methanol. Nie et al. (blue in Figure 1)
calculated electrochemical activation barriers on Cu(111) with
one or two explicit H,O to facilitate proton shuttling. In
contrast, their study predicted that the O—H pathway is more
favorable and leads to methane formation, whereas the C—H
pathway leads to methanol.”’~*” Cheng et al. (purple in Figure
1) proposed an alternate branching mechanism of methane
formation from the C—H pathway using ab initio molecular
dynamics with metadynamics, explicit water, and implicit
solvation.’® Clearly, the chosen model used to approximate the
elementary electrokinetics toward C, leads to qualitatively
different conclusions on the overall reaction mechanism.
Nevertheless, all studies conclude that the path CO* takes
dictates the product selectivity, whether through C—-H
formation, O—H formation, or OC—CO dimerization to C,
products.

DFT studies with a continuum approximation of the EDL
are computationally tractable for electrocatalysis modeling
because the complex electrolyte dynamics are represented as a
classically averaged, structureless medium.”*’ The continuum
electrolyte interacts with the charged electrode and adsorbates
through mean-field electrostatics and nonelectrostatic approx-
imations. However, such continuum models require para-

metrization, such as the solvent dielectric properties and cavity
definition, which are often fitted to reproduce the experimental
solvation free energies of organic molecules in bulk solutions.
Varying the potential in such models can be accomplished by
changing the surface charge, which then necessitates
approximations for the distribution of countercharge within
the EDL.

In a continuum EDL model, the electrolyte parameters
influence the electrochemical interfacial properties and,
consequently, the reaction energetics. Norskov and co-workers
highlighted this point by examining various parameters of a
polarizable continuum model, such as the dielectric constant
and the electron density cutoff for the cavity-shape function.’
They showed that these parameters affect solvent and ion
distributions, the potential of zero charge (PZC), and the EDL
capacitance. They found that no single set of parameters using
a linearized Poisson—Boltzmann/polarizable continuum model
can accurately capture all the underlying physics at the
electrochemical interface. For example, correcting for the ion
distribution (to not be unphysically close to the electrode) and
the interfacial water dielectric constant (to be much lower than
the bulk water value) yielded an interfacial capacitance much
lower than experimental values. In addition, they reported that
the thermodynamics of CO, adsorption and the Volmer
reaction on Pt(111) depend strongly on the choice of EDL
parameters. Zhang and Asthagiri also showed that DFT-
predicted overpotentials for the oxygen reduction reaction
depend on the parameters used within the VASPSol
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continuum solvation model."" These examples demonstrate a
well-known challenge for predicting electrocatalytic reaction
energetics with continuum EDL models: the sensitivi?f of
reaction energetics to the EDL model parameters.”””* =%

Despite the above challenge being known to the modeling
community, many electrokinetic studies implement only one
parameter set in the continuum EDL model without
considering the associated sensitivities in the resulting reaction
energetics. Gas-phase adsorption energy predictions of mono-
and diatomic adsorbates using standard generalized gradient
approximation functionals generally deviate 0.1—0.2 eV from
the experiment.**™* The deviations compared to experiments
when modeling electrocatalytic processes are surely larger
when considering the challenges in representing the impact of
solvation, electrification, and their potential-dependent intri-
cacies. Consequently, the uncertainty in reaction energetics
associated with EDL model sensitivity exacerbates conflicting
predictions of CO,RR pathways (Figure 1).

Quantifying the sensitivity of reaction energetics may require
repeating resource-intensive calculations (e.g., geometry
optimizations and transition state searches) with different
EDL parameters. This challenging scalability is especially true
when multiple calculations for different electrode potentials are
performed by using, for example, DFT calculations with a
“computational potentiostat”.*”"*~>" To promote transparency
and accessibility, we propose a scalable, accurate, and
interpretable way to determine potential-dependent reaction
energetic sensitivity to EDL parameters.

