
ATOMIC-SCALE COMPUTATIONAL INSIGHT INTO
ELECTROCHEMICAL REACTIONS: 

FROM MECHANISTIC UNDERSTANDING TO MATERIALS ENGINEERING

CHEM*7500/CHEM 750

Leanne D. Chen
University of Guelph

October 6, 2021



CHEM*7500/CHEM 750, Week 4, October 6, 2021

The Climate Challenge

Data: National Oceanic and Atmospheric Administration. 
Some description adapted from the Scripps CO2 Program website, “Keeling Curve Lessons.”
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The Energy Transformation Challenge

Seh, Z. W.; Kibsgaard, J.; Dickens, C. F.; Chorkendorff, I.; Jaramillo, T. F. Science 2017, 355, eaad4998.
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From Atomic-Scale Insight to Heterogeneous Catalyst Design

A full catalytic process Microscopic processes

Describing a chemical reaction 
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Macroscopic observables

Nørskov, J. K.; Studt, F.; Abild-Pedersen, F.; Bligaard, T. John Wiley & Sons, Inc: Hoboken, NJ, USA, 2014.



CHEM*7500/CHEM 750, Week 4, October 6, 2021

From Atomic-Scale Insight to Heterogeneous Catalyst Design

Adapted from Liu, X.; Xiao, J.; Peng, H.; Hong, X.; Chan, K.; Nørskov, J. K. Nat. Comm. 2017, 8, 15438.

Reaction Coordinate

Rate-determining step

Mapping out the reaction pathway 
gives insight into the overall rate, or 

turn-over frequency (TOF)
Volcano plots: ”active” at the peak
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From Atomic-Scale Insight to Heterogeneous Catalyst Design

Bligaard, T.; Nørskov, J. K.; Dahl, S.; Matthiesen, J.; Christensen, C. H.; Sehested, J. J. Catal. 2004, 224, 206–217.

Experiment

Methanation: CO + 3 H2 → CH4 + H2O

Rate-limiting step: CO bond-breaking, therefore 
ΔEC (C-binding) and ΔEO (O-binding) relevant

Theory
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Electrochemical Systems Are Very Complex

Jouny, M.; Luc, W.; Jiao, F. Nat. Catal. 2018, 1, 748–755.

applied 
electric 
potential

Image courtesy of Ambarish Kulkarni

Electrocatalytic systems: 
typically between 102 to 
103 electrons
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Improving the Electrochemical Model

H+

e−

Explicit SolvationComputational Hydrogen Electrode (CHE)

Nørskov et al. J. Phys. Chem. B 2004, 108, 17886–17892.

Mathew et al. J. Chem. Phys. 2014, 140, 084106.

H+ + e− → 1/2 H2, U0 = 0 V

Continuum solvent

Solute Implicit Solvation 
(VASPSol, JDFT, 
Environ)
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Overview of Topics

Seh, Z. W.; Kibsgaard, J.; Dickens, C. F.; Chorkendorff, I.; Jaramillo, T. F. Science 2017, 355, eaad4998.

1

2

3. Applying embedding 
(combined high- and low-level 

theoretical descriptions) 
approaches to catalytic systems

environment: 
low-level theory

active site: 
high-level 

theory
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I. FUNDAMENTAL LIMITS TO VOLTAGE OUTPUT IN AQUEOUS METAL-AIR BATTERIES
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We Need to Increase the Range of Electric Vehicles

Battery 500 Consortium: 500 Wh/kg 
energy density, compared to the 
170-200 Wh/kg in today's typical EV 
battery (Li-ion)

For comparison, gasoline has 1700 
Wh/kg practical energy density in an 
internal combustion engine vehicle

Girishkumar, G.; McCloskey, B. D.; Luntz, A. C.; Swanson, S.; Wilcke, W. J. Phys. Chem. Lett. 2010, 1, 2193–2203.
Pacific Northwest National Laboratory

Tesla Motors



CHEM*7500/CHEM 750, Week 4, October 6, 2021

Metal-Air Batteries Have Increased Energy Density

address only issues related to strategies for individual recharge-
able battery cells; the management of the individual cells of a
battery becomes more complex, as does the cost, the larger the
number of cells needed for a given battery application.

! ELECTROCHEMICAL CELLS
An electrochemical cell consists of two electrodes, the anode and
the cathode, separated by an electrolyte. The electrolyte may be a
liquid or a solid. Solid electrolytes are used with gaseous or liquid
electrodes; they may be used with solid electrodes, but solid!solid
interfaces are problematic unless the solid electrolyte is a polymer or
the solid electrodes are thin. Solid electrodes separated by a liquid
electrolyte are kept apart by an electrolyte-permeable separator.
The electrolyte conducts the ionic component of the chemical

reaction between the anode and the cathode, but it forces the
electronic component to traverse an external circuit where it does
work, Figure 1. Because the ionic mobility in the electrolyte is

much smaller than the electronic conductivity in a metal, a cell
has large-area electrodes separated by a thin electrolyte; metallic
current collectors deliver electronic current from/to the redox
centers of the electrodes to/from posts that connect to the
external circuit. A rechargeable cell has a reversible chemical
reaction at the two electrodes.
During discharge and charge, an internal battery resistance Rb

to the ionic current Ii = I reduces the output voltage Vdis from the
open-circuit voltage Voc by a polarization ! = IdisRb and increases
the voltage Vch required to reverse the chemical reaction on
charge by an overvoltage ! = IchRb:

!= !V V q I( , )dis oc dis (1.1)

!= +V V q I( , )ch oc ch (1.2)

where q represents the state of charge. The percent e!ciency of a
cell to store energy at a "xed current I is
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where Q is the total charge per unit weight (Ah kg!1) or per
volume (Ah L!1) transferred by the current I = dq/dt on
discharge or charge. Q(I) is referred to as the cell capacity for a
given I;Q depends on I because the rate of transfer of ions across
electrode/electrolyte interfaces becomes di#usion-limited at
high currents. A di#usion-limited loss of the Li inserted into an
electrode particle at a high rate of charge or discharge represents
a reversible loss of capacity. However, on charge/discharge
cycling, changes in electrode volume, electrode!electrolyte
chemical reactions, and/or electrode decomposition can cause an
irreversible loss of capacity. Electrode!electrolyte chemical reac-
tions that result in the irreversible formation of a passivating
solid!electrolyte interphase (SEI) layer on an electrode during
an initial charge of a cell fabricated in a discharged state are
distinguished from the irreversible capacity fade that may occur
with cycling. The percent Coulombic e!ciency of a single cycle
associated with a capacity fade is

#
Q
Q

100 dis

ch (4)

The cycle life of a battery is the number of cycles until the
capacity fades to 80% of its initial reversible value. Additional
"gures of merit of a rechargeable cell, aside from cost and safety,
are its density (speci"c and volumetric) of stored energy, its
output power P(q) = V(q)Idis for a given discharge current, and
its calendar (shelf) life. The available energy stored in a fully
charged cell depends on the discharge current Idis; it may be
obtained by measuring the time !t(Idis) for its complete
discharge at a constant Idis = dq/dt:

" "= =
$

IV t t V q qenergy ( )d ( )d
t Q

0 0 (5)

The gravimetric energy density (Wh kg!1 or mWh g!1) is
dependent on Idis throughQ(Idis). The volumetric energy density
(Wh L!1) is of particular interest for portable batteries, especially
those that power hand-held or laptop devices. The tap density is a
measure of the volume fraction of active particles in a cylinder
after “tapping”, i.e., of the packing density of active electrode
particles.