In this article, we examine the impact of EDL dielectric
properties and ionic charge distribution on the elementary
energetics of CO* reduction steps. We use an analytical GC
DFT framework (aGC-DFT) to calculate potential-dependent
barriers for C—H, O—H, and OC—CO formation of CO* on
Cu(111) and Cu(100) surfaces while quantifying the
sensitivity based on parameters used to represent the EDL.>
A simple Helmholtz model is used, with two parameters
defining the EDL, the Helmholtz width, and the dielectric
constant. We analyze the C—H, O—H, and OC—CO formation
involving CO* because the selectivity toward C, and C,
products likely depends on these reactions. We compare
these aGC-DFT results to explicit GC-DFT (eGC-DFT)
calculations where the GC framework is embedded within the
DFT code. Reaction energetics are consistent between the
aGC-DFT and eGC-DFT approaches across all three reactions.
We discuss the advantages and disadvantages of both
approaches for modeling electrocatalysis. aGC-DFT calcula-
tions show that activation barriers for reactions with significant
surface-normal dipole moment changes are much more
sensitive to the choice of the EDL parameters compared to
reactions with minimal dipole moment changes. Overall,
without knowledge of the interfacial properties of the
electrode—electrolyte interface, there is large uncertainty in
modeling electrokinetics and electrocatalysis due to the
sensitivity of DFT predictions on these parameters. We last
discuss opportunities (electrolyte tuning and probing double
layer structures) for computational studies in electrocatalysis.

2. METHODS

2.1. Electronic Structure Calculation and Model
Construction. 2.1.1. Joint-Density Functional Theory. For
DFT calculations in joint-DFT (JDFTx), the revised Perdew—
Burke—Ernzerhof (RPBE) functional was used with the GRBV
ultrasoft pseudopotential.’>>*>* A plane-wave energy cutoff of

544 eV was used. A Monkhorst—Pack k-point §rid of4x4x1
was used to sample the Brillouin zone.>>® Electronic
convergence was sped up using a Fermi—Dirac smearing
with a 0.2 eV width and a convergence threshold of 3 X 107
eV energy difference.”” The ionic optimization converged to 3
X 107 eV energy difference or 0.01 eV/A in root-mean-
squared force.

The CANDLE solvation model was used, which is based on
a linear polarizable continuum formalism with a nonvarying
bulk dielectric constant and a linearized Poisson—Boltzmann
ionic distribution.’® At the simplest level, this solvation model
requires choosing a bulk dielectric constant and ion
concentration (assumed +1 ionic pair). The default values
for each were used, that is, a dielectric constant of 78 and an
ion concentration of 1 M, which gives a Debye screening
length of 3 A.

The climbing-image nudged elastic band method (CI-NEB)
was used to find transition states.”” CI-NEB was implemented
in the atomic simulation environment (ASE), with JDFTx
being used as the energy and force calculator.”® CI-NEB
calculations converged with a force threshold of 0.05 eV/A.
Vibration calculations were subsequently performed to confirm
a single imaginary mode for the transition state.

The following elementary steps of CO reduction were
constructed on Cu(111) and Cu(100)

CO* + H* - CHO* (C —H step)

CO" + H* - COH* (O — H step)

CO™ + CO* - *OCCO + * (OC — CO step)

The Cu(111) and Cu(100) surfaces were modeled as four-
layered 3 X 3 unit cells, where the bottom two layers were
frozen at their optimal lattice constants during ionic
optimizations. CO* was placed on hollow sites. For the O—
H step, one explicit H,O was used to shuttle the adsorbed H*
to the oxygen on CO¥*. The visualization of the optimized
initial, final, and transition states for each reaction step on each
surface is in Supporting Information, Note 1.

2.1.2. Vienna Ab Initio Simulation Package. The Vienna
Ab Initio Simulation Package (VASP) interface from ASE was
used for single-point calculations and transition state searches
from JDFTx optimized structures.’’"®* The single-point
calculations were to obtain parameters for the aGC-DFT
formalism (see Section 2.2.2). In principle, one does not need
to switch electronic structure calculators to obtain the
parameters for aGC-DFT. This JDFTx-to-VASP workflow
was logistically convenient for our current collaborative work
and helps to demonstrate the consistency of results across the
two codes. Geometry optimizations performed in VASP were
observed to be nearly identical to the JDFTx optimized
geometries, as shown in Supporting Information, Note 2.