! THE CHALLENGE
The LIB has created great changes in modern life. We have been
using cell phones to communicate with others and laptop
computers to work anywhere. Moreover, the recent develop-
ments of smart phones and tablet computers have provided more
user experience, but these developments continue to request
more operating cycles in electronic devices with thinner and
lighter LIBs of higher stored energy. Yoshino1 of the Asahi Kasei
Corporation assembled the "rst Li1!xCoO2/C cell (Figure 1),
which was commercialized by the SONY Corporation in a cell
phone and a camcorder. The energy stored in a hand-held LIB
has since been successfully increased to >3.0 Ah in the 18 650 cell
now available. However, the volumetric energy density has been
increased mainly by cell engineering; and sophisticated cell
engineering, including the ability of the synthetic chemist to
control the size and morphology of the active particles as well as
the architecture of the current collectors, has almost reached its
limits. Realization of a#ordable electric vehicles competitive with
cars powered by the internal combustion engine and storage of
electrical energy generated by solar and/or wind power will
require new battery strategies.

Figure 1. Schematic illustration of the "rst Li-ion battery (LiCoO2/Li
+

electrolyte/graphite).

Journal of the American Chemical Society Perspective

dx.doi.org/10.1021/ja3091438 | J. Am. Chem. Soc. 2013, 135, 1167!11761168

Goodenough, J. B.; Park, K.-S. J. Am. Chem. Soc. 2013, 135, 1167–1176.

Li-ion

Nokia

Metal-air

www.rsc.org/chemsocrev
Registered Charity Number 207890

Featuring work from the group of Professor Jun Chen 
at Key Laboratory of Advanced Energy Materials 
Chemistry (Ministry of Education), Chemistry College, 
Nankai University, Tianjin, China.

Metal–air batteries: from oxygen reduction electrochemistry 
to cathode catalysts

Metal–air batteries represent one class of promising power sources 
for applications. The most prominent feature of a metal–air battery 
is the combination of a metal anode with high energy density 
(from the earth) and an air electrode with open structure to draw 
cathode active materials (i.e., oxygen) from air. Four groups of 
catalysts for the cathode oxygen reduction/evolution, the design 
& optimization of air-electrode structure, and the challenges and 
perspectives of research directions are selectively surveyed.

As featured in:

See Cheng and Chen
Chem. Soc. Rev., 2012, 41, 2172.

Pu
bl

is
he

d 
on

 1
7 

Ja
nu

ar
y 

20
12

. D
ow

nl
oa

de
d 

by
 S

ta
nf

or
d 

U
ni

ve
rs

ity
 o

n 
15

/0
2/

20
17

 0
5:

38
:0

4.
 

View Article Online / Journal Homepage / Table of Contents for this issue

Cheng, F.; Chen, J. Chem. Soc. Rev. 2012, 41, 2172–2192.

micro.magnet.fsu.edu

470 Wh/kg (Zn)
(Practical)

170-200 Wh/kg
(Practical) Gasoline in ICE

1700 Wh/kg
(Practical)
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The Al-Air Battery: Predicted vs. Measured Potentials

Egan et al. J. Power Sources 2013, 236, 293–310. 

H+ + e− → 1/2 H2, U0 = 0 V

U U = −G/nelec

Reference
Theoretical 

Voltage: 
2.7 V

Al + 3 OH− → Al(OH)3 + 3 e−, U0 = −2.30 V vs. SHE

(Anode)

1/2 O2 + H2O + 2 e− → OH− , U0 = 0.4 V vs. SHE
(Cathode)

Standard Hydrogen Electrode, or SHE

Cathode: minimum 0.4 V overpotential 
Nørskov et al. 2004 JPCB

Practical 
Voltage: < 

2.3 V
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Focus: Fundamental Mechanism During Battery Discharge

Load

Al dissolution

If side reactions didn’t exist, should 
we actually expect to get −2.30 V 

vs. SHE out of the anode?

Al
O H

O
H

H
O
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The Computational Hydrogen Electrode (CHE)

H+ + e− → 1/2 H2, U0 = 0 V

Potential (U)

Oxidizing

Reducing

U = −G/nelec

1/2 H2e−H+

G(e−) = −neleceUG

+U, or −G
(oxidizing)

−U, or +G
(reducing)

Shifts with pH

∴ μ(H+) + μ(e−) = 1/2 μ(H2) − eU − 0.059pH

Important Takeaways:
1. H+ and e− transfer together
2. Only thermodynamics considered
3. Can use different reference reactions
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Possible to Simulate Any Defined Electrochemical Reaction

H+ + e− → 1/2 H2, U0 = 0 V

U U = −G/nelec

Reference

Standard hydrogen electrode (SHE) 
experimentally, CHE in our 
simulations

Al + 3 OH− → Al(OH)3 + 3 e−, U0 = −2.30 V vs. SHE

(Anode)

1/2 O2 + H2O + 2 e− → 2 OH− , U0 = 0.4 V vs. SHE
(Cathode)

General formula:

E (ions and electrons)
=

E (surface and gas phase molecules) 
– eU
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Applying the CHE to an Elementary Step
Al + OH− → AlOH* + e−

μ(OH−) − μ(e−) = μ(H2O) − ½ μ(H2) − (0.83 + eU)

H2O + e− → 1/2 H2 + OH− , U0 = −0.83 V

ΔG = μ(AlOH*) − μ(Al) − [μ(H2O) − ½ μ(H2) − (0.83 + eU)]
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Stepwise Mechanism

Al + OH− (aq) → AlOH* + e−

AlOH* + OH− (aq) → Al(OH)2* + e−

Al(OH)2* + OH− (aq) → Al(OH)3* + e−

Al(OH)3* → Al(OH)3 (s)

Chen, L. D.; Nørskov, J. K.; Luntz, A. C. J. Phys. Chem. Lett. 2014, 6, 175–179.

reactions. We also show that high Tafel slopes are anticipated
by the surface mechanism.
We outline the following stepwise mechanism for hydroxide-

assisted aluminum oxidation because single electron transfers
are much more probable than coherent multielectron transfers
and adsorptions. Moreover, in order to dissolve an Al atom
from an electrode surface, the bonds to its neighbors must be
weakened, which would be energetically unfavorable without
stabilization from another source, that is, solvent/solute
molecules forming bonds to an Al atom.17

+ ! * +" "Al OH AlOH e(aq) (7)

* + ! * +" "AlOH OH Al(OH) e(aq) 2 (8)

* + ! * +" "Al(OH) OH Al(OH) e2 (aq) 3 (9)

* + !" "Al(OH) OH Al(OH) (dissolution)3 (aq) 4 (aq)

(10)

! +" "Al(OH) Al(OH) OH (precipitation)4 (aq) 3(s) (aq)

(11)

Here, Al denotes a surface metal atom, (aq) refers to a solvated
species, (s) refers to a bulk solid, and * denotes a surface-
adsorbed species. Equations 7!9 are electrochemical processes
and describe single-electron transfers from the metal to external
circuit concerted with OH! adsorption (see the SI for details
on the treatment of solvated OH! in our DFT calculations).
Equation 10 represents detachment of a single molecular
Al(OH)3 unit from the electrode surface and forming the
aluminate anion in solution, and eq 11 describes precipitation
of solvated Al(OH)4