In VASP, electronic structure calculation settings are kept
identical to those in JDFTx, with a few exceptions. The same
RPBE functional, plane-wave cutoff of 544 eV, k-point grid of 4
X 4 X 1, and electronic convergence threshold of 3 X 107¢ eV
were used. One main difference is that the projector
augmented wave (PAW) method is being used in place of
the GRBV pseudopotential.”>*® Finally, VASP single-point
calculations were performed in a vacuum (i.e., without implicit
solvation), necessitating a dipole correction (IDIPOL = 3 and
LDIPOL = .TRUE.) in the normal direction to prevent
unphysical interactions between periodic images. These

https://doi.org/10.1021/acs.jpcc.4c01457
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numerical differences between JDFTx for eGC-DFT and VASP
for our aGC-DFT calculations do not have a notable effect on
comparable reaction energies, as demonstrated by the
agreement between the two approaches (as shown in the
Results and Discussion). Solvation free energies of inter-
mediates in bulk water were also computed in the VASPSol
implicit solvation model using the default parameters
(dielectric constant of 78 and Debye length of 3 A).78 A
comparison between solvation free energies between VASPSol
and JDFTx is discussed in Supporting Information, Note 3,
showing minimal differences between the two solvation
models. Transition state searches were performed using CI-
NEB to compare between structures from VASP and JDFTx.
The force convergence criteria for all geometry optimizations
were set to 0.01 eV A™". A single imaginary harmonic mode
was verified to confirm transition state structures.

2.2, Potential-Dependent Activation Barriers. 2.2.1. Ex-
plicit GC-DFT. Geometry optimizations and CI-NEB searches
were performed in JDFTx at the following applied potentials vs
the standard hydrogen electrode (SHE): 0.0, —0.4, —0.8, —1.2,
—1.6, and —2.0 V. The applied potential was fixed by setting a
target electronic Fermi energy (ug), which was converted to

the SHE scale by using Ugyp = _MF; %, where @, = 4.66 €V,
as calibrated to the CANDLE implicit solvation model.”®
The potential-dependent (grand free energy) activation

barriers are computed using

F_ ¥
AQ" = AG™ — u AN, (1)

€ and G denote the grand free energy and Gibbs free energy
of a system, respectively. N, and py are the excess number of
electrons (varying) and the Fermi energy (preset), respectively.
The A and the % superscript indicate the difference between
the transition state and the initial state (i.e., the forward
activation barrier).

The initial states for the C—H and O—H reaction steps were
chosen as 1/2H,(gas) and adsorbed CO*. This essentially
describes these reactions as proton-coupled-electron-transfer
steps. Finally, at some applied potentials, the final and
transition states of certain steps could not be optimized.

2.2.2. Analytical GC-DFT (aGC-DFT). An aGC framework
was used to calculate the energetics of species A corrected to
constant potential and with the interactions between the
electric field and the adsorbate, as given in eq 2. This
methodology was explained in detail in prior work, with the
main points reviewed here®”

1 1
QA(U) = GA(IJPZCJ) - ;Cdl(U — IJPZC,A)Z + ﬂﬂfﬁ + EQAFZ

(2)
Here, G;(U,,,) is the Gibbs free energy of an adsorbed
intermediate at the metal/vacuum interface at the PZC of the
surface with adsorbate present (U, ,, with 4 in the subscript).
The free energies of each species are obtained by eq 3

GA(Upzc,A) = Eppr + Ezpvg — TSy 3)

where Epgp is the DFT-calculated electronic energy of the
species, E pyg is the zero-point energy correction, and TSy, is
the harmonic vibrational entropic corrections at 300 K
(omitting modes with imaginary and less than SO cm™!
frequency). Cy is the capacitance of the electrochemical
double layer, discussed below, and U is the electrode potential.
The dipole-field interaction is described by the surface-normal

dipole moment (y;) and the electric field (F,). The last term is
the induced dipole-field interaction described by the polar-
izability (a;) and the electric field. Details of calculating
polarizability are noted in our prior work.>*