! to yield the !nal product, bulk Al(OH)3,
spatially apart from the electrode surface. Because the chemical
potential of the aluminate anion depends on its concentration
in the solvent whereas the bulk Al(OH)3 chemical potential
stays constant, the two species will eventually reach
equilibrium, and we show only bulk Al(OH)3 in the free-
energy diagrams for simplicity. Pertaining to the accuracy of
these DFT calculations, we note that the calculated free energy
of formation for bulk Al(OH)3 at pH 14.6 is !6.94 eV, close to
the tabulated thermodynamic value of !7.02 eV.3 The
calculated lattice constant of bulk Al (4.05 Å) is also very
close to the experimentally determined lattice constant (4.04
Å).18 Furthermore, the average error in chemisorption energy
associated with the RPBE exchange!correlation functional
used in this study is 0.2 eV.19 Finally, we only consider
dissolution on surfaces free of adsorbate coverages because (1)
we !nd that multiple OH* adsorption to the same Al atom is
more stable than adsorption on di"erent Al atoms (see the SI
for relevant results) and (2) once an adsorbed Al(OH)3*
forms, dissolution is thermodynamically favorable; therefore, an
OH-free surface (with the exception of the active site) likely
dominates throughout the dissolution process in the current
thermodynamic picture. Note that this is the thermodynamic
implication from our initial postulate not to consider Al
dissolution from !lm-covered surfaces.
On the basis of eqs 7!11, we calculate free energies of

intermediates AlOH*, Al(OH)2*, and Al(OH)3* on three
di"erent Al facets, close-packed/111 (see Figure 3), stepped/
211 (see Figure 2), and kinked (see Figure S3 in the SI). The
!G of each electrochemical step is a function of the potential
(see the SI for a detailed discussion of how potential e"ects are
incorporated in the DFT results); as the potential is shifted

toward more negative values, the energy of the electrons is
raised according to !G = !neU, and the !G of each
electrochemical step is shifted in the positive direction (less
favorable). Thus, there exists a lowest potential at which all
steps are either thermoneutral or exergonic. This is called the
limiting potential because if we attempt to shift the potential
toward even more negative values, at least one step in the
mechanism would be endergonic, that is, have a thermody-
namic barrier.
Only sites with the largest adsorption energies are active

(undercoordinated atoms at steps and kinks) at open circuit,
whereas adsorption on the terrace will also contribute
signi!cantly to the discharge potential at higher current
densities because the latter represents the dominant structure
of the surface.20 Therefore, we describe the OCP with
adsorption at stepped (Figure 2) and kinked (see the SI)
sites. The calculated limiting potential at a step is !1.87 V, the
computed maximum OCP that can be harnessed from the Al
anode, and is similar to the experimentally determined OCP

Figure 2. Free-energy diagram of stepwise Al anodic dissolution on the
stepped surface at 0 V versus SHE (black) and the limiting potential
for this facet, !1.87 V versus SHE (blue). The dashed line represents
the calculated free energy of formation for bulk Al(OH)3 as a
reference.

Figure 3. Free-energy diagram of stepwise Al anodic dissolution on the
close-packed surface at 0 V versus SHE (black) and the limiting
potential for this facet, !1.47 V versus SHE (blue). The dashed line
represents the calculated free energy of formation for bulk Al(OH)3 as
a reference.

The Journal of Physical Chemistry Letters Letter
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reactions. We also show that high Tafel slopes are anticipated
by the surface mechanism.
We outline the following stepwise mechanism for hydroxide-

assisted aluminum oxidation because single electron transfers
are much more probable than coherent multielectron transfers
and adsorptions. Moreover, in order to dissolve an Al atom
from an electrode surface, the bonds to its neighbors must be
weakened, which would be energetically unfavorable without
stabilization from another source, that is, solvent/solute
molecules forming bonds to an Al atom.17
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* + ! * +" "AlOH OH Al(OH) e(aq) 2 (8)
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* + !" "Al(OH) OH Al(OH) (dissolution)3 (aq) 4 (aq)

(10)

! +" "Al(OH) Al(OH) OH (precipitation)4 (aq) 3(s) (aq)

(11)

Here, Al denotes a surface metal atom, (aq) refers to a solvated
species, (s) refers to a bulk solid, and * denotes a surface-
adsorbed species. Equations 7!9 are electrochemical processes
and describe single-electron transfers from the metal to external
circuit concerted with OH! adsorption (see the SI for details
on the treatment of solvated OH! in our DFT calculations).
Equation 10 represents detachment of a single molecular
Al(OH)3 unit from the electrode surface and forming the
aluminate anion in solution, and eq 11 describes precipitation
of solvated Al(OH)4

! to yield the !nal product, bulk Al(OH)3,
spatially apart from the electrode surface. Because the chemical
potential of the aluminate anion depends on its concentration
in the solvent whereas the bulk Al(OH)3 chemical potential
stays constant, the two species will eventually reach
equilibrium, and we show only bulk Al(OH)3 in the free-
energy diagrams for simplicity. Pertaining to the accuracy of
these DFT calculations, we note that the calculated free energy
of formation for bulk Al(OH)3 at pH 14.6 is !6.94 eV, close to
the tabulated thermodynamic value of !7.02 eV.3 The
calculated lattice constant of bulk Al (4.05 Å) is also very
close to the experimentally determined lattice constant (4.04
Å).18 Furthermore, the average error in chemisorption energy
associated with the RPBE exchange!correlation functional
used in this study is 0.2 eV.19 Finally, we only consider
dissolution on surfaces free of adsorbate coverages because (1)
we !nd that multiple OH* adsorption to the same Al atom is
more stable than adsorption on di"erent Al atoms (see the SI
for relevant results) and (2) once an adsorbed Al(OH)3*
forms, dissolution is thermodynamically favorable; therefore, an
OH-free surface (with the exception of the active site) likely
dominates throughout the dissolution process in the current
thermodynamic picture. Note that this is the thermodynamic
implication from our initial postulate not to consider Al
dissolution from !lm-covered surfaces.
On the basis of eqs 7!11, we calculate free energies of

intermediates AlOH*, Al(OH)2*, and Al(OH)3* on three
di"erent Al facets, close-packed/111 (see Figure 3), stepped/
211 (see Figure 2), and kinked (see Figure S3 in the SI). The
!G of each electrochemical step is a function of the potential
(see the SI for a detailed discussion of how potential e"ects are
incorporated in the DFT results); as the potential is shifted

toward more negative values, the energy of the electrons is
raised according to !G = !neU, and the !G of each
electrochemical step is shifted in the positive direction (less
favorable). Thus, there exists a lowest potential at which all
steps are either thermoneutral or exergonic. This is called the
limiting potential because if we attempt to shift the potential
toward even more negative values, at least one step in the
mechanism would be endergonic, that is, have a thermody-
namic barrier.
Only sites with the largest adsorption energies are active

(undercoordinated atoms at steps and kinks) at open circuit,
whereas adsorption on the terrace will also contribute
signi!cantly to the discharge potential at higher current
densities because the latter represents the dominant structure
of the surface.20 Therefore, we describe the OCP with
adsorption at stepped (Figure 2) and kinked (see the SI)
sites. The calculated limiting potential at a step is !1.87 V, the
computed maximum OCP that can be harnessed from the Al
anode, and is similar to the experimentally determined OCP

Figure 2. Free-energy diagram of stepwise Al anodic dissolution on the
stepped surface at 0 V versus SHE (black) and the limiting potential
for this facet, !1.87 V versus SHE (blue). The dashed line represents
the calculated free energy of formation for bulk Al(OH)3 as a
reference.