Using eq 2 requires the following: (1) determining the U,,,
for any intermediate 4 along the reaction path and (2) a model
of both the capacitance and the electric field of the electrode—
electrolyte interface. U,,., could be calculated directly by
determining the work function of the surface/adsorbate
system, and using the relationship between work function
and surface potential. However, we find it more convenient to
recognize that the surface normal dipole moment reliably
predicts the shift in work function (i.e., PZC) relative to the
bare surface, U, as given in the form of eq 4 (and discussed
more fully in recent work)>”

u
[]pzc,ﬂ = Ui)zc + g
£ @

where &, is the relative permittivity of the EDL, g, is the
permittivity of vacuum, and A is the area of the model surface
slab. The PZC of the bare surface (Upw without 4 in the
subscript) is determined from the calculated work function of
the bare slab, @, and converted to the SHE scale, as shown in

eq S

2 — 4.66

U SHE) = —2 (5)

where e is the charge of an electron. A value of 4.66 was used
to facilitate comparison with the eGC-DFT results. Equa-
tions2, 4, and 5 effectively correct DFT reaction energetics to
constant potential (constant work function) using the
magnitude of the dipole moment changes along the reaction
path.

Determining a model of both the capacitance and the
electric field that is representative of the EDL is challenging
due to the uncertainty in the interfacial properties during
electrocatalytic reaction conditions. A classical parallel plate
model (Helmholtz model) is employed to describe the EDL
due to its advantage of describing the effects of potential and
electrification using two parameters, the dielectric constant, &
and the EDL width (d), as shown in eqs 6 and 7

)

£.6,A

C, =

a7 g (6)
U - Uzcﬂ

F = pzc,

4 d (7)

Equations 2—7 allow for the calculation of potential-
dependent free energies between any two states along the
reaction path, for example, by expressing the equation set with
A = transition state and subtracting the same equations
expressed for A = reactant state.

For coupled proton—electron transfer steps (i.e., the C—H
and O—H steps), eq 8 shows the form of the potential-
dependent activation grand free energy between the transition
and reactant state, AQ*(U")

https://doi.org/10.1021/acs.jpcc.4c01457
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Figure 2. Comparing potential-dependent activation free energies from aGC-DFT (lines) and eGC-DFT (points) for (a) C—H, (b) O—H, and (c)
OC—CO bond formations of CO* on Cu(111). aGC-DFT parameters for the EDL are ¢, = 78 and d = 3 A for C—H and OC—CO and ¢, = 78 and
d =4 A for O—H. MAE (eV) for each reaction is denoted. Insets for O—H and OC—CO panels highlight differences between the two models at a

smaller free energy range.

2
AQHU) = AGH + lelU’ — LAGD) | Aug,
2 eAd d
A(u? A INCTT A
U NV (Za/:Z_ (a/AZ)U,
eAd d 2e°A°d eAd

1 Aa 2

el §

2 g? (8)

where U' = U — U,

g pzc
AG*° is the uncorrected activation barrier at U

pzc
surface, as shown in eq 9

on the SHE scale assumed at pH = 0.
of the bare

o _ 1
AG"® = Grgy — Gyy — EGH2 + lelU,,c + AAGg,, ©)
where Grg- is the free energy of the transition state, G« is the
free energy of the reactant state (i.e,, CO*), and Gy, is the free

energy of gas-phase H, corrected to 1 atm using the ideal gas
approximation.

For nonproton-transfer steps (i.e, the OC—CO step), eqs
10 and 11 are used to compute the potential-dependent
activation grand free energies

2 2
AQHUY) = aghe - LAWD) | Ay AW

2 eAd d eAd
A Aap® A
iy 2) s,
d 2e°A°d eAd
1 Aa 2
+-=U
2 4 (10)
AG"® = Grgy — Gy + AAGg, (11)

where the initial state depicts two coadsorbed CO* on the
surface. The main difference here is the removal of both the
free energy of gas-phase H, and the lelU terms due to a lack of
coupled proton—electron transfer.

Solvation in eqs 9 and 11 is only considered short-range
solvation from explicit H,O included within the DFT model
(when applicable). Long-range solvation can be incorporated
as a correction term (AAGyg,)—the difference in solvation free
energies between the transition and initial states—to eqs 8 and
9. We computed AAGs, by running single-point calcula-
tions—with and without the implicit model turned on, and
with no applied potential—on geometries of the initial states
and transition states optimized at —0.8 V-SHE. To facilitate

10841

comparison with the results from eGC-DFT, the values of
AAGs, from CANDLE are used in the aGC-DFT framework.
However, a comparison between solvation energies obtained
between CANDLE and VASPSol show minimal differences
between the two solvation models, as shown in Table S7.