Figure 3. Free-energy diagram of stepwise Al anodic dissolution on the
close-packed surface at 0 V versus SHE (black) and the limiting
potential for this facet, !1.47 V versus SHE (blue). The dashed line
represents the calculated free energy of formation for bulk Al(OH)3 as
a reference.
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reactions. We also show that high Tafel slopes are anticipated
by the surface mechanism.
We outline the following stepwise mechanism for hydroxide-

assisted aluminum oxidation because single electron transfers
are much more probable than coherent multielectron transfers
and adsorptions. Moreover, in order to dissolve an Al atom
from an electrode surface, the bonds to its neighbors must be
weakened, which would be energetically unfavorable without
stabilization from another source, that is, solvent/solute
molecules forming bonds to an Al atom.17
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Here, Al denotes a surface metal atom, (aq) refers to a solvated
species, (s) refers to a bulk solid, and * denotes a surface-
adsorbed species. Equations 7!9 are electrochemical processes
and describe single-electron transfers from the metal to external
circuit concerted with OH! adsorption (see the SI for details
on the treatment of solvated OH! in our DFT calculations).
Equation 10 represents detachment of a single molecular
Al(OH)3 unit from the electrode surface and forming the
aluminate anion in solution, and eq 11 describes precipitation
of solvated Al(OH)4

! to yield the !nal product, bulk Al(OH)3,
spatially apart from the electrode surface. Because the chemical
potential of the aluminate anion depends on its concentration
in the solvent whereas the bulk Al(OH)3 chemical potential
stays constant, the two species will eventually reach
equilibrium, and we show only bulk Al(OH)3 in the free-
energy diagrams for simplicity. Pertaining to the accuracy of
these DFT calculations, we note that the calculated free energy
of formation for bulk Al(OH)3 at pH 14.6 is !6.94 eV, close to
the tabulated thermodynamic value of !7.02 eV.3 The
calculated lattice constant of bulk Al (4.05 Å) is also very
close to the experimentally determined lattice constant (4.04
Å).18 Furthermore, the average error in chemisorption energy
associated with the RPBE exchange!correlation functional
used in this study is 0.2 eV.19 Finally, we only consider
dissolution on surfaces free of adsorbate coverages because (1)
we !nd that multiple OH* adsorption to the same Al atom is
more stable than adsorption on di"erent Al atoms (see the SI
for relevant results) and (2) once an adsorbed Al(OH)3*
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OH-free surface (with the exception of the active site) likely
dominates throughout the dissolution process in the current
thermodynamic picture. Note that this is the thermodynamic
implication from our initial postulate not to consider Al
dissolution from !lm-covered surfaces.
On the basis of eqs 7!11, we calculate free energies of

intermediates AlOH*, Al(OH)2*, and Al(OH)3* on three
di"erent Al facets, close-packed/111 (see Figure 3), stepped/
211 (see Figure 2), and kinked (see Figure S3 in the SI). The
!G of each electrochemical step is a function of the potential
(see the SI for a detailed discussion of how potential e"ects are
incorporated in the DFT results); as the potential is shifted

toward more negative values, the energy of the electrons is
raised according to !G = !neU, and the !G of each
electrochemical step is shifted in the positive direction (less
favorable). Thus, there exists a lowest potential at which all
steps are either thermoneutral or exergonic. This is called the
limiting potential because if we attempt to shift the potential
toward even more negative values, at least one step in the
mechanism would be endergonic, that is, have a thermody-
namic barrier.
Only sites with the largest adsorption energies are active

(undercoordinated atoms at steps and kinks) at open circuit,
whereas adsorption on the terrace will also contribute
signi!cantly to the discharge potential at higher current
densities because the latter represents the dominant structure
of the surface.20 Therefore, we describe the OCP with
adsorption at stepped (Figure 2) and kinked (see the SI)
sites. The calculated limiting potential at a step is !1.87 V, the
computed maximum OCP that can be harnessed from the Al
anode, and is similar to the experimentally determined OCP

Figure 2. Free-energy diagram of stepwise Al anodic dissolution on the
stepped surface at 0 V versus SHE (black) and the limiting potential
for this facet, !1.87 V versus SHE (blue). The dashed line represents
the calculated free energy of formation for bulk Al(OH)3 as a
reference.

Figure 3. Free-energy diagram of stepwise Al anodic dissolution on the
close-packed surface at 0 V versus SHE (black) and the limiting
potential for this facet, !1.47 V versus SHE (blue). The dashed line
represents the calculated free energy of formation for bulk Al(OH)3 as
a reference.
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reactions. We also show that high Tafel slopes are anticipated
by the surface mechanism.
We outline the following stepwise mechanism for hydroxide-

assisted aluminum oxidation because single electron transfers
are much more probable than coherent multielectron transfers
and adsorptions. Moreover, in order to dissolve an Al atom
from an electrode surface, the bonds to its neighbors must be
weakened, which would be energetically unfavorable without
stabilization from another source, that is, solvent/solute
molecules forming bonds to an Al atom.17
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* + ! * +" "AlOH OH Al(OH) e(aq) 2 (8)

* + ! * +" "Al(OH) OH Al(OH) e2 (aq) 3 (9)

* + !" "Al(OH) OH Al(OH) (dissolution)3 (aq) 4 (aq)

(10)

! +" "Al(OH) Al(OH) OH (precipitation)4 (aq) 3(s) (aq)

(11)

Here, Al denotes a surface metal atom, (aq) refers to a solvated
species, (s) refers to a bulk solid, and * denotes a surface-
adsorbed species. Equations 7!9 are electrochemical processes
and describe single-electron transfers from the metal to external
circuit concerted with OH! adsorption (see the SI for details
on the treatment of solvated OH! in our DFT calculations).
Equation 10 represents detachment of a single molecular
Al(OH)3 unit from the electrode surface and forming the
aluminate anion in solution, and eq 11 describes precipitation
of solvated Al(OH)4

! to yield the !nal product, bulk Al(OH)3,
spatially apart from the electrode surface. Because the chemical
potential of the aluminate anion depends on its concentration
in the solvent whereas the bulk Al(OH)3 chemical potential
stays constant, the two species will eventually reach
equilibrium, and we show only bulk Al(OH)3 in the free-
energy diagrams for simplicity. Pertaining to the accuracy of
these DFT calculations, we note that the calculated free energy
of formation for bulk Al(OH)3 at pH 14.6 is !6.94 eV, close to
the tabulated thermodynamic value of !7.02 eV.3 The
calculated lattice constant of bulk Al (4.05 Å) is also very
close to the experimentally determined lattice constant (4.04
Å).18 Furthermore, the average error in chemisorption energy
associated with the RPBE exchange!correlation functional
used in this study is 0.2 eV.19 Finally, we only consider
dissolution on surfaces free of adsorbate coverages because (1)
we !nd that multiple OH* adsorption to the same Al atom is
more stable than adsorption on di"erent Al atoms (see the SI
for relevant results) and (2) once an adsorbed Al(OH)3*
forms, dissolution is thermodynamically favorable; therefore, an
OH-free surface (with the exception of the active site) likely
dominates throughout the dissolution process in the current
thermodynamic picture. Note that this is the thermodynamic
implication from our initial postulate not to consider Al
dissolution from !lm-covered surfaces.
On the basis of eqs 7!11, we calculate free energies of

intermediates AlOH*, Al(OH)2*, and Al(OH)3* on three
di"erent Al facets, close-packed/111 (see Figure 3), stepped/
211 (see Figure 2), and kinked (see Figure S3 in the SI). The
!G of each electrochemical step is a function of the potential
(see the SI for a detailed discussion of how potential e"ects are
incorporated in the DFT results); as the potential is shifted

toward more negative values, the energy of the electrons is
raised according to !G = !neU, and the !G of each
electrochemical step is shifted in the positive direction (less
favorable). Thus, there exists a lowest potential at which all
steps are either thermoneutral or exergonic. This is called the
limiting potential because if we attempt to shift the potential
toward even more negative values, at least one step in the
mechanism would be endergonic, that is, have a thermody-
namic barrier.
Only sites with the largest adsorption energies are active

(undercoordinated atoms at steps and kinks) at open circuit,
whereas adsorption on the terrace will also contribute
signi!cantly to the discharge potential at higher current
densities because the latter represents the dominant structure
of the surface.20 Therefore, we describe the OCP with
adsorption at stepped (Figure 2) and kinked (see the SI)
sites. The calculated limiting potential at a step is !1.87 V, the
computed maximum OCP that can be harnessed from the Al
anode, and is similar to the experimentally determined OCP

Figure 2. Free-energy diagram of stepwise Al anodic dissolution on the
stepped surface at 0 V versus SHE (black) and the limiting potential
for this facet, !1.87 V versus SHE (blue). The dashed line represents
the calculated free energy of formation for bulk Al(OH)3 as a
reference.