3. RESULTS AND DISCUSSION

Both aGC-DFT and eGC-DFT were used to calculate
potential-dependent activation (grand) free energies for CO*
reduction on Cu(111) and Cu(100). First, the activation free
energies of C—H, O—H, and OC—CO bond formation on
Cu(111) computed via the two methods are compared to
discuss the advantages and disadvantages between both
approaches (Section 3.1). The sensitivity of the calculated
activation barriers on the chosen EDL properties is then
quantified (Section 3.2). The impact of the chosen EDL
properties on the selectivity and activity of C—H vs O—H
formation to C; products is then investigated in Section 3.3.
Considering this sensitivity between C—H vs O—H formations
on EDL properties, we briefly discuss opportunities to tune the
reaction pathway to favor C—H or O—H formation.

3.1. Comparison between aGC-DFT and eGC-DFT.
The potential-dependent activation barriers of the three
elementary steps (C—H, O—H, and OC—CO) on Cu(111)
are shown in Figure 2. We find good agreement between the
two methods for all three elementary steps. For the C—H, O—
H, and OC—CO steps, respectively, the mean absolute errors
(MAEs) are 0.05, 0.06, and 0.03 eV, and the max absolute
errors are 0.08, 0.09, and 0.07 eV. The symmetry factors (f3),
that is, the slope of the activation barrier versus potential, are
also consistent between the two methods. Linear slopes fitted
to eGC-DFT data points yield # of 0.99, 0.51, and 0.11 for the
C—H, O—H, and OC—CO steps, respectively. The first-order
derivative in the aGC-DFT formalism (eqs 8 and 10) gives 3 of
1.02, 0.66, and 0.0S, respectively. Note that Figure 2 shows
negative activation barriers at the most reductive potentials
considered due to the analytical extrapolation approach,
though the reaction should instead be taken to be barrierless
at such potentials were these values used to predict rate
constants.

We posit that the small energetic differences between the
two methods arise from a few computational technicalities.
The first difference comes from changing the core electron
description from the GRBV pseudopotential to the PAW
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method, which pertains to our particular setup of running
eGC-DFT in JDFTx and aGC-DFT in VASP. Second, aGC-
DEFT uses solvation free energy differences between uncharged
states, which were assumed to have no potential dependence.
The eGC-DFT calculations, however, might have picked up
small changes in solvation free energy differences with applied
potential due to, for example, changes in the cavity volume
(electronic density-based) of different adsorbates. Lastly, the
ion distribution is inherently different between the two
methods. aGC-DFT uses a planar Helmholtz-like ionic layer
with a prescribed distance from the electrode. eGC-DFT,
instead, uses an exponentially decaying profile of ions versus
electrode distance, as described by the linearized Poisson—
Boltzmann framework. Thus, the value of d used between
eGC-DFT and aGC-DFT does not need to be identical. The
minimization of the MAE of O—H bond formation utilized d =
4 A within the aGC-DFT framework, which is different than
the Debye length used in the eGC-DFT calculation (d = 3 A).
Figures S1—S3 denote further discussion of how tuning the
EDL width affects the comparison between eGC-DFT and
aGC-DFT on Cu(111) and Cu(100) surfaces.

Despite the differences in a few computational technicalities,
the observed good agreement in Figure 2 highlights the fidelity
of the aGC-DFT approach in predicting potential-dependent
activation barriers. This result attests to the approach of
compartmentalizing the potential-dependent energetics into
underlying physical interactions (eqs 8 and 10). The data in
Figure 3 shows the values of the various terms in the aGC-
DFT calculated barriers at two different potentials.
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Figure 3. Compartmentalization of potential-dependent activation
free energies from aGC-DFT for C—H, O—H, and OC—CO bond
formation of CO* on Cu(111). aGC-DFT parameters for the EDL
are ¢, =78 and d = 3 A for C—-H and OC—CO and ¢, =78 and d = 4
A for O—H. Potentials are referenced to the SHE. Transparent
colored bars refer to free energies at —0.5 V-SHE, whereas the fully
shaded bars refer to free energies at —0.75 V-SHE.

The data in Figure 3 shows that the potential dependence of
the activation energies of C—H bond formation is largely due
to the linear shift in the energy of the electron. The capacitive
and field interaction terms are negligible due to the
insignificant dipole moment change (Au = 0.02 eA) during
C—H bond formation. As a result, this reaction step observes a
value of # ~1 as the total barrier changes from —0.75 V-SHE
to —0.5 V-SHE. However, the capacitive and field interaction

terms significantly contribute to the overall barrier for O—H
bond formation due to the large dipole moment change (Ap =
—0.68 eA). For &, = 78 and d = 4 A, both the correction to
constant voltage (capacitive) and dipole-field interactions
increase the activation barrier at —0.5 and —0.75 V-SHE.
Considering all potential-dependent contributions, O—H bond
formation results in a value of # = 0.66. Though the eGC-DFT
method shows a similar symmetry coefficient, the aGC-DFT
method provides additional insight into how this value arises
from a combination of the capacitive and dipole-field
corrections with the explicit faradaic term. The OC—-CO
bond formation, despite being a nonfaradaic step, shows a
small potential dependence (f = 0.04) that is largely due to the
capacitive and dipole-field interactions. All reactions observed
in this work have negligible changes in polarizability, resulting
in the polarizability contribution on the overall barrier to be
insignificant (i.e., 0.002 eV for OC—CO at —0.75 V-SHE).
This compartmentalization approach greatly benefits the
interpretation and rationalization of applied potential and
EDL effects on electrocatalytic kinetics and thermodynamics.

The aGC-DFT approach also proves superior in terms of
computational cost due to its simplicity. By rough estimation,
using eGC-DFT to produce the discrete data points for C—H
and O—H in Figure 2a,b costs about 12 and 8 times more,
respectively, than applying aGC-DFT. Multiplying these
factors by the number of elementary steps for CO,RR in
Figure 1, it becomes a comparison of months versus years for
time spent tackling mechanistic studies between the two
methods. More pertinent here, the lower cost of using aGC-
DFT also allows for tractable sensitivity analysis of EDL
parameters on reaction energetics (Section 3.2). Recreating the
data in Figure 2 for different dielectric constants or ion
distributions with eGC-DFT requires rerunning all the DFT
calculations, whereas aGC-DFT predicts changes in barriers
with these properties analytically without additional DFT
calculations.

Of course, the eGC-DFT approach is not without its
inherent benefits, despite having a much higher computational
cost. Modeling elementary reaction steps at fixed applied
potentials enables direct examination of potential-dependent
atomic geometries and electronic structures (ie., more than
just energetics). If a detailed analysis of potential-dependent
electronic structures such as charge densities and density of
states is desired, eGC-DFT can provide these. Certain
absorbate geometries will not be optimizable without explicit
applied potential.**®” For example, the final state and
transition state for the OC—CO step on Cu(111) could not
be geometrically optimized unless enough negative charges
were applied (i.e, at and below —0.8 V-SHE, as shown in
Figure 2). eGC-DFT can locate such states directly because
the inclusion of continuum solvation screens for repulsive
periodic cell-to-cell interactions that can make highly polar
states unstable. A hybrid approach, in which eGC-DFT (or,
simply, adding charge and continuum solvation into a DFT
calculation) is used to locate such states, followed by an aGC-
DFET workup of the properties of such states taken from single-
point calculations, is also an inviting option.

Similar conclusions for reactions on Cu(100) are shown in
Supporting Information, Note 4.