Figure 3. Free-energy diagram of stepwise Al anodic dissolution on the
close-packed surface at 0 V versus SHE (black) and the limiting
potential for this facet, !1.47 V versus SHE (blue). The dashed line
represents the calculated free energy of formation for bulk Al(OH)3 as
a reference.
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reactions. We also show that high Tafel slopes are anticipated
by the surface mechanism.
We outline the following stepwise mechanism for hydroxide-

assisted aluminum oxidation because single electron transfers
are much more probable than coherent multielectron transfers
and adsorptions. Moreover, in order to dissolve an Al atom
from an electrode surface, the bonds to its neighbors must be
weakened, which would be energetically unfavorable without
stabilization from another source, that is, solvent/solute
molecules forming bonds to an Al atom.17
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(10)

! +" "Al(OH) Al(OH) OH (precipitation)4 (aq) 3(s) (aq)

(11)

Here, Al denotes a surface metal atom, (aq) refers to a solvated
species, (s) refers to a bulk solid, and * denotes a surface-
adsorbed species. Equations 7!9 are electrochemical processes
and describe single-electron transfers from the metal to external
circuit concerted with OH! adsorption (see the SI for details
on the treatment of solvated OH! in our DFT calculations).
Equation 10 represents detachment of a single molecular
Al(OH)3 unit from the electrode surface and forming the
aluminate anion in solution, and eq 11 describes precipitation
of solvated Al(OH)4

! to yield the !nal product, bulk Al(OH)3,
spatially apart from the electrode surface. Because the chemical
potential of the aluminate anion depends on its concentration
in the solvent whereas the bulk Al(OH)3 chemical potential
stays constant, the two species will eventually reach
equilibrium, and we show only bulk Al(OH)3 in the free-
energy diagrams for simplicity. Pertaining to the accuracy of
these DFT calculations, we note that the calculated free energy
of formation for bulk Al(OH)3 at pH 14.6 is !6.94 eV, close to
the tabulated thermodynamic value of !7.02 eV.3 The
calculated lattice constant of bulk Al (4.05 Å) is also very
close to the experimentally determined lattice constant (4.04
Å).18 Furthermore, the average error in chemisorption energy
associated with the RPBE exchange!correlation functional
used in this study is 0.2 eV.19 Finally, we only consider
dissolution on surfaces free of adsorbate coverages because (1)
we !nd that multiple OH* adsorption to the same Al atom is
more stable than adsorption on di"erent Al atoms (see the SI
for relevant results) and (2) once an adsorbed Al(OH)3*
forms, dissolution is thermodynamically favorable; therefore, an
OH-free surface (with the exception of the active site) likely
dominates throughout the dissolution process in the current
thermodynamic picture. Note that this is the thermodynamic
implication from our initial postulate not to consider Al
dissolution from !lm-covered surfaces.
On the basis of eqs 7!11, we calculate free energies of

intermediates AlOH*, Al(OH)2*, and Al(OH)3* on three
di"erent Al facets, close-packed/111 (see Figure 3), stepped/
211 (see Figure 2), and kinked (see Figure S3 in the SI). The
!G of each electrochemical step is a function of the potential
(see the SI for a detailed discussion of how potential e"ects are
incorporated in the DFT results); as the potential is shifted

toward more negative values, the energy of the electrons is
raised according to !G = !neU, and the !G of each
electrochemical step is shifted in the positive direction (less
favorable). Thus, there exists a lowest potential at which all
steps are either thermoneutral or exergonic. This is called the
limiting potential because if we attempt to shift the potential
toward even more negative values, at least one step in the
mechanism would be endergonic, that is, have a thermody-
namic barrier.
Only sites with the largest adsorption energies are active

(undercoordinated atoms at steps and kinks) at open circuit,
whereas adsorption on the terrace will also contribute
signi!cantly to the discharge potential at higher current
densities because the latter represents the dominant structure
of the surface.20 Therefore, we describe the OCP with
adsorption at stepped (Figure 2) and kinked (see the SI)
sites. The calculated limiting potential at a step is !1.87 V, the
computed maximum OCP that can be harnessed from the Al
anode, and is similar to the experimentally determined OCP

Figure 2. Free-energy diagram of stepwise Al anodic dissolution on the
stepped surface at 0 V versus SHE (black) and the limiting potential
for this facet, !1.87 V versus SHE (blue). The dashed line represents
the calculated free energy of formation for bulk Al(OH)3 as a
reference.

Figure 3. Free-energy diagram of stepwise Al anodic dissolution on the
close-packed surface at 0 V versus SHE (black) and the limiting
potential for this facet, !1.47 V versus SHE (blue). The dashed line
represents the calculated free energy of formation for bulk Al(OH)3 as
a reference.
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reactions. We also show that high Tafel slopes are anticipated
by the surface mechanism.
We outline the following stepwise mechanism for hydroxide-

assisted aluminum oxidation because single electron transfers
are much more probable than coherent multielectron transfers
and adsorptions. Moreover, in order to dissolve an Al atom
from an electrode surface, the bonds to its neighbors must be
weakened, which would be energetically unfavorable without
stabilization from another source, that is, solvent/solute
molecules forming bonds to an Al atom.17
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* + !" "Al(OH) OH Al(OH) (dissolution)3 (aq) 4 (aq)

(10)

! +" "Al(OH) Al(OH) OH (precipitation)4 (aq) 3(s) (aq)

(11)

Here, Al denotes a surface metal atom, (aq) refers to a solvated
species, (s) refers to a bulk solid, and * denotes a surface-
adsorbed species. Equations 7!9 are electrochemical processes
and describe single-electron transfers from the metal to external
circuit concerted with OH! adsorption (see the SI for details
on the treatment of solvated OH! in our DFT calculations).
Equation 10 represents detachment of a single molecular
Al(OH)3 unit from the electrode surface and forming the
aluminate anion in solution, and eq 11 describes precipitation
of solvated Al(OH)4

! to yield the !nal product, bulk Al(OH)3,
spatially apart from the electrode surface. Because the chemical
potential of the aluminate anion depends on its concentration
in the solvent whereas the bulk Al(OH)3 chemical potential
stays constant, the two species will eventually reach
equilibrium, and we show only bulk Al(OH)3 in the free-
energy diagrams for simplicity. Pertaining to the accuracy of
these DFT calculations, we note that the calculated free energy
of formation for bulk Al(OH)3 at pH 14.6 is !6.94 eV, close to
the tabulated thermodynamic value of !7.02 eV.3 The
calculated lattice constant of bulk Al (4.05 Å) is also very
close to the experimentally determined lattice constant (4.04
Å).18 Furthermore, the average error in chemisorption energy
associated with the RPBE exchange!correlation functional
used in this study is 0.2 eV.19 Finally, we only consider
dissolution on surfaces free of adsorbate coverages because (1)
we !nd that multiple OH* adsorption to the same Al atom is
more stable than adsorption on di"erent Al atoms (see the SI
for relevant results) and (2) once an adsorbed Al(OH)3*
forms, dissolution is thermodynamically favorable; therefore, an
OH-free surface (with the exception of the active site) likely
dominates throughout the dissolution process in the current
thermodynamic picture. Note that this is the thermodynamic
implication from our initial postulate not to consider Al
dissolution from !lm-covered surfaces.
On the basis of eqs 7!11, we calculate free energies of

intermediates AlOH*, Al(OH)2*, and Al(OH)3* on three
di"erent Al facets, close-packed/111 (see Figure 3), stepped/
211 (see Figure 2), and kinked (see Figure S3 in the SI). The
!G of each electrochemical step is a function of the potential
(see the SI for a detailed discussion of how potential e"ects are
incorporated in the DFT results); as the potential is shifted

toward more negative values, the energy of the electrons is
raised according to !G = !neU, and the !G of each
electrochemical step is shifted in the positive direction (less
favorable). Thus, there exists a lowest potential at which all
steps are either thermoneutral or exergonic. This is called the
limiting potential because if we attempt to shift the potential
toward even more negative values, at least one step in the
mechanism would be endergonic, that is, have a thermody-
namic barrier.
Only sites with the largest adsorption energies are active

(undercoordinated atoms at steps and kinks) at open circuit,
whereas adsorption on the terrace will also contribute
signi!cantly to the discharge potential at higher current
densities because the latter represents the dominant structure
of the surface.20 Therefore, we describe the OCP with
adsorption at stepped (Figure 2) and kinked (see the SI)
sites. The calculated limiting potential at a step is !1.87 V, the
computed maximum OCP that can be harnessed from the Al
anode, and is similar to the experimentally determined OCP

Figure 2. Free-energy diagram of stepwise Al anodic dissolution on the
stepped surface at 0 V versus SHE (black) and the limiting potential
for this facet, !1.87 V versus SHE (blue). The dashed line represents
the calculated free energy of formation for bulk Al(OH)3 as a
reference.

Figure 3. Free-energy diagram of stepwise Al anodic dissolution on the
close-packed surface at 0 V versus SHE (black) and the limiting
potential for this facet, !1.47 V versus SHE (blue). The dashed line
represents the calculated free energy of formation for bulk Al(OH)3 as
a reference.

The Journal of Physical Chemistry Letters Letter

dx.doi.org/10.1021/jz502422v | J. Phys. Chem. Lett. 2015, 6, 175!179177

reactions. We also show that high Tafel slopes are anticipated
by the surface mechanism.
We outline the following stepwise mechanism for hydroxide-

assisted aluminum oxidation because single electron transfers
are much more probable than coherent multielectron transfers
and adsorptions. Moreover, in order to dissolve an Al atom
from an electrode surface, the bonds to its neighbors must be
weakened, which would be energetically unfavorable without
stabilization from another source, that is, solvent/solute
molecules forming bonds to an Al atom.17
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(10)

! +" "Al(OH) Al(OH) OH (precipitation)4 (aq) 3(s) (aq)

(11)

Here, Al denotes a surface metal atom, (aq) refers to a solvated
species, (s) refers to a bulk solid, and * denotes a surface-
adsorbed species. Equations 7!9 are electrochemical processes
and describe single-electron transfers from the metal to external
circuit concerted with OH! adsorption (see the SI for details
on the treatment of solvated OH! in our DFT calculations).
Equation 10 represents detachment of a single molecular
Al(OH)3 unit from the electrode surface and forming the
aluminate anion in solution, and eq 11 describes precipitation
of solvated Al(OH)4

! to yield the !nal product, bulk Al(OH)3,
spatially apart from the electrode surface. Because the chemical
potential of the aluminate anion depends on its concentration
in the solvent whereas the bulk Al(OH)3 chemical potential
stays constant, the two species will eventually reach
equilibrium, and we show only bulk Al(OH)3 in the free-
energy diagrams for simplicity. Pertaining to the accuracy of
these DFT calculations, we note that the calculated free energy
of formation for bulk Al(OH)3 at pH 14.6 is !6.94 eV, close to
the tabulated thermodynamic value of !7.02 eV.3 The
calculated lattice constant of bulk Al (4.05 Å) is also very
close to the experimentally determined lattice constant (4.04
Å).18 Furthermore, the average error in chemisorption energy
associated with the RPBE exchange!correlation functional
used in this study is 0.2 eV.19 Finally, we only consider
dissolution on surfaces free of adsorbate coverages because (1)
we !nd that multiple OH* adsorption to the same Al atom is
more stable than adsorption on di"erent Al atoms (see the SI
for relevant results) and (2) once an adsorbed Al(OH)3*
forms, dissolution is thermodynamically favorable; therefore, an
OH-free surface (with the exception of the active site) likely
dominates throughout the dissolution process in the current
thermodynamic picture. Note that this is the thermodynamic
implication from our initial postulate not to consider Al
dissolution from !lm-covered surfaces.
On the basis of eqs 7!11, we calculate free energies of

intermediates AlOH*, Al(OH)2*, and Al(OH)3* on three
di"erent Al facets, close-packed/111 (see Figure 3), stepped/
211 (see Figure 2), and kinked (see Figure S3 in the SI). The
!G of each electrochemical step is a function of the potential
(see the SI for a detailed discussion of how potential e"ects are
incorporated in the DFT results); as the potential is shifted

toward more negative values, the energy of the electrons is
raised according to !G = !neU, and the !G of each
electrochemical step is shifted in the positive direction (less
favorable). Thus, there exists a lowest potential at which all
steps are either thermoneutral or exergonic. This is called the
limiting potential because if we attempt to shift the potential
toward even more negative values, at least one step in the
mechanism would be endergonic, that is, have a thermody-
namic barrier.
Only sites with the largest adsorption energies are active

(undercoordinated atoms at steps and kinks) at open circuit,
whereas adsorption on the terrace will also contribute
signi!cantly to the discharge potential at higher current
densities because the latter represents the dominant structure
of the surface.20 Therefore, we describe the OCP with
adsorption at stepped (Figure 2) and kinked (see the SI)
sites. The calculated limiting potential at a step is !1.87 V, the
computed maximum OCP that can be harnessed from the Al
anode, and is similar to the experimentally determined OCP

Figure 2. Free-energy diagram of stepwise Al anodic dissolution on the
stepped surface at 0 V versus SHE (black) and the limiting potential
for this facet, !1.87 V versus SHE (blue). The dashed line represents
the calculated free energy of formation for bulk Al(OH)3 as a
reference.