3.2. Sensitivity of Calculated Barriers Based on the
EDL Properties. The data in Figure 4 shows the sensitivity of
the potential-dependent activation energies of the three
reaction steps of CO* reduction on Cu(111) surface using
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Figure 4. Sensitivity of potential-dependent activation barriers based on approximated values of the EDL properties for (a) C—H, (b) O—H, and
(c) OC—CO bond formations of CO* on Cu(111). aGC-DFT framework modeled the EDL using values €, = 1, 2, 4, 8, 13, and 78 and d = 3, 4.5,
6, and 10 A for all plots. Darker colored lines indicate larger dielectric constants. Solid lines correspond to d = 3 A, dashed lines correspond to d =
4.5 A, dashed-dotted lines correspond to d = 6 A, and dotted lines correspond to d = 10 A, as denoted by the depicted arrows. Dipole moment
changes (Apu) between the initial and transition states for each reaction are also given in each subpanel.

the aGC-DFT approach. The magnitude of the dipole moment
change along the reaction path is indicative of the sensitivity of
activation barriers to EDL properties. The activation barrier for
C—H bond formation (Figure 4a) is not sensitive to the
approximated EDL properties because of the insignificant
dipole moment change during the reaction. C—H formation
shows a slope of barrier with potential (symmetry factor, ) of
~1 from both eGC-DFT and aGC-DFT, as the transition state
resembles that of a chemical C—H bond formation step,
following a completed electrochemical proton adsorption step.
However, the O—H bond formation barrier shows significant
sensitivity to the & and EDL width values because of the
significant dipole moment change along the reaction path (8
varies between 1 and 0.54 across the values of &, and d
considered in Figure 4, as shown in Supporting Information).
The activation energy span shown at —0.95 V-SHE is
approximately 0.4 eV for &, = 78 (dark purple) from d = 10
to 3 A (dashed dot to solid), resulting in a substantial change
in the rate constant by a factor of approximately 5,790,000 at
room temperature. For a constant value of d = 3 A, the
activation energy spans by approximately 0.1 eV for &, = 1 to
78 at —0.95 V-SHE.

The data in Figure 4c shows that OC—CO bond formation,
a nonfaradaic chemical step, exhibits sensitivity based on the
chosen EDL properties, though at a much smaller range of
~0.1 eV. Decreasing both the EDL width and the dielectric
constant leads to a potential dependence of the activation
energy to form the OCCO* dimer (ff = 0 to 0.04). While the
activation energy span is about 0.1 eV, tuning the EDL
properties can alter the rate by a factor of approximately S0 at
room temperature. Supporting Information, Note S5, shows
how the symmetry factor changes as the EDL properties are
varied on both Cu(111) and Cu(100) for the reduction of
CO*.

Opverall, the properties of the solvent and the distribution of
ions can impact electrokinetics. The large sensitivity of DFT-
predicted activation free energy barriers for elementary steps
with large dipole moment changes is alarming because the
known values of the solvent properties and ion distributions
are needed to determine the operable activation barrier.
However, the effective solvent dielectric properties and ion
distributions within the EDL will vary with metal, surface facet,
and electrolyte composition, and determining such values for

any specific system is a daunting task both experimentally and
computationally.

Without knowledge of solvent properties and ion distribu-
tion, the uncertainty of DFT-predicted activation free energy
barriers of many elementary steps is large. Experimental and
computational studies show the effective dielectric constant of
water near a metal surface may be closer to 2 than to 78.”°7>
Neither Helmholtz nor Poisson—Boltzmann models of
counterion distribution agree with observed potential-depend-
ent capacitances, and the applicable counterion distribution for
any given electrolyte/electrode combination is unknown. Best
practices in DFT calculations should test and report the
sensitivity of reported activation barriers (and elementary
reaction energies) to these parameters. Simply quantifying the
extent to which the surface normal dipole moment varies along
the reaction coordinate examined predicts well this sensitivity.
The aGC-DFT approach shows that both the constant-
potential and dipole-field terms in eqs 2, 8, and 10 are
dictated by the dipole moment change.

Supporting Information, Note 6, shows equivalent data on
Cu(100), both showing similar qualitative conclusions w.r.t
sensitivity based on chosen EDL properties.