Figure 3. Free-energy diagram of stepwise Al anodic dissolution on the
close-packed surface at 0 V versus SHE (black) and the limiting
potential for this facet, !1.47 V versus SHE (blue). The dashed line
represents the calculated free energy of formation for bulk Al(OH)3 as
a reference.
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reactions. We also show that high Tafel slopes are anticipated
by the surface mechanism.
We outline the following stepwise mechanism for hydroxide-

assisted aluminum oxidation because single electron transfers
are much more probable than coherent multielectron transfers
and adsorptions. Moreover, in order to dissolve an Al atom
from an electrode surface, the bonds to its neighbors must be
weakened, which would be energetically unfavorable without
stabilization from another source, that is, solvent/solute
molecules forming bonds to an Al atom.17
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! +" "Al(OH) Al(OH) OH (precipitation)4 (aq) 3(s) (aq)

(11)

Here, Al denotes a surface metal atom, (aq) refers to a solvated
species, (s) refers to a bulk solid, and * denotes a surface-
adsorbed species. Equations 7!9 are electrochemical processes
and describe single-electron transfers from the metal to external
circuit concerted with OH! adsorption (see the SI for details
on the treatment of solvated OH! in our DFT calculations).
Equation 10 represents detachment of a single molecular
Al(OH)3 unit from the electrode surface and forming the
aluminate anion in solution, and eq 11 describes precipitation
of solvated Al(OH)4

! to yield the !nal product, bulk Al(OH)3,
spatially apart from the electrode surface. Because the chemical
potential of the aluminate anion depends on its concentration
in the solvent whereas the bulk Al(OH)3 chemical potential
stays constant, the two species will eventually reach
equilibrium, and we show only bulk Al(OH)3 in the free-
energy diagrams for simplicity. Pertaining to the accuracy of
these DFT calculations, we note that the calculated free energy
of formation for bulk Al(OH)3 at pH 14.6 is !6.94 eV, close to
the tabulated thermodynamic value of !7.02 eV.3 The
calculated lattice constant of bulk Al (4.05 Å) is also very
close to the experimentally determined lattice constant (4.04
Å).18 Furthermore, the average error in chemisorption energy
associated with the RPBE exchange!correlation functional
used in this study is 0.2 eV.19 Finally, we only consider
dissolution on surfaces free of adsorbate coverages because (1)
we !nd that multiple OH* adsorption to the same Al atom is
more stable than adsorption on di"erent Al atoms (see the SI
for relevant results) and (2) once an adsorbed Al(OH)3*
forms, dissolution is thermodynamically favorable; therefore, an
OH-free surface (with the exception of the active site) likely
dominates throughout the dissolution process in the current
thermodynamic picture. Note that this is the thermodynamic
implication from our initial postulate not to consider Al
dissolution from !lm-covered surfaces.
On the basis of eqs 7!11, we calculate free energies of

intermediates AlOH*, Al(OH)2*, and Al(OH)3* on three
di"erent Al facets, close-packed/111 (see Figure 3), stepped/
211 (see Figure 2), and kinked (see Figure S3 in the SI). The
!G of each electrochemical step is a function of the potential
(see the SI for a detailed discussion of how potential e"ects are
incorporated in the DFT results); as the potential is shifted

toward more negative values, the energy of the electrons is
raised according to !G = !neU, and the !G of each
electrochemical step is shifted in the positive direction (less
favorable). Thus, there exists a lowest potential at which all
steps are either thermoneutral or exergonic. This is called the
limiting potential because if we attempt to shift the potential
toward even more negative values, at least one step in the
mechanism would be endergonic, that is, have a thermody-
namic barrier.
Only sites with the largest adsorption energies are active

(undercoordinated atoms at steps and kinks) at open circuit,
whereas adsorption on the terrace will also contribute
signi!cantly to the discharge potential at higher current
densities because the latter represents the dominant structure
of the surface.20 Therefore, we describe the OCP with
adsorption at stepped (Figure 2) and kinked (see the SI)
sites. The calculated limiting potential at a step is !1.87 V, the
computed maximum OCP that can be harnessed from the Al
anode, and is similar to the experimentally determined OCP

Figure 2. Free-energy diagram of stepwise Al anodic dissolution on the
stepped surface at 0 V versus SHE (black) and the limiting potential
for this facet, !1.87 V versus SHE (blue). The dashed line represents
the calculated free energy of formation for bulk Al(OH)3 as a
reference.

Figure 3. Free-energy diagram of stepwise Al anodic dissolution on the
close-packed surface at 0 V versus SHE (black) and the limiting
potential for this facet, !1.47 V versus SHE (blue). The dashed line
represents the calculated free energy of formation for bulk Al(OH)3 as
a reference.
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Overall: Al + 3 OH−→ Al(OH)3 + 3 e−
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Al Anodic Dissolution Limiting Potential

Chen, L. D.; Nørskov, J. K.; Luntz, A. C. J. Phys. Chem. Lett. 2014, 6, 175–179.

Thermodynamic: −2.3 V vs. SHE
Measured: −1.6 V vs. SHE
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Origins of Overpotential

Surface Al(OH)3 Bulk Al(OH)3

Chen, L. D.; Nørskov, J. K.; Luntz, A. C. J. Phys. Chem. Lett. 2014, 6, 175–179.

Asymmetric electrochemical steps, 
chemical crystallization energy both 

contribute to the overpotential
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Section I Summary and Outlook
There is a fundamental limit to the output 

potential of the Al anode

Chen, L. D.; Nørskov, J. K.; Luntz, A. C. J. Phys. Chem. C 2015, 119, 19660–19667.

Plan: use the explicit solvent model to explore anodic 
dissolution kinetics, which also has implications on 

surface stability in electrocatalysis

Past Studies
Double-layer contributions 

added to DFT result post hoc

Future Studies 
Double-layer effects 

included in DFT calculation

Surface: 1.6 V
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II. HOW INCLUDING EXPLICIT SOLVENT CHANGES ENERGY TRENDS IN CO2 REDUCTION
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The Electrochemical Reduction of CO2

Liquid fuels Chemicals
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Kuhl, Cave, Abram, Jaramillo Energy Env. Sci. 2012, 5, 7050.
Li, Ciston, Kanan Nature 2014, 508, 504.
Feaster, Shi et al. ACS Catal. 2017, 7, 4822–4827.

U0,CH4

UCH4

UC2H5OH

increasing chemical 
potential of electrons

U0,C2H5OH
η: overpotential, or potential in excess of 
equilibrium potential required to drive an 
electrochemical reaction (wasted energy)

CO2 Reduction Activity and Selectivity Challenges

0.7 OVERPOTENTIAL FOR  
ANY USEFUL PRODUCTS?

DEAL WITH IT

Crochet: Charlotte Kirk
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Improving Catalyst Activity through Electrolyte Tuning
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presence of alkali cations
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Revisiting Computational Models
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CO2 Reduction to CO on Ag

CO2 (g) + * → *CO2 (adsorption)

*CO2 + H2O + e− → *COOH + OH− (aq)

*COOH + e− → *CO + OH− (aq)

*CO → CO (g) (desorption)

Overall Reaction: CO2 + H2O + 2 e− → CO + 2 OH−
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CO2 Reduction to CO Energy Landscape
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Pt111, U = U0, E = 0 V/Å

0.75 eV: threshold energy for 
facile kinetics (1 site−1 s−1)

Without cations: thermodynamic 
barrier of 1.2 eV→ current 
density of 10−9 mA cm−2

(realistic: 1 to 10 mA cm−2)
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Cation-Induced Field Stabilization of *CO2

Chen, L. D.; Urushihara, M.; Chan, K.; Nørskov, J. K. ACS Catal. 2016, 6, 7133–7139.
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Local Field-Stabilized Active Sites

Chen, L. D.; Urushihara, M.; Chan, K.; Nørskov, J. K. ACS Catal. 2016, 6, 7133–7139.