3.3. EDL Properties Affect Selectivity and Activity to
C, Products. The data in Figure S shows an example where
tuning the properties of the EDL impacts the selectivity and
activity of reactions toward C; products. C—H and O—H bond
formation have the same barrier at approximately —0.3 V-SHE
if £, = 78 and counterion distance = 6 A (dashed-lines) is used
to model the EDL. Below this potential, C—H formation
outcompetes the O—H formation. Atomic force microscope
and classical molecular dynamics studies have reported that the
dielectric constant may be closer to &, = 2.”°~" If values €, = 2
and d = 3 A are used to represent the EDL, O—H bond
formation becomes competitive above approximately —0.15 V-
SHE. Altering the interfacial properties of the EDL can alter
the selectivity between products formed from C—H and O—H
bond reaction paths. Additionally, the activation energy of O—
H bond formation is shown to change by approximately 0.2 eV
based on the set of EDL parameters, suggesting that the rate
constant can change by up to a factor of 2400 at room
temperature. Although predicting quantitative conclusions
regarding O—H formation is difficult due to its high sensitivity,
the ability to alter the activation energy by tuning the

https://doi.org/10.1021/acs.jpcc.4c01457
J. Phys. Chem. C 2024, 128, 10837—-10847


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c01457/suppl_file/jp4c01457_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c01457/suppl_file/jp4c01457_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c01457/suppl_file/jp4c01457_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c01457?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c01457?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c01457?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c01457?fig=fig4&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.4c01457?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

1.2

1.1 f |=— C-H Bond Formation
=== 0-H Bond Formation

%1.0 3
'09 -
>
o8 |
Q

So07F

'o i “ A A A i
-1.50 -125 -1.00 -0.75 -0.50 -0.25 0.00
U (V-SHE)

Figure S. Comparing potential-dependent activation barriers for C—
H bond formation (blue) and O—H bond formation (orange) on
Cu(111). Solid line corresponds to values of &, = 2 and d = 3 A and
dashed lines correspond to €, = 78 and d = 6 A.

electrolyte properties of the EDL is a unique opportunity to
improve the activity and selectivity in electrocatalysis.

Figure S8 shows the same data as for Figure 5 but instead for
Cu(100), qualitatively showing that tuning the EDL properties
has implications on selectivity and activity toward C, products.

4. CONCLUSIONS

An aGC-DFT approach was used to quantify the sensitivity of
grand activation free energy barriers for electrocatalytic CO,
reduction reactions on Cu to continuum EDL model
parameters. The potential-dependent activation barriers for
OC-H, CO-H, and OC—CO bond formation on Cu(111)
and Cu(100) were determined using the aGC-DFT approach.
We validated this analytical formalism by comparing results
against eGC-DFT calculations, highlighting the potential-
dependent energetics being captured by compartmentalized
interactions between the adsorbates and the EDL. Being much
more computationally efficient, the aGC-DFT approach is
well-suited for analyzing the sensitivity of DFT-computed
electrocatalytic reaction energetics to EDL properties. DFT-
computed electrocatalytic reaction energetics are often highly
sensitive to EDL properties, whether an aGC-DFT or eGC-
DFT approach is used. The aGC-DFT methods make these
dependencies apparent and analytically accessible, rather than
requiring repeated eGC-DFT calculations performed with
varying EDL properties.

The dipole moment change along the reaction path is
indicative of the sensitivity of reaction paths to the
approximated values of the EDL properties. Reactions with
insignificant dipole moment changes (e.g, C—H bond
formation) show minimal sensitivity to the approximated
values of the EDL properties. For reactions with larger dipole
moment changes (e.g, O—H bond formation), the activation
barriers have considerable sensitivity to what values are used to
approximate the EDL properties. Until we know the interfacial
properties of the electrode—electrolyte interface, we must live
with this uncertainty in these parameters and be transparent
about this sensitivity when performing atomistic modeling.
Rather than tuning EDL parameters to achieve “the right
value” or for “a conclusion to match experiment”, computa-
tional studies in electrocatalysis should standardize practices in

performing sensitivity analysis based on models of the EDL
and their parameters.

Although the high sensitivity in predicted activation energies
observed in this work can be discouraging, opportunities arise
as tuning the EDL environment is predicted to impact
electrocatalytic selectivity and activity. Electrolyte engineering
strategies for electrocatalysis have been studied, such as
altering the identity of the ion and using ionic liquids and
mixed solvents.'>'*'®!72L73=75 Thjs analytical approach,
alongside experimental efforts, can rationally use these
opportunities to advance electrocatalytic system design. This
work also motivates additional efforts to determine double-
layer structures and dielectric properties, for which classical

force-field molecular dynamics are well-suited meth-
o0ds 8717677
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