Active (field stabilized)
Inactive
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Energy Landscape without and with Electric Field
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CO2(g)
+ 2H2O + 2e

°

*CO2 + 2H2O + 2e
°

*COOH + H2O + e° + OH°

*CO + H2O + 2OH°

CO(g) + H2O + 2OH°°2.0

°1.5

°1.0

°0.5

0.0

0.5

1.0

1.5

2.0

¢
G

(e
V

)

Ag111, U = U0, E = °1 V/Å
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Chen, L. D.; Urushihara, M.; Chan, K.; Nørskov, J. K. ACS Catal. 2016, 6, 7133–7139.

facile kinetics threshold
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Microkinetic Modeling
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slope of unity. This linear extrapolation is based upon the assumption that chemical and

electrostatic contributions to the electrochemical reaction energy are separable.14,15 In such

cases the electrostatic contribution varies linearly with potential, with the slope given by the

charge. This approach has been benchmarked to Volmer, Heyrovsky, and OH* reduction re-

actions. The small difference in reaction energy between the CHE reference and the explicit

solvent calculations is in part due to electrostatic interactions between the charged surface

and ions in the Helmholtz plane.

Microkinetic Modeling

These are the rate equations for elementary steps (1)–(4) in the main text

r1 = k1pCO
2
✓* � k�1✓CO

2
(S6)

r2 = k2✓CO
2
� k�2[OH�]✓COOH (S7)

r3 = k3✓COOH � k�3[OH�]✓CO (S8)

r4 = k4✓CO � k�4pCO✓* (S9)

For the sites unaffected by field, step 1 is rate-determining, so we set the overall rate equal

to the rate of step 1, and assume the rest of the steps to be quasi-equilibrated

rnormal = k1✓*pCO
2
� k�1✓CO

2
(S10)

k2✓CO
2

= k�2[OH�]✓COOH, ✓COOH =
K2

[OH�]
✓CO

2
(S11)

k3✓COOH = k�3✓CO, ✓CO =
K2K3

[OH�]2
✓CO

2
(S12)

k4✓CO = k�4pCO✓*, ✓* =
K2K3K4

pCO[OH�]2
✓CO

2
(S13)

9

Chen, L. D.; Urushihara, M.; Chan, K.; Nørskov, J. K. ACS Catal. 2016, 6, 7133–7139.

The field-assisted rate is equal to

rfield = k3

K1K2pCO
2

[OH�]

1

1 + K1pCO
2
+

K1K2pCO2
[OH�

]
+ K�4pCO

� k�3[OH�]K�4pCO
1

1 + K1pCO
2
+

K1K2pCO2
[OH�

]
+ K�4pCO

(S21)

The overall rate is a sum of these rates, weighted by the concentration of normal/field sites

r = ✓0ionrfield + (1 � ✓0ion) rnormal (S22)

where ✓0 is used for ion concentration to distinguish from ✓, surface coverage.
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Comparing Computed Rates to Experiment

Chen, L. D.; Urushihara, M.; Chan, K.; Nørskov, J. K. ACS Catal. 2016, 6, 7133–7139 with data adapted from 
Thorson, M. R.; Siil, K. I.; Kenis, P. J. A. J. Electrochem. Soc. 2013, 160, F69–F74.
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Section II Summary and Outlook
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Solvated cations stabilize CO2 reduction to CO 
intermediates and decrease the overpotential for 
this process

First ab initio kinetic model of CO2 reduction to 
CO; good agreement with experiment

Resasco, J.; Chen, L. D.; Clark, E.; Tsai, C.; Hahn, C.; Jaramillo, T. 
F.; Chan, K.; Bell, A. T. JACS 2017, 139, 11277−11287. 

Plan: exploring specific chemical interactions of other 
ion additives with CO2 reduction intermediates
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III. APPLYING EMBEDDING METHODS TO PROBLEMS IN CATALYSIS



CHEM*7500/CHEM 750, Week 4, October 6, 2021

The Embedding Idea, Realized as DFT-in-DFT

A

B

A – higher level theory
B – lower level theory

Multi-level description

Chemically active region in a typical….

…transition 
metal catalyst

…interfacial 
reaction

DBA DBB

DABDAAA

B

A B

System Density matrix

DAA

High-level

DBA DBB

DABDAA

Low-level

DAA

Low-level

EEMFT[D] = ELow[D] + EHigh[DAA]� ELow[DAA]
Fornace, M. E.; Lee, J.; Miyamoto, K.; Manby, F. R.; Miller, T. F. J. Chem. Theory Comput. 2015, 11, 568−580.

Embedded Mean-Field Theory
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Single-Atom Motifs: Potentially Enhanced Catalysis

Yang, X.-F.; Wang, A.; Qiao, B.; Li, J.; Liu, J.; Zhang, T. 
Acc. Chem. Res. 2013, 46, 1740–1748. 

Giovanni et al. Nanoscale 2012, 4, 5002–5008.

Kirk, C.; Chen, L. D.; Siahrostami, S.; Karamad, M.; Bajdich, M.; Voss, J.; 
Nørskov, J. K.; Chan, K. ACS Cent. Sci. 2017, 3, 1286−1293.

Are GGA functionals accurate enough to 
describe these molecule-like active sites?
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Embedded subsystem 2 (CuC4) already 
recovers the full high-level calculation 

energies and reduces cost by a factor of 
~20 per SCF iteration.

Embedded subsystem 1 Embedded subsystem 2

Embedded subsystem 3 Embedded subsystem 4

EMFT Application: Doped Graphene Flake

Settings (Embedded 2) SCF (s, per 
iteration)

Cycles Total SCF Time 
(s)

entos/B3LYP/Def2TZVP 51 27 1377

entos/B3LYP-in-
PBE/Def2TZVP-in-6-31G 2.4 28 67.2
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Olefin Polymerization: Consumer Plastics

Images from dow.com

Tune macroscopic polymer properties via 
microscopic interactions with catalyst
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EMFT Application: Olefin Polymerization
Deck, P. A.; Beswick, C. L.; Marks, T. J. J. Am. Chem. Soc. 1998, 120, 1772-1784.

Ziegler-Natta 
metallocene catalyst, or 

L2M+(CH3)A– as the 
short-hand

Solvent contributions very important and cannot be accounted for in a mean-field manner

We need the sampling capabilities of molecular dynamics 
simulations at the highest level of theory we can afford
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EMFT Is Robust for Different Catalysts

B3LYP/def2-SVP in PBE/6-31G EMFT
achieves the same accuracy (to within 1 

kcal/mol) as full B3LYP/def2-SVP DFT, with 
cost savings up to a factor of 30 

DFT

EMFT

C-1 C-2 C-3 C-4

Chen, Miller et al. JCTC 2020.
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Combining EMFT with QM/MM

Use EMFT in QM region 
(catalyst and monomer)
High-level: solid atoms

Low-level: translucent atoms

QM Region
(Catalyst and 

monomer)

MM Region
(Solvent, 
toluene)

Anion
(within MM)

1 fs takes 1.5 minutes 
with EMFT, compared to 

~5 minutes with DFT

~8 ps per week!
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EMFT/MM MD Trajectory with BF4
−

BF4
− binds strongly to catalyst and 

displaces ethylene, which inhibits
the polymerization process.

Energy drift: −0.25 % per ps

Chen, Miller et al. JCTC 2020.
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EMFT/MM MD Trajectory with MeB(C6F5)3
−

MeB(C6F5)3− is more loosely 
associated with the catalyst and 

does not displace ethylene.

Energy drift: 0.83 % per ps

Chen, Miller et al. JCTC 2020.
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Section III Summary and Outlook
QM (EMFT)

MM

Anion
(within MM)

Deck, P. A.; Beswick, C. L.; Marks, T. J. J. Am. Chem. Soc. 1998, 120, 1772-1784.

Use the combined EMFT and QM/MM approach to obtain 
quantitative trends in counterion effects on reaction energies